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ABSTRACT

Huntington disease (HD) is a progressive disorder characterized by involuntary movements,
emotional disturbances, and memory loss. The cardinal neuropathological feature of HD is loss
of medium spiny neurons within the striatum. There is currently no cure for HD and the disease
is ultimately fatal. Accumulating evidence has implicated excitotoxicity, a process in which
excessive signaling via the glutamate receptors results in neurotoxicity, in the selective neuronal
loss in HD. The main aim of the studies presented was to evaluate the potential of small
molecule therapeutics known to target excitotoxicity-related pathways in the YAC128 transgenic
mouse model of HD. We examined whether treatment with memantine, a clinically well-
tolerated NMDA receptor antagonist currently used to treat patients with moderate to severe
Alzheimer's disease, can improve the phenotype of YAC128 HD mice. We demonstrated that
treatment with memantine results in improvements in motor function and rescues the striatal
deficits in a dose-specific manner. Rasagiline is a selective inhibitor of monoamine oxidase type
B (MAO-B) clinically approved for the treatment of Parkinson’s disease that has been shown to
protect against a number of neurotoxic stimuli. We demonstrate that treatment with rasagiline
protects against striatal lesioning in acute models of excitotoxicity and improves the motor
function of the YAC128 HD mice. We next examine in a qualitative manner whether treatment
with a combination of memantine and rasagiline yields greater benefit than obtained with either
compound alone. We demonstrate that treatment with a combination of memantine and
rasagiline provides early and sustained improvements in motor function and rescues striatal
deficits in the YAC128 HD mice. Induction of a heat shock protein (HSP) response has been

shown to be neuroprotective in acute excitotoxicity models and in models of polyglutamine-



induced neurodegenerative disease. We also examined whether treatment with arimoclomol, a
compound show to enhance the HSP response by prolonging the activation of heat shock factor 1
(Hsf-1), can improve the phenotype of the YAC128 HD mice. Our findings demonstrate that
treatment with arimoclomol does not lead to up-regulation of an HSP response or rescue of the
behavioural and striatal deficits in the YAC128 HD mice. Finally, we characterize psychiatric
disturbances in YAC128 mice, demonstrating that YAC128 HD mice exhibit depressive-like
symptoms as assessed by the Porsolt forced swim test and the sucrose consumption test of
anhedonia. These measures that may be employed in assessing any anti-depressive effects of
candidate treatments in preclinical therapeutic trials. Our findings suggest that targeting

excitotoxicity may be a viable therapeutic approach in HD.
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1. Introduction

1.1. Historical background

Huntington disease bears the name of George Huntington who at the young age of 21 described
the choreic condition and its hereditary nature (Hayden, 1981). His father and grandfather were
both medical doctors, allowing an opportunity for his first encounter with the disease at the
young age of 8 while accompanying his father on his professional rounds in East Hampton, NY
(Hayden, 1981). This early exposure to the condition likely contributed to his great insight into
the disease. Indeed, following publication of his thorough yet concise paper ‘On Chorea’ in
1872, his name later became associated with the condition in different parts of the world and has

remained since then (Hayden, 1981).

1.2. Clinical manifestations of HD

1.2.1. Motor dysfunction

The major motor sign of HD is chorea, characterized by involuntary movements which are
continuously present during waking hours, cannot be voluntarily suppressed by the patient, and
worsen during stress. Chorea is a feature of HD in over 90% of patients, increasing during the
first phase (~10 years) of the patients' illness and is seen less frequently in patients with juvenile
onset (Folstein et al., 1986; Hayden, 1981). Additional motor deficits include oculomotor
dysfunction (Hicks et al., 2008; Starr, 1967), gait disturbances, dysarthria (Podoll et al., 1988),
dysphagia (Kagel and Leopold, 1992), bradykinesia, rigidity and dystonia (Hayden, 1981), which

predominate in the late stages of the illness.



While the clinical diagnosis of disease onset in HD mutation carriers is generally defined on the
basis of the appearance of motor dysfunction, other symptoms such as cognitive and psychiatric

disturbances can precede deficits in motor coordination by many years.

1.2.2. Cognitive disturbances

Carriers of the HD mutation have cognitive deficits both prior to and following clinical diagnosis
of disease onset. Presymptomatic HD carriers have deficits in strategy shifting, psychomotor
speed, recognition memory, planning and verbal fluency (Berrios et al., 2002; Hahn-Barma et al.,
1998; Lawrence et al., 1998a; Lawrence et al., 1998b; Paulsen et al., 2001; Snowden et al.,
2002). HD patients have deficits in executive function (impaired ability to integrate new
knowledge, slowness of thought, altered personality, and affective changes), impairments in
memory (particularly visuospatial and procedural memory), and attention and concentration
deficits (Ho et al., 2003; Pillon et al., 1991; Snowden et al., 2001; Witjes-An¢ et al., 2003).
While verbal memory remains mostly intact until the final stages of the illness, language learning

is impaired early in HD patients (De Diego-Balaguer et al., 2008).

1.2.3. Psychiatric disturbances

While the symptomatic phase of HD is defined by the onset of motor symptoms, psychiatric
disturbances usually present before the manifestation of motor symptoms. Mood and affective
changes are indeed common, particularly depression which has been reported to occur in as
many as 40% to 50% of HD patients (Duff et al., 2007; Heathfield, 1967; Kirkwood et al., 2001;
Pflanz et al., 1991). Suicidal ideation and manic or hypomanic episodes are also more common
in HD patients compared to the general population (Farrer, 1986; Folstein, 1991). Other

psychiatric symptoms seen in HD patients include apathy, aggressive behavior, sexual



disinhibition, alcohol abuse, delusions, obsessions/compulsions, and psychosis (Burns et al.,

1990).

1.2.4. Other manifestations

A number of manifestations outside the CNS have been identified in HD (van der Burg et al.,
2009). For example, weight loss is frequently seen in HD patients (Aziz et al., 2008; Djoussé et
al., 2002; Robbins et al., 2006; Sanberg et al., 1981), occurs despite increased appetite and
caloric intake (Trejo et al., 2004), and is also seen in early stage patients exhibiting minimal
chorea and thus cannot be accounted for by increased energy expenditure due to choreic
movements (Goodman et al., 2008). Higher body mass index at diagnosis correlates with a lower
rate of disease progression (Myers et al., 1991). There is also evidence for testicular degeneration
and a reduction in plasma testosterone levels in male HD patients that correlate with disease

severity (Markianos et al., 2005; Van Raamsdonk et al., 2007).

Other manifestations include sleep disturbances (Aziz et al., 2009; Emser et al., 1988; Wiegand
et al., 1991a; Wiegand et al., 1991b), and incontinence, which occurs in approximately 20% of

all patients in late phases of the illness (Hayden, 1981).

1.3. Neuropathology and neurochemistry

1.3.1. Neuropathology
The cardinal pathologic feature of HD is atrophy of the caudate nucleus and the putamen (the

neostriatum), with the extent of neostriatal abnormalities correlating with the duration of the

illness and severity of disease (Vonsattel et al., 1985).

On the macroscopic level, brains of HD patients generally appear atrophic, with reductions of as
much as 400 grams in weight in advance cases of the disease (de la Monte et al., 1988). The

atrophy is most severe in the caudate, followed by the putamen, and finally the nucleus

3



accumbens (Roos et al., 1986; Vonsattel et al., 1985). Cortical atrophy is also present with
relative preservation of the normal layered architecture but with alterations in neocortical
structures and layers I1I, V, and VI (de la Monte et al., 1988; Sotrel et al., 1991). The thalamus,
and subthalamic nucleus may be reduced in size in late stages of disease, and in proportion to the
rest of the brain (Lange et al., 1976). Severe atrophy in the hypothalamic lateral nucleus is also
observed while other brain stem nuclei are generally spared (Averback, 1981; Clark et al., 1983;
Kremer et al., 1990; Kremer et al., 1991; Rodda, 1981; Tagliavini and Pilleri, 1983). Grossly-
evident atrophy of the cerebellum is rare except in juvenile cases or at the late phases of the

illness (Rodda, 1981).

Microscopically, the neostriatal atrophy is typified by neuronal loss and gliosis (Vonsattel et al.,
1985), with loss of medium and small sized neurons and relative sparing of larger interneurons
(Lange et al., 1976). On the cellular level, multiple abnormalities in sub-cellular organelles
including the nucleus and nucleolus, the endoplasmic reticulum, ribosomes, the Golgi apparatus,
mitochondria, and lysosomes are present in neurons of the caudate nuclear in HD. Abnormal
dendritic branching, elongation of distal dendrites, and alterations in spine densities in medium
spiny neurons are also observed (Ferrante et al., 1991; Graveland et al., 1985). Astrocyte-type

gliosis may also be present (Vonsattel et al., 1985).

1.3.2. Neurochemistry
Of the neuronal populations affected in HD, the GABAergic medium spiny neurons of the

striatum that express enkephalin (Enk) or Substance P are the first and most affected (Kowall et
al., 1987). Medium-sized aspiny neurons expressing nicotinamide adenine dinucleotide
phosphate diaphorate (NADPH-d) and somatostatin or neuropeptide Y as well as large aspiny

neurons expressing choline acetyltransferase (ChAT) are selectively spared in the striatum in HD



(Ferrante et al., 1985; Ferrante et al., 1987). Dopaminergic and serotonergic afferents are also

spared (Beal et al., 1990; Spokes, 1980).

The primate neostriatum is organized into two regions: the striosomes and matrix compartments.
This division is based on the amount of acetylcholinesterase (ACh) activity with striosomes
showing weak staining for ACh while the surrounding matrix compartment shows more dense
staining (Goldman-Rakic, 1982). The striosome-matrix organization is relatively preserved in
HD (Vonsattel and Difiglia, 1998) with neuronal loss being observed in both compartments,

initially in the striosomes and later in the matrix compartment (Hedreen and Folstein, 1995).

1.4. Genetics

Huntington disease is an autosomal dominant disorder. It was once thought to be fully penetrant,
although it is now clear that the disease may not manifest within expected lifespan in a
proportion of HD gene carriers (Brinkman et al., 1997; McNeil et al., 1997). While complete
penetrance is observed for CAG size > 42, only about 91% of those with CAG sizes of 36-41

manifest symptoms of HD within a normal lifespan (Brinkman et al., 1997).

1.4.1. The HD gene

In 1993, a novel gene containing a polymorphic CAG trinucleotide repeat sequence was
identified in HD patients (Group, 1993). This CAG repeat, located in the 5' region of the
Huntington gene, ranges from 10 to 35 copies on normal chromosomes, but is expanded beyond
36 repeats in HD patients, with expansions of over 200 CAG trinucleotides being observed

(Kremer et al., 1994; Nance et al., 1999).

The human HD gene is located on chromosome 4p16.3 and, comprised of 67 exons encoding
3144 amino acids, spans 170 kb (Ambrose et al., 1994; Group, 1993). The HD gene is highly
conserved, with a 90% homology between the human and the mouse genes and a 69% identity
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between the human gene and the pufferfish homologue. Furthermore, a 100% conservation of
the first 17 amino acids is seen across the human, mouse and Fugu proteins (Barnes et al., 1994;

Baxendale et al., 1995; Lin et al., 1994; Schmitt et al., 1995).

1.4.2. Relationship between CAG repeat length and clinical manifestations

The number of CAG repeats has a strong inverse correlation with the age of onset of HD,
ascertained on the basis of choreic movements (Andrew et al., 1993; Duyao et al., 1993;
Norremolle et al., 1993; Snell et al., 1993), with the number of CAG repeats in the expanded
allele accounting for up to 70% of the variation in the age of onset (Brinkman et al., 1997;
Langbehn et al., 2009; Langbehn et al., 2004). Although data from early studies did not allow for
meaningful predictions for individuals to be made (Andrew et al., 1993; Duyao et al., 1993;
Norremglle et al., 1993; Snell et al., 1993), more recent studies which included carefully
ascertained at-risk persons with CAG expansion who are presymptomatic showed that it is
possible to use CAG size to broadly predict with broad confidence limits expected age of onset

(Brinkman et al., 1997; Langbehn et al., 2009; Langbehn et al., 2004).

While there may be exceptions (Ahmad Aziz et al., 2009; Aziz et al., 2008), repeat length is
generally not predictive of other clinical phenotypes. For example, there is no relationship
between CAG repeat length and the prevalence or severity of depression in HD patients (Berrios

et al., 2001; Craufurd et al., 2001; Kingma et al., 2008).

1.5. Excitotoxicity and HD

1.5.1. Background

A number of cellular aberrations have been delineated in HD since the identification of the
mutation in 1993, including disruptions in gene transcription, cellular transport, and protein

proteolysis (Roze et al., 2008; Wellington et al., 2000). However, even prior to the identification
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of these alterations, excitotoxicity, a process in which excessive signaling via the glutamate
receptors results in neurotoxicity, had been supported by substantial evidence as a key player in
the pathogenesis in HD, and evidence accumulated since the identification of the mutation has

provided further support in this regard (Fan and Raymond, 2007).

Indeed, the involvement of excitotoxicity in the pathogenesis of HD was first suggested by
rodent studies in which intrastriatal injections of kainate (KA) or quinolinic acid (QA), an
endogenous metabolic product of the kynurenine pathway, produced lesions that mimicked many
of the neurochemical and histopathological features of HD (Beal et al., 1986; Beal et al., 1988;
Coyle and Schwarcz, 1976; DiFiglia, 1990; McGeer and McGeer, 1976) and were associated
with HD-like behavioural deficits (Beal et al., 1991a; Furtado and Mazurek, 1996; Popoli et al.,
1994). A number of human and animal studies have since identified defects in NMDA and
mGluRS receptor signaling, as well as mitochondrial calcium handling in HD patients and
animal models of HD. Collectively, these studies give rise to a coherent, multifactorial model of
mutant huntingtin-mediated alteration of glutamate receptor activity and calcium signaling as a

primary contributor to neuronal degeneration in HD (Shear et al., 1998).

1.5.2. Role of NMDA receptors

Involvement of NMDA receptors in the pathology of HD was initially inferred from two lines of
studies. The first set of studies demonstrated that injection of glutamate agonists into the striatum
of rodents results in HD-like neuronal lesions. For example, injection of kainate into the striatum
of rats was found to induce HD-like neuropathological changes. This effect of kainate was
dependent on glutamate release as it was prevented by prior decortication and removal of the
corticostriatal afferents (Biziere and Coyle, 1978; Biziere and Coyle, 1979). Further studies

showed that injection of the NMDA receptor agonist QA into the striatum of rodents resulted in



the most accurate reproduction of the histological and neuropathological changes seen in HD
(Beal et al., 1986; DiFiglia, 1990), and was associated with HD-like behavioural changes in
lesioned animals as well (Beal et al., 1991a; Furtado and Mazurek, 1996; Popoli et al., 1994).
The second set of studies showed that neurons expressing NMDA receptors seem to be
preferentially lost in HD, suggesting a role for NMDA receptors in enhancing the susceptibility
to cell death. For example, analysis of post-mortem brain tissues from patients with HD showed
that NMDA receptor binding was reduced by 93 percent in the putamen from HD brains
compared to binding in normal brains (Young et al., 1988). Furthermore, in situ hybridization
histochemistry studies of rat striatum showed that striatal projection neurons, the population
selectively lost in HD patients, displayed enhanced expression of NR1/NR2B-type NMDA
receptors compared to the spared interneurons (Landwehrmeyer et al., 1995). The difference in
NMDA receptor subtype expression was suggested to contribute to the relative vulnerability and
resistance of striatal projection and interneurons, respectively, to NMDA receptor-mediated

excitotoxicity.

While these studies demonstrated the capacity of NMDA receptor overactivation to cause HD-
like neuropathological and behavioural changes and provided correlative evidence from brains of
HD patients, no evidence of a direct modulation of NMDA receptor function by mutant
huntingtin was provided. Using huntingtin and NMDA receptor co-transfected HEK293 cells,
the first such evidence demonstrated that mutant (Htt-138Q), but not wildtype (Htt-15Q),
huntingtin enhances NMDA receptor currents (Chen et al., 1999), an effect that is specific for the
NR1/NR2B NMDA receptor subtype and not the NR1/NR2A subtype. Using the same co-
transfection system, it was subsequently shown that mutant huntingtin (Htt-138Q) leads to

increased susceptibility to NMDA receptor-mediated cell death compared to wildtype huntingtin



(Htt-15Q) (Zeron et al., 2001). Significantly, this increase in NMDA receptor-mediated
excitotoxic death is markedly diminished when an N-terminal fragment of mutant huntingtin is
used in place of the full-length mutant protein. Furthermore, the enhancement of NMDA
receptor-mediated cell death by mutant huntingtin is greater in cells transfected with the
NR1/NR2B NMDA receptor subtype compared to the NR1/NR2A subtype. That the potentiation
of NMDA-induced currents and enhancement of sensitivity to NMDA receptor-mediated cell
death by mutant huntingtin are NR2B-specific is intellectually satisfying as NR1/NR2B is the
principal NMDA receptor subtype expressed in medium spiny neurons of the striatum

(Landwehrmeyer et al., 1995).

These observations of enhanced NMDA receptor activity in the presence of mutant huntingtin
were further validated in the YAC?72 transgenic mouse model of HD. The YAC72 transgenic
mice express the entire human HD gene with 72 CAG repeats under the control of the
endogenous huntingtin promoter and regulatory elements, and recapitulate many of the
behavioural and neuropathological features of the human condition (Hodgson et al., 1999). Using
whole-cell patch clamp recordings, it was demonstrated that NMDA receptor peak current
amplitudes and current density are significantly larger in medium spiny neurons from YAC72
mice compared to wildtype (Zeron et al., 2002). It was further demonstrated that medium spiny
neurons from YAC72 mice show enhanced susceptibility to QA and NMDA-induced cell death
compared to wildtype. Similar findings demonstrating enhanced striatal susceptibility to QA and
NMDA-mediated excitotoxicity were made in the transgenic YAC mice expressing the entire
human HD gene with 128 CAG repeats (YAC128 mice) (Tang et al., 2005; Graham et al., 2006).
Furthermore, this enhancement is specific to medium spiny neurons and is not observed in

cerebellar granule neurons from YAC72 mice (Zeron et al., 2002), an observation consistent with



the pathology of HD in which no apparent cerebellar degeneration is observed. Corroborating the
subtype-specificity reported in HEK293 co-transfection studies, treatment of medium spiny
neurons from YAC72 with ifenprodil, an NR2B-specific NMDA receptor antagonist, prevents

excitotoxic cell death, further implicating the NR1/NR2B NMDA receptor subtype in HD.

The enhanced excitotoxic cell death mediated by NMDA receptors was shown to occur via the
intrinsic apoptotic pathway using primary medium spiny neuronal cultures from YAC46 and
YAC72 mice (Zeron et al., 2004), an observation that was also validated using primary medium
spiny neurons isolated from YAC128 animals (Shehadeh et al., 2006; Tang et al., 2005).
Furthermore, while defects in mitochondrial function were shown to contribute to the
enhancement in NMDA receptor-mediated cell death, the difference in the extent to which
mitochondrial stressors alone enhance cell death compared to NMDA receptor-mediated cell
death indicates that NMDA receptor function and/or NMDA receptor-specific downstream

signaling partners are also altered by mutant huntingtin (Shehadeh et al., 2006).

1.5.3. Synaptic versus extrasynaptic NMDA receptors

Although NMDA receptors have been implicated in excitotoxicity and neuronal death, they play
an important physiological role in mediating synaptic transmission and influencing neuronal
development. Indeed, inhibition or elimination of NMDA receptor activity results in widespread
neuronal abnormalities and apoptosis in developing brains (Adams et al., 2004; Gould et al.,
1994; Monti and Contestabile, 2000; Pohl et al., 1999) and exacerbates trauma-induced neuronal
loss in adulthood (Ikonomidou et al., 1999). Similar effects of NMDA receptor activity and
blockade on cellular survival have been reproduced in cultured neuronal models as well
(Hardingham et al., 2002; Hardingham and Bading, 2003; Hetman and Kharebava, 2006), and

have been shown to be mediated via the PI3K-Akt pathway and CREB-mediated gene
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expression (Hardingham et al., 2002; Hetman and Kharebava, 2006; Lafon-Cazal et al., 2002;
Papadia et al., 2005) as well as the induction of antioxidant defense machinery (Papadia et al.,
2008). Thus, an episode of NMDA receptor activation can either boost neuronal health and
promote survival or result in the initiation of an apoptotic cascade that culminates in neuronal
demise. Whether NMDA receptor activation results in neuronal survival or death depends at least
partly on two primary parameters. First, as alluded to in the previous section, the magnitude of
receptor activation which is determined by the intensity and duration of activation, is a major
determinant of the outcome of NMDA receptor activity, with excessive (or insufficient)
activation leading to neuronal death. Second, the location of NMDA receptor activation is also
an important parameter. Whereas synaptic NMDA receptor activity mediates pro-survival
signals, such as CREB-dependent gene expression (Hardingham et al., 2002; Zhang et al., 2007),
activation of extrasynaptic NMDA receptors shuts off pro-survival pathways and promotes

neuronal death (Hardingham et al., 2002; Zhang et al., 2007).

Whether an NMDA receptor activation episode results in survival or death is therefore dependent
on both the magnitude of the activation and the location of the receptor, parameters that underlie

the bell shape of the NMDA receptor activity-neuronal survival curve (Figure 1.1).

Recent studies have elegantly demonstrated that extrasynaptic NMDA receptor expression and
currents are significantly increased in transgenic YAC HD mice before onset of disease
phenotype, are associated with reductions in nuclear CREB activation, and correlate with CAG
length (Milnerwood et al., 2010). These findings implicate increased extrasynaptic NMDA
receptor activity in disease pathology, and support targeting excitotoxicity as a therapeutic

approach in HD.
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Figure 1.1 The dichotomous nature of NMDA receptor activity.

NMDA receptor activity can have both pro-survival and pro-death effects depending on the magnitude as
well as the location of the activity. Low levels of synaptic NMDA receptor activity result in failure to induce
sufficient pro-survival pathways leading to neuronal death. High levels of activity, primarily by
extrasynaptic NMDA receptors, lead to inhibition of pro-survival pathways, such as CREB-mediated
transcription, and induction of mitochondrial depolarization and apoptotic neuronal death. Adapted from
Hardingham and Bading, Trends in Neurosciences, 2003, 26 (2): 81-9 with permission.
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1.5.4. Involvement of metabolites of the kynurenine pathway

Further evidence in support of excitotoxicity as key pathogenic process in HD comes from
studies examining the levels of endogenous metabolites known to influence the excitotoxic
pathway. Indeed, levels of the NMDA receptor agonist QA are increased in the cortex and
striatum of YAC128 HD animals (Guidetti et al., 2006). Furthermore, levels of another
metabolic product of the kynurenine pathway known to potentiate QA-mediated excitotoxicity,
3-hydroxykynurenine (3-HK), are elevated in the cortex and striatum of YAC128 HD animals
(Guidetti et al., 2006). Similar increases in QA and 3-HK levels have been detected in the
neocortex and neostriatum of early grade HD brains (Guidetti et al., 2004), and the increases in
3-HK and QA are of the same order of magnitude as those known to induce neuron loss in vitro
(Chiarugi et al., 2001; Okuda et al., 1996; Whetsell and Schwarcz, 1989). In light of the role of
QA and 3-HK in mediating excitotoxicity, these changes in their endogenous levels in both the
brains of HD patients and YAC128 HD mice lend support to excitotoxicity as a pathogenic

mechanism contributing to HD.

1.5.5. Role of mitochondria

The involvement of mitochondria in neurodegenerative diseases in general and HD in particular
has been long recognized. Clues about the involvement of the mitochondria in HD were provided
by studies showing compromised energy metabolism in the form of decrease glucose utilization
or increased lactate concentrations which preceded bulk neuronal loss in the caudate and
putamen of HD patients (Grafton et al., 1990; Hayden et al., 1986; Jenkins et al., 1993; Kuhl et
al., 1982; Kuwert et al., 1993; Mazziotta et al., 1987). Similar defects in energy metabolism were
also seen the cerebral cortex and muscle tissue of HD patients (Koroshetz et al., 1997). Several

subsequent studies identified striatal-specific mitochondrial defects in post-mortem brains
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(Browne et al., 1997; Gu et al., 1996; Tabrizi et al., 1999) and peripheral tissues of HD patients
(Arenas et al., 1998; Brennan et al., 1985; Browne et al., 1997; Gu et al., 1996; Mann et al.,
1990; Panov et al., 2002; Sawa et al., 1999; Tabrizi et al., 1999). Experimental studies in animals
provided further support for the involvement of the mitochondria in HD. Treatment of rodents
and non-human primates with mitochondrial toxins led to neuronal degeneration that mimicked
neurodegenerative changes observed in human HD (Beal et al., 1993a; Brouillet et al., 1993;
Brouillet et al., 1995). Mitochondria from lymphoblasts of HD patients had a lower membrane
potential, depolarized more readily and to a greater extent following challenge compared to
normal individuals (Panov et al., 2002; Sawa et al., 1999). Enhanced sensitivity to mitochondrial
toxins is similarly seen in clonal striatal neurons derived the HdhQ111 knock-in HD mice (Mao
et al., 2006; Ruan et al., 2004). Furthermore, mitochondria from brains of transgenic YAC72 HD
mice are less resistant to calcium challenge than mitochondria from brain of wildtype or YAC18
control animals (Panov et al., 2002). This has the effect of activating the mitochondrial
permeability transition and causing the release of calcium and apoptotic factors, effectively

facilitating calcium dysregulation and the induction of cell death.

More direct evidence for a mitochondrial role in potentiating NMDA receptor-mediated
excitotoxicity was demonstrated in transgenic Y AC models of HD. Using primary medium spiny
neurons from YAC46 mice, it was demonstrated that inhibition of the mitochondrial
permeability transition with cyclosporine A, bongkrekic acid, or boosting mitochondrial function
with coenzyme Q10, substantially diminishes NMDA receptor-mediated cell death (Zeron et al.,
2004) and abolishes the observed difference in NMDA receptor-mediated cell death between
YAC46 and wildtype. Similar results were obtained from medium spiny neurons from YAC128

mice (Fernandes et al., 2007; Tang et al., 2005). These findings also highlight mitochondrial and
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excitotoxicity-related cellular disturbances as early events likely to contribute to disease

pathogenesis.

The mitochondrial defects in HD brains and peripheral tissues likely reflect a direct effect of
mutant htt as indeed it is found to associate directly with mitochondria (Choo et al., 2004;
Gutekunst et al., 1998; Panov et al., 2002). For example, it was suggested that mutant htt may
influence mitochondrial calcium handling directly by forming ion channels in the mitochondrial
membrane (Panov et al., 2002). Alternatively, mutant htt may influence mitochondrial fission
and fusion by interfering with the cellular machinery involved in these processes, and lead to the
altered mitochondrial properties observed (Bossy-Wetzel et al., 2008). Treatment of cortical
neurons with 3-NP, a mitochondrial toxin known to produced HD-like neurochemical changes
when administered to rodents and primates (Brouillet et al., 1993; Brouillet et al., 1995), results
in mitochondrial fission and cell death that is abolished by treatment with an NMDA receptor
antagonist, suggesting that energy deficits in HD can facilitate cell death via NMDA receptor-
dependent secondary excitotoxicity (Liot et al., 2009). Furthermore, increased mitochondrial
fragmentation in the presence of oxidative stress is seen in HeLa cells expressing mutant htt
fragments, and treatments that inhibit of mitochondrial fission or promote mitochondrial fusion
prevent this enhanced fragmentation in mutant htt-expressing cells and the associated cell death

observed (Wang et al., 2009).

1.6. Huntingtin function

Huntingtin is a 350kDa multi-domain protein that is thought to have a role in development,
transcriptional regulation, cellular trafficking, and neuroprotection. The protein is expressed
throughout the body and is found predominantly in the cytoplasm within cells, although it has

been also been detected in the nucleus (Cattaneo et al., 2005).
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1.6.1. Development

Huntingtin appears to play a critical role in embryonic development. Indeed, targeted disruption
of exon 1 (Zeitlin et al., 1995), exon 5 (Nasir et al., 1995), or exons 4 and 5 (Duyao et al., 1995)
of Hdh, the murine homologue of the HD gene, results in post-implantation embryonic lethality
approximately at embryonic day 8.5, shortly after the induction of gastrulation. Injection of Hdh
null ES cells into WT host blastocysts, but not vice versa, rescues the embryonic lethality,
suggesting that the importance of htt during embryonic development involves extraembryonic
tissues, such as the visceral endoderm, and their physiological functions such as providing
nutrients to the developing embryo (Dragatsis et al., 1998), and not necessarily cell autonomous
effect within embryonic tissues. In support of this notion, while htt was shown to be required for
normal differentiation of ES cells into hematopoietic cells (Metzler et al., 2000), Hdh null ES
cells were shown to differentiate into mature, post-mitotic neurons expressing functional voltage-
and neurotransmitter-gated ion channel with functional synapses (Metzler et al., 1999).
Furthermore, Hdh null neurons in chimeric animals generated by injecting Hdh null ES cells into
WT blastocysts differentiate and are found throughout the brain in adult animals (Reiner et al.,

2001).

Expansion of the CAG repeat tract within the HD gene does not appear to disrupt its role in
embryogenesis and development. Patients homozygous for the HD mutation have normal
development (Diirr et al., 1999; Squitieri et al., 2003), and homozygous knock-in mice
expressing Hdh with a CAG repeat length of 50 are viable and show no developmental
abnormalities (White et al., 1997). Furthermore, transgenic Y AC mice expression mutant htt
with 72 CAG repeats can rescue the embryonic lethality of Hdh null mice (Leavitt et al., 2001).
These studies indicate that the function of htt in embryogenesis and development is maintained

in the presence of the polyglutamine expansion.
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Interestingly, the importance of htt during development does not appear to extend to
invertebrates. In Drosophila in which the drosophila homologue of the HD gene (dhtt) has been
inactivated develop normally with no obvious defects (Zhang et al., 2009). This, along with the
observation that no HD gene homologue is found in C. elegans (Li et al., 1999), suggests that htt
does not play an important role in the development of invertebrates, which may reflect intrinsic

differences in the embryogenesis of vertebrates and invertebrates (Zhang et al., 2009).

1.6.2. Neuroprotection

Huntingtin has been shown to have anti-apoptotic and neuroprotective properties. Over-
expression of htt in clonal striatal cells provided protection against a range of apoptotic stimuli
(Rigamonti et al., 2001). Similar effects were seen in neuroblastoma cells where over-expression
of htt protected against the neurotoxicity mediated by the N-terminal fragment of htt (Ho et al.,

2001).

In vivo, htt has been shown to provide partial rescue of the testicular degeneration induced by
mutant htt (Leavitt et al., 2001) and to be neuroprotective against excitotoxic neuronal death
brought about by systemic or intrastriatal injection of excitatory agents (Leavitt et al., 2006;
Zhang et al., 2006). This pro-survival function of htt has been shown to be associated with
decreased activation (Leavitt et al., 2006; Rigamonti et al., 2000) or direct inhibition of caspase-3
(Zhang et al., 2006), but may also reflect the role htt plays in the expression of neuroprotective

factors, such as brain-derived neurotrophic factor (BDNF) (Zuccato et al., 2001).

1.6.3. Transcription

A potential role for huntingtin in transcriptional regulation was initially suggested by studies
showing altered levels mRNA transcripts, particularly those coding for neurotransmitter

receptors, in post-mortem brains of HD patients (Augood et al., 1996; Augood et al., 1997).
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Similar changes in mRNA transcript levels were observed in mouse models of HD and,
importantly, preceded neuronal loss and onset of symptoms, indicating that such changes do not
simply reflect loss of selective neuronal populations but may in fact contribute to the disease
pathology (Cha et al., 1999). Subsequent gene expression profiling studies have shown
widespread transcriptional dysregulation in cellular and mouse models of HD (Chan et al., 2002;
Luthi-Carter et al., 2000; Luthi-Carter et al., 2002a; Luthi-Carter et al., 2002b; Sipione et al.,
2002). Specific interactions between htt and a number of transcriptional factors have since been
identified (reviewed in (Kazantsev and Hersch, 2007; Sugars and Rubinsztein, 2003)). For
example, htt has been shown to regulate the expression of BDNF (Zuccato et al., 2001) by
interacting with and sequestering repressor element-1 transcription factor/neuron restrictive
silencer factor (REST/NRSF), an effect that is impaired by the polyglutamine expansion in
mutant htt (Zuccato et al., 2003). Htt has also been shown to influence the transcriptional activity
of the transcription factors Sp1, TAFII130, CREB, and PGC-1a. (Cui et al., 2006; Dunah et al.,
2002; Obrietan and Hoyt, 2004; Weydt et al., 2006). These findings were confirmed using an in
vitro transcriptional assay where the factors Sp1, TFIID, and TFIIF were found to be direct
targets inhibited by mutant htt in a polyglutamine-dependent manner (Zhai et al., 2005).
Furthermore, a recent study implicates htt in the regulation of the transcriptional activity of liver

X receptors, an effect that is impaired in mutant htt (Futter et al., 2009).

In addition to its association with and regulation of transcription factor activity, htt has been
shown to decrease histone acetyltransferase (HAT) activity in neuronal cells expressing mutant
htt (Igarashi et al., 2003). This influence on HAT activity is associated with hypo-acetylation in
both cellular and animal models of HD (Igarashi et al., 2003; Sadri-Vakili et al., 2007) and likely

contributes to the transcriptional dysregulation and resultant disease pathology observed. Indeed,
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treatment with inhibitors of histone deacetylase (HDAC) corrects the reported hypo-acetylation
(Sadri-Vakili et al., 2007) and rescues the disease phenotype in animal models of HD (Pallos et

al., 2008; Steffan et al., 2001; Thomas et al., 2008).

1.6.4. Intracellular trafficking

Early studies demonstrating the predominant cytoplasmic localization of htt and its association
with vesicles suggested a role for htt in vesicle trafficking (Difiglia et al., 1995). Further studies
showed that htt associates with microtubules (Hoffner et al., 2002; Tukamoto et al., 1997) and
endocytic proteins (Velier et al., 1998), and interacts with proteins involved in vesicle trafficking
and intracellular transport such as HAP1 (Block-Galarza et al., 1997; Li et al., 1998; Li et al.,
1995), HIP1 (Kalchman et al., 1997; Metzler et al., 2001; Wanker et al., 1997), optineurin
(Sahlender et al., 2005), and dynein (Caviston et al., 2007). Polyglutamine expansion in htt has
been shown to impair its role in intracellular trafficking and is thought to contribute to the
pathology in HD. Indeed, mutant htt has been shown to inhibit axonal transport in isolated squid
axoplasm (Szebenyi et al., 2003), Drosophila (Gunawardena et al., 2003; Lee et al., 2004), and
mouse and human HD brains (Trushina et al., 2004), with such defects being paralleled by
impairment in trafficking of cellular organelles such as mitochondria (Trushina et al., 2004).
These impairments in axonal transport by mutant htt have been attributed to aggregates formed
by mutant htt (Chang et al., 2006), and more recently to activation of neuron-specific cJun N-
terminal kinase 3 (JNK3) and phosphorylation of the motor domain of kinesin-1 (Morfini et al.,
2009). Furthermore, htt has been implicated in post-Golgi trafficking along both secretory

(Strehlow et al., 2007) and lysosomal (del Toro et al., 2009) paths.

Of particular importance to the pathogenesis of HD is the demonstrated role of htt in the

vesicular transport of BDNF along microtubules and its impairment by mutant htt (del Toro et
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al., 2006; Gauthier et al., 2004). The observed decrease in striatal BDNF levels may not only
represent impaired transcription (Zuccato et al., 2003), but also disrupted endocytosis of

cortically-secreted BDNF along the corticostriatal neuronal circuit (Gauthier et al., 2004).

1.7. Huntingtin inclusions and HD

1.7.1. Inclusions and neurotoxicity

A feature of neurodegenerative diseases, and particularly trinucleotide repeat disorders, is the
presence of insoluble protein aggregates, also known as inclusions (Scherzinger et al., 1997;
Schulz and Dichgans, 1999). Initial studies in post-mortem human HD brains showed that
inclusions are present in the affected areas of the brain, namely the cortex and striatum (Difiglia
et al., 1997), and increased in size with disease progression (Gutekunst et al., 1999). That similar
inclusions were observed in transgenic HD mice, with the formation of these inclusions taking
place prior to the onset of neurological symptoms was interpreted to suggest a pathogenic role
for inclusions in HD (Bates, 2003; Davies et al., 1997; Morton et al., 2000). A number of studies
have since aimed to reduce inclusion load as a therapeutic strategy (Colby et al., 2004; Desai et

al., 2006; Huang et al., 2007; Sanchez et al., 2003).

While these studies suggest a potential pathogenic contribution of inclusions to HD, other
observations cast doubt on such a role (reviewed in (Slow et al., 2006)). Indeed, studies of post-
mortem HD brains show that only 1-4% of the neurons in the most affect region of the brain, the
striatum, contain inclusions, in contrast to the less affected cortex where there are more
widespread inclusions (Gutekunst et al., 1999). In several animal models of HD, inclusions
appear many months after the onset of motor and cognitive deficits (Menalled et al., 2003; Slow
et al., 2003; Van Raamsdonk et al., 2005), and neuronal loss (Slow et al., 2003). In animal

models where inclusions do precede the onset of the phenotype, such as the R6/2,
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pharmacological and genetic approaches that result in improvement of the phenotype either have
no effect on inclusions (Ferrante et al., 2003; Hockly et al., 2003), or in fact increase the
inclusion load (Mastroberardino et al., 2002). In wildtype-R6/2 chimeric mice, genotypically
R6/2 neurons survive for more than 10 months, far longer than the 15-week lifespan of the pure
R6/2 animals, despite containing inclusions that are similar both in size and frequency to those
found in pure R6/2 animals (Reiner et al., 2007). Further, in a full-length mutant htt cDNA
mouse model where behavioural abnormalities and striatal degeneration are observed, inclusions
are only seen in a very small percentage of cells and are present in regions and cellular
populations that are largely spared from pathology in HD (Reddy et al., 1999). Furthermore, in a
transgenic Y AC mouse termed shortstop expressing a fragment of htt with identical
polyglutamine length, tissue distribution, and level of expression as the full-length YAC128 HD
model, inclusions are detected earlier, are more frequent, and have greater tissue distribution than
seen in the YAC128 HD mice (Slow et al., 2005). Despite this, shortstop mice do not exhibit the
motor dysfunction or neuronal loss observed in YAC128 mice (Slow et al., 2005). These
observations collectively demonstrate that HD-related phenotypic abnormalities can be present in
the absence of inclusions and that inclusions can be present in the absence of behavioural and

neuronal deficits.

Other studies have in fact pointed to a protective role for inclusions in HD. In neurons
transfected with mutant htt that were monitored over time, those that formed inclusions had an
increased likelihood of survival compared to those that did not (Arrasate et al., 2004). This
protective property of inclusions was proposed to reflect their function as ‘sinks’ sequestering
the toxic soluble forms of mutant htt, as indeed the levels of diffuse mutant htt were decreased in

neurons that formed inclusions (Arrasate et al., 2004). Pharmacological strategies to promote htt
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inclusion formation have recently been pursued as a therapeutic approach in HD (Bodner et al.,

2006).

1.7.2. Formation of huntingtin inclusions

The formation of inclusions in HD has been shown to involve molecular chaperones, such as
Hsp70/Hsp40, that bind to non-native proteins and aid in their folding or facilitate their
degradation (Muchowski, 2002). Recently, other components of the cellular chaperone
machinery have been shown to influence htt inclusion formation (Behrends et al., 2006;
Kitamura et al., 2006; Tam et al., 2006). A genome-wide RNA interference screen in C. elegans
employing yellow fluorescent protein (YFP)-polyglutamine fusion proteins to study inclusion
formation in the presence of polyglutamine expansion implicated, in addition to Hsp70 and
Hsp40, 6 of the 8 components of the molecular chaperon TRiC (Nollen et al., 2004). TRiC
assists in the folding of de novo proteins partly by facilitating the actions of Hsp70 (Frydman,
2001; Hartl and Hayer-Hartl, 2002). Recent studies have demonstrated a role for TRiC in
modulating the formation of htt inclusions, by promoting the formation of non-toxic high-
molecular weight htt oligomers (Behrends et al., 2006). In particular, over-expression of the
CCT1 subunit of TRiC was shown to increase htt inclusions and decrease toxicity in neurons in
vitro (Tam et al., 2006). These findings suggest that factors that influence TRiC expression or

activity levels may in turn influence htt inclusion formation and toxicity in HD.

1.8. Experimental models of HD

1.8.1. Neurotoxin models

A number of neurotoxin-based models of HD have been described over the years. These models
were developed following initial observations that injection of kainic acid, a glutamate receptor

agonist, produced striatal lesioning of GABAergic projection neurons while sparing striatal
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afferents (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976). Subsequent studies showed
that quinolinic acid, an NMDA receptor agonist, produced excitotoxic striatal lesions that more
faithfully recapitulated the neurochemical changes seen in HD brains (Beal et al., 1986; Beal et
al., 1991b; Ferrante et al., 1993). Intrastriatal injections of excitatory agonists, particularly QA,

have since been used in rodents and primates as an acute model of HD.

A second group of neurotoxin-based models of HD employ mitochondrial toxins to induce acute
striatal lesions. This class of neurotoxin comprises mitochondrial inhibitors, such as malonate
and 3-nitropropionic acid (3-NP), which target complexes of the electron transport chain, thereby
reducing ATP levels and causing cellular energy depletion (Beal et al., 1993a; Brouillet et al.,
1993). Reduced ATP levels result partial membrane depolarization and removal of the voltage-
dependent Mg”" block of NMDA receptors, leading to NMDA receptor-dependent secondary
excitotoxicity and striatal lesioning (Novelli et al., 1988; Zeevalk and Nicklas, 1991). These
mitochondrial toxins have also been used in both rodents and primates as acute models of HD

(Beal et al., 1993b; Brouillet et al., 1995; Ferrante et al., 1993; Henshaw et al., 1994).

1.8.2. Mouse models

Since the cloning of the HD gene in 1993, a number of mouse and rat models have been
generated. Only mouse models of HD will be briefly described here. They vary in several aspects
including the promoter used, the length and level of the htt protein, the source of the htt protein
(human versus mouse), as well as the CAG repeat length, but can be broadly classified into two
categories: 1) mice expressing a truncated N-terminal fragment of mutant htt, and 2) mice

expressing the full-length mutant htt.
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1.8.2.1. N-terminal fragment mouse models

A number of transgenic mouse models expressing a fragment of htt have been generated. These
models typically express a truncated N-terminal fragment under the control of either a non-
endogenous promoter (Laforet et al., 2001; Schilling et al., 1999; Yamamoto et al., 2000) or only
a short fragment of the endogenous htt promoter (Mangiarini et al., 1996). The resulting htt
protein fragments range in size from 67 amino acids representing exon 1 in the R6/2 (Mangiarini
et al., 1996) and the conditional HD94 Yamamoto and Hen mice (Yamamoto et al., 2000), 171
amino acids in the N171-82Q mice (Schilling et al., 1999), to about 1000 amino acids in the

HD47 and HD100 mice (Laforet et al., 2001).

Animals expressing a truncated N-terminal fragment of htt typically exhibit an early onset of
symptoms, including motor dysfunction, behavioural abnormalities, weight loss, and reduced
survival (Mangiarini et al., 1996; Schilling et al., 1999; Yamamoto et al., 2000). Furthermore,
these symptoms are often paralleled by widespread inclusions and a generalized, non-selective
neurodegenerative phenotype in the CNS (Mangiarini et al., 1996; Schilling et al., 1999;
Yamamoto et al., 2000). Given this rapid onset of symptoms in these truncated fragment models
of HD, the animals have been widely used in preclinical therapeutic trials (reviewed in (Beal and
Ferrante, 2004; Gil and Rego, 2009)). However, the validity of these models and their predictive
power as preclinical tools in therapeutic endeavors is unclear. Indeed, animals expressing a
variant of hypoxanthine phosphoribosyltransferase gene (Hprt) in which 146 CAG (Hprt-
CAG146) repeats have been introduced into exon 3 developed a neurological phenotype similar
to that of N-terminal fragment models of HD, exhibiting motor abnormalities along with
widespread inclusions and reduced lifespan (Ordway et al., 1997). The findings from the Hprt-
CAG146 study along with the fact that the HD mutation in N-terminal fragment models lacks the

protein context of the full-length protein and the proper promoter and regulatory sequences,
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suggests that the neurological phenotype observed in these fragment models of HD likely reflects

generalized polyglutamine toxicity and may not necessarily reflect HD-specific phenotypes.

1.8.2.2. Full-length mouse models

Several mouse models expressing full-length mutant htt were generated either by introducing a
CAG repeat expansion into the endogenous mouse Hdh gene (knock-in full-length mice), or by

transgenically expressing the human mutant htt gene (transgenic full-length mice).

The knock-in mice generated carry mutant Hdh genes with CAG repeats sizes ranging from 50 to
150 (Heng et al., 2007; Lin et al., 2001; Menalled et al., 2002; Shelbourne et al., 1999; Wheeler
et al., 2000; White et al., 1997). These mice represent genetically accurate models, carrying one
copy of mutant htt and one copy of wildtype htt at the endogenous levels with temporally and
spatially appropriate expression pattern of htt. Characterization of knock-in mice has revealed
neurological phenotype in the majority of these mouse models, although the symptoms are
mostly mild and are paralleled with either little or no neurodegeneration (Lin et al., 2001;
Menalled et al., 2002; Menalled et al., 2003; Shelbourne et al., 1999; Wheeler et al., 2000; White
et al., 1997). An exception is the Hdh-CAG150 knock-in mice, which show motor deficits
starting at 18 months of age, and decreases in striatal volume and neuronal counts at 25, but not
18 months of age; paradoxically, however, the striatal volume deficits are only seen in
homozygous but not heterozygous Hdh-CAG150 mice as would be expected in a dominantly-
inherited disease (Heng et al., 2007). Thus, while representing genetically accurate models of
HD and reproducing some of the phenotypes of human HD, the mild phenotype of these models
and protracted time-course over which they develop limits their usefulness for proof-of-concept

therapeutic studies.
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Transgenic mice expressing the full-length human genomic HD gene with intact introns and
exons have been generated using yeast and bacterial artificial chromosome technology (YAC and
BAC transgenesis) (Gray et al., 2008; Hodgson et al., 1999; Slow et al., 2003). Transgenic YAC
mice expressing mutant htt with 18, 47, 72, and 128 CAG repeat lengths have been generated
(Hodgson et al., 1999; Slow et al., 2003). In addition to the full-length HD gene, these constructs
include 25-kb upstream and 120-kb downstream regulatory sequences and as such yield
appropriate temporal and tissue-specific expression of mutant htt. Of the full-length BAC and

Y AC models, the YAC128 HD mice are the most characterized and recapitulate several features
of human HD. These mice exhibit age-dependent selective striatal and subsequently cortical
neurodegeneration. Cognitive deficits are observed starting at 2 months of age (Van Raamsdonk
et al., 2005), and progressive motor dysfunction is evident by 3 months of age, which is highly
correlated with neuronal loss in the striatum (Lerch et al., 2008; Slow et al., 2003). The
phenotype of the YAC128 HD mice is in contrast to the mild and delayed phenotype observed in
knock-in full-length mouse models of HD, and may reflect differences in htt expression levels,
strain background effects, or species-specific sequence differences, such as miRNA target
sequences, between human mutant htt expressed in the transgenic mice and murine mutant htt
expressed in the knock-in mice (reviewed in (Ehrnhoefer et al., 2009)). Thus, the presence of the
full-length protein context, the appropriate tissue-specific and temporal expression of mutant htt,
along with the robust and early behavioural abnormalities and selective neurodegenerative
phenotypes in the YAC128 animals make this mouse model of HD particularly suited for trial of

therapeutic candidates.
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1.9. Neuroprotective treatments for HD

Despite tremendous progress in our understanding of the mechanisms underlying HD, all clinical
treatments currently available are aimed at providing symptomatic relief to patients. Despite
several large-scale trials in HD patients, no treatment has thus far been shown to prevent or

significantly delay the onset or rate of progression of the disease.

1.9.1. Translation of basic findings to approaches to therapies

The advent of animals models of HD has not only allowed investigations into the disrupted
cellular processes that underlie the disease but has also enabled the interrogation of these
processes as therapeutic targets in HD. Trial of therapeutic candidates aimed at modulating a
range of targets, including transcriptional dysregulation (Ferrante et al., 2003; Ferrante et al.,
2004; Hockly et al., 2003; Steffan et al., 2001), aggregation (Tanaka et al., 2004; Wood et al.,
2007), oxidative stress (Andreassen et al., 2001; Klivenyi et al., 2003), energy deficits (Ferrante
et al., 2002; Schilling et al., 2001), apoptosis (Chen et al., 2000; Ona et al., 1999), and
excitotoxicity (Ferrante et al., 2002; Hockly et al., 2006; Schilling et al., 2001) have been

conducted in animal models of HD.

Of these candidates, those that have been taken forward into clinical trials have had limited
success. This apparent failure in translating therapeutic success from animal models to patients
likely reflects a number of factors. For example, although several cellular abnormalities and
disrupted pathways have been identified, the natural order of their occurrence and their primacy
in the evolution of the disease remains unclear. In the case of a linear progression, disruption of
one pathway is an obligatory precedent for another cellular dysfunction; for example, increased
NMDAR activity and the accompanying calcium influx lead to increased demand for ATP

production, resulting in an increase in oxidative phosphorylation and reactive oxygen species
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production, which in turn cause mitochondrial damage and eventual permeability transition pore
opening and excitotoxicity-related apoptotic cell death (Figure 1.2). Under such circumstances,
targeting early and initiating focal events may suffice to fully ameliorate the disease, whereas

targeting downstream cellular disruptions may only lead to partial benefit.
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Figure 1.2 A model of linear progression of pathogenic processes leading to Huntington
disease.

Under such linear progression model, early and initiating focal events may suffice to ameliorate the
disease.
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An alternative and likely scenario is the simultaneous disruption of multiple cellular pathways by
mutant htt (Figure 1.3). Under such a model, targeting any one pathway in isolation, as has been
the case in the majority of trials conducted thus far, may only result in partial benefit. If this is
the case, the failure of these treatments in human trials makes it likely that the targeted pathways
represent downstream and not initiating events in the disease pathogenesis. Another likely reason
behind the poor translation of therapeutic success from animal models to patients is the timing of
the treatment. A luxury afforded by animal models is the ability to treat subjects pre-
symptomatically and before the onset of manifestation that often signal significant cellular
dysfunction and demise. Intervention at this early stage likely improves the chances of slowing
the neuronal loss and preserving the integrity of the neural circuitry, a practice that has been

difficult to adopt in human trials thus far.

Nonetheless, therapeutic trials in animal models and HD patients should reflect the advances
made in understanding the biology of the disease and accompanying targets identified for
intervention, as well as the availability of improved or better suited pharmacological and
biological reagents to engage these targets. Failure of a given treatment to improve symptoms or
ameliorate the disease may indicate either that the target is not suitable for therapeutic
intervention, or that the treatment chosen to modulate it is not optimal. Indeed, in addition to
choice of target, the “what to treat”, other parameters such as when to treat (symptomatically or
pre-symptomatically), how much to treat with (dose), and for how long (the duration) all can
influence the success of the treatment. Treatments aimed at modulating excitotoxicity in HD are

illustrative in this regard.
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Figure 1.3 A model of simultaneous pathogenic disruption of multiple cellular pathways
leading Huntington disease

Under such a multiple cellular disruption model, targeting several disrupted pathways may be necessary
to prevent of delay the progression of the disease.
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1.9.2. Trials of compounds targeting excitotoxicity in HD

Examinations of the enhanced excitotoxicity in cellular and rodent models of HD demonstrate its
presence as an early phenotype, well before the appearance of the behavioural or motor deficits
that are characteristic of HD. Interventions aimed to combating the enhanced susceptibility to
excitotoxic stress are, therefore, more likely to succeed if administered to gene carriers at a pre-
symptomatic stage before disease manifestation. However, the slow progressing nature of the
illness, coupled with the lack of sensitive longitudinal diagnostic tests that are able to measure
disease progression in pre-symptomatic patients, has presented a major challenge to trial of such

anti-excitotoxic interventions.

Excitotoxicity has long been implicated in HD, and evidence from acute toxin-based and genetic
animal models of HD as well as HD patients strongly supports its involvement (see Section 1.5).
As such, several compounds with anti-excitotoxic properties have been evaluated in HD patients
(Table 1-1). Several single-treatment doses of ketamine, an NMDAR antagonist commonly used
in anesthesia, were evaluated in 10 symptomatic HD patients and compared to placebo
treatments on a second identical testing day (Murman et al., 1997). This acute treatment did not
result in any improvement in any of the parameters measured (Murman et al., 1997), which may
relate to the high level of inhibition of NMDARs whose activity is essential for proper CNS

function or the extremely short duration of treatment.
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Table 1-1 Summary of Clinical Trials of Anti-Excitotoxicity Drugs in HD

Type of

trial

Doses

Duration

of trial

Disease
duration

No. of
patients

Outcome

Riluzole Anti-XTC; | Open- 50 mg, b.i.d. | 6wk 6 yr 8 Positive (Rosas et al., 1999)
Glutamate | label
uptake
OL 50 mg, b.i.d. 12m 8 yr 9 Positive (Seppi et al., 2001)
DB-PC 100 mg, 8 wk 5-6 yr 56 Positive (at (Group, 2003)
200 mg 200 mg)
DB-PC 50 mg, b.i.d. | 3yr 5-6 yr 379 Negative (Landwehrmeyer et
al., 2007)
Lamotrigine | Glutamate | DB-PC 400 mg 2.5yr 3yr 55 Negative (Kremer et al., 1999)
release (symptomatic
improvement
reported)
Ketamine NMDAR DB-PC 0.10, 0.40, Single 4.7 yr 10 Negative (Murman et al., 1997)
and 0.60 infusion
mg/kg/hr
Remacemide | NMDAR DB-PC 200 mg, t.i.d. | 2.5yr 5yr 173 Negative (Group, 2001)
Amantadine | Anti-XTC | OL 100 mg, or n/a n/a 6 Positive (Gray et al., 1975)
200 mg
OL 100 mg, t.i.d. | 1yr 5yr 8 Positive (Lucetti et al., 2002)
DB-PC 400 mg 2 wk 6 yr 22 Positive (Verhagen Metman et
al., 2002)
DB-PC 200 mg 1V, 2-hr for 5yr 9 Positive (Lucetti et al., 2003)
100 mg ti.d. [ IV, 1yr
orally for oral
DB-PC 300 mg 6 wk 6 yr 8 Positive (Heckmann et al.,
2004)
Memantine NMDAR OL <30 mg 2yr 25yr 27 Positive (Beister et al., 2004)
OL 20 mg 12 wk — 9 Positive (Ondo et al., 2007)

Abbreviations: DB-PC: Double-Blind, Placebo-Controlled; OL
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Another drug with putative anti-excitotoxic properties is riluzole. Although its exact target is
unclear (Mary et al., 1995), riluzole has been shown to protect against excitotoxicity in a number
of toxin-based animal studies (Guyot et al., 1997; Mary et al., 1995; Palfi et al., 1997) and has
been evaluated in open-label (Rosas et al., 1999; Seppi et al., 2001) and placebo-controlled trials
(Group, 2003; Landwehrmeyer et al., 2007; Squitieri et al., 2008) in HD patients. In the open-
label studies, treatment of patients with an average disease duration of 6-8 years resulted in
significant improvements in motor and functional capacity scores compared to baseline
following short-term (1.5 to 3 months) but not long-term treatment (12 months) (Rosas et al.,
1999; Seppi et al., 2001). As a prelude to large multi-center trial with riluzole, a dose-ranging
placebo-controlled study was conducted and found that treatment for 2 months of patients with
average disease duration of 5-6 years significantly improved the total maximal chorea score
compared to placebo (Group, 2003). A subsequent large, multi-center trial in which patients with
average disease duration of 5-6 years were treated with riluzole or placebo for 3 years showed no
neuroprotective or symptomatic benefits of riluzole treatment. Not withstanding a small recent
MRI-based study suggesting a neuroprotective effect of riluzole on the basis of decreased gray
matter loss and fluorodeoxyglucose uptake deficits in patients treated with riluzole (Squitieri et
al., 2008), the results of the open-label and placebo-controlled trials suggest that riluzole
treatment provides choreic improvements in the short-term with no neuroprotective or

symptomatic relief benefits with long-term treatment.

Similarly, 30-month long placebo-controlled trials with lamotrigine, an anti-epileptic drug
thought to protect against excitotoxicity by moderating pre-synaptic glutamate release, and

remacemide, a noncompetitive NMDAR antagonist, showed no improvements in total functional
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capacity in treated patients compared to placebo-treated controls (Group, 2001; Kremer et al.,
1999), although a trend towards improved chorea was reported in the case of lamotrigine
(Kremer et al., 1999). Furthermore, although no retardation of disease progression was observed,
a greater proportion of lamotrigine-treated patients reported symptomatic improvement

compared to placebo-treated patients (Kremer et al., 1999).

Amantadine is an anti-Parkinsonian (Danielczyk, 1995) and antiviral drug (Jefferson et al., 2001)
that is also an uncompetitive NMDA receptor antagonist (Stoof et al., 1992a; Stoof et al., 1992b).
Amantadine has been tested in open-label and placebo-controlled trials in symptomatic HD
patients (Gray et al., 1975; Heckmann et al., 2004; Lucetti et al., 2002; Verhagen Metman et al.,
2002). Short-term trials that were 2-week to 1-year long showed significant improvements in
chorea (Gray et al., 1975; Lucetti et al., 2002; Verhagen Metman et al., 2002) and behaviour
scores (Heckmann, 2004) in patients treated with amantadine. A placebo-controlled trial in
which treatment was infused intravenously for a 2-hr period showed similar improvements in
choreic movements, indicating that the effect of amantadine in HD patients likely reflects

symptomatic relief and not disease modifying effects of amantadine (Lucetti et al., 2003).

Finally, two open-label trials of memantine, an uncompetitive NMDA receptor antagonist, have
been conducted in HD patients. In a 4-month trial in 9 symptomatic HD, treatment with
memantine significantly improved motor performance at the conclusion of the study compared to
baseline (Ondo et al., 2007). In the second open-label trial, 24 HD patients with average disease
duration of 30 months were treated with memantine and followed for 24 months (Beister et al.,
2004). Assessment at 12 and 24 months showed no deterioration in psychometric tests or choreic
movements, which were superior in comparison to what would be expected based on historic

controls. Decreased scores were reported in two of the measured parameters, the “clinical global
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impression” and “Huntington’s disease activities of daily living”, although these decreases were
due to deteriorations in the first year, with no significant differences in the scores of these
parameters between the assessments conducted at 12 months and 24 months (Beister et al.,
2004). Furthermore, that no deterioration was observed between the 12 months and 24 months
assessments suggests a possible neuroprotective effect of memantine requiring long-term

treatment (Beister et al., 2004).

Overall, these anti-excitotoxic drugs appear to result in improvements in motor function in the
short-term likely due to symptomatic action of the drugs but no long-term benefits. A common
feature of these trials is that they involve symptomatic subjects. As a significant proportion of the
neurons vulnerable in HD is lost prior to onset of the disease, the efficacy of anti-excitotoxic
therapies in preserving neurons in symptomatic patients may be limited as the majority of the
hyper-sensitive neurons in such patients would have been lost before the initiation of treatment.
In this regard, inclusion of pre-symptomatic patients would provide a better setting in which to
evaluate the neuroprotective effect of candidate anti-excitotoxic drugs. Furthermore, these
studies indicate that special care should be given to the dose of drug to be administered, as acute
improvements that are observed at given doses may represent symptomatic action and continued
treatment at such doses may in fact lead to detrimental effects due to prolong or excessive action

at a physiologically important target.

Thus, the trials conducted so far do not rule out a potential neuroprotective role for therapeutic
candidates aimed at modulating excitotoxicity and indeed, the open-label memantine trial

showing retardation in progression of disease over a 2-year period is supportive of this notion.
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1.10. Objectives

The overall objective of this thesis was to evaluate the potential of excitotoxicity as a therapeutic
target in HD using pharmacological agents in the transgenic YAC128 mouse model of HD.
Previous studies have established that YAC128 HD animals recapitulate features of the human
condition, exhibiting progressive motor and cognitive dysfunction and age-dependent selective

striatal pathology. In this thesis, the specific objectives were as follows:

a. To examine whether, in addition to the motor and cognitive dysfunction, the YAC128
HD animals also exhibit psychiatric disturbances with the aim of developing psychiatric

endpoints for use in therapeutic trials in these animals,

b. To evaluate the potential of heat shock proteins as a targeted in HD using the compound

arimoclomol,

c. To evaluate NMDA receptors as a target in HD with the anti-Alzheimer’s disease NMDA

receptor antagonist memantine,

d. To evaluate mitochondrial permeability transition and pore opening as targets in HD

using the anti-Parkinson’s disease drug rasagiline, and

e. To examine the therapeutic efficacy of treatment with the compounds memantine and

rasagiline in combination.
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2. Balance between synaptic versus extrasynaptic
NMDA receptor activity influences inclusions and
neurotoxicity of mutant huntingin’

2.1. Introduction

Huntington disease (HD) is an inherited neurodegenerative disorder caused by an expansion of a
polyglutamine repeat in the N-terminal region of huntingtin (Group, 1993). Aggregation of
mutant huntingtin (mtHtt) into insoluble macro inclusions, and early selective cell death of
striatal and cortical neurons are features of the disease (DiFiglia et al., 1997). Interestingly, most
if not all neurodegenerative disorders, whether or not genetically inherited like HD, manifest
abnormal misfolded proteins (Ciechanover and Brundin, 2003). Although it has been known for
many years that excessive NMDAR activity can mimic HD (Beal et al., 1986) and that such
activity might contribute to disease pathogenesis (Ferrante et al., 2002; Heng et al., 2009; Zeron
et al., 2002), it remains unknown if normal synaptic activity influences inclusion formation and
neuronal survival. Additionally, mechanistic details relating electrophysiological activity and
molecular pathways to protein misfolding and aggregation in disorders such as HD have been

lacking. Moreover, a mechanism-based treatment has not yet proven successful in HD patients.

2.2. Materials and methods

Cell culture and transfection. Primary cerebrocortical or striatal cultures, containing both
neurons and glia, were made from E16 rat pups and grown on 12-mm glass coverslips, as we

have described (Okamoto et al., 2002). Cells were transfected via Lipofect AMINE 2000

' A version of this chapter has been published. Okamoto SI*, Pouladi MA*, Talantova M*, Yao D, Xia P,
Ehrnhoefer DE, Zaidi R, Clemente A, Kaul M, Graham R, Zhang D, Vincent Chen HS, Tong G, Hayden MR **,
Lipton SA**. Balance between synaptic versus extrasynaptic NMDA receptor activity influences inclusions and
neurotoxicity of mutant huntingtin. Nat Med (2009) vol. 15 pp. 1407 — 1413 (* co-first authors; ** co-senior
authors)
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(Invitrogen) on the 15-20" DIV with either N-terminal fragments of Htt consisting of exon 1
(Myc-wtHtt-N63-18Q or Myc-mtHtt-N63-148Q), or with full-length Htt (wtHtt with 15Q or
mtHtt with 138Q). In a number of experiments, cells were co-transfected with enhanced green
fluorescence protein (EGFP) to facilitate identification of transduced cells. Labeled cells could
be subsequently stained with anti-NeuN or anti-MAP-2 antibody, verifying their neuronal
identity. In a series of experiments, a PGC-1a expression vector (ATCC) was also co-
transfected. Transfection efficiency was 10-15% for cortical neurons, and 5-10% for striatal
neurons. In experiments manipulating synaptic activity, drugs were added to cultures five hours
post transfection. Extracellular Mg”" was set at < 0.4 mM to produce spontanecous NMDAR
activity in the absence of excessive AMPAR stimulation, as assessed by patch-clamp recordings
(Lei et al., 1992). CREB transcriptional activity was analyzed using a CRE luciferase reporter
(Stratagene) and renilla luciferase internal control vector (Promega), as previously described
(Okamoto et al., 2002). siSTRIKE plasmids expressing shRNAs targeting TCP1 and a non-
targeted sequence were constructed according to the manufacturer’s protocol (Promega). TCP1

shRNA targeting the sequences were designed using Promega’s siRNA Target Designer.

Assessment of inclusion formation and neuronal cell death. For inclusion assessment, Htt-
transfected cortical or striatal neurons were stained with anti-myc (for truncated N-terminal Htt
constructs, Santa Cruz), or anti-huntingtin (for full-length Htt constructs, Chemicon) to visualize
huntingtin expression under deconvolution microscopy. The expression level of transfected full-
length Htt was sufficiently above baseline to allow us to easily distinguish transfected from
endogenous Htt (Figure 2.22). Images were captured with a Zeiss Axiovert 100M microscope

equipped with deconvolution software (see Deconvolution experimental procedures, below).

63



Inclusion formation was assessed 15-17 h after drug application. Immunocytochemistry for
MAP2 (Sigma) and NeuN (Chemicon) were used to identify neurons. The total number of
transfected neurons with Htt-positive inclusions and the total number of transfected neurons on
each coverslip were counted. In a series of experiments combining inclusion and neuronal cell
death analysis, wtHtt or mtHtt was co-transfected with EGFP, the latter to further facilitate
identification of all transduced cells; in this manner, we could normalize the number of viable,
dead, or inclusion-containing neurons to the total number of transfected neurons for each
treatment paradigm. In the cell death experiments, wtHtt- or mtHtt-expressing neurons were
incubated in media with or without 50 uM glutamate for 40 h. In another series of experiments,
cultures were incubated for 20 h with TTX or NO-711. In some experiments, PGC-1a was also
expressed. Cells were then stained with anti-MAP2/anti-NeuN, anti-myc antibodies, anti-PGC-
la antibody (Santa Cruz), anti-TCP1 antibody (Santa Cruz), and Hoechst dye 33342. Neuronal
cell death was assessed on the basis of condensed nuclear morphology (with Hoechst dye 33342)
and shrunken neurites. Neurons were scored as viable if they possessed normal nuclei and
neuritic processes (Nucifora et al., 2001). In both the inclusion formation and neuronal death
assessments, for each experimental condition, >100 neurons were counted on triplicate
coverslips, and experiments were repeated at least four times; thus, n > 1200 in each case. Data
are expressed as mean + s.e.m., and statistical significance was determined using an ANOVA

followed by Dunnett’s post-hoc test.

Deconvolution microscopy and fluorescence intensity measurements. Digital images were
acquired using a CCD camera (Cooke Sensicam) mounted on a Zeiss Axiovert 100M
epifluorescence microscope (63x oil-immersion objective, 1.4 NA), equipped with SlideBook

deconvolution software (Intelligent Imaging Innovations). Reconstructed images were generated
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from stacks of 10-20 z-axis images of 0.3 pm thick optical sections deconvolved with a nearest
neighbor algorithm. For fluorescence intensity measurements, immunostaining and image
capturing were performed under the same conditions for each experiment; 20-31 cells from each
experiment were randomly selected, and the average fluorescence intensity was determined by
measuring the signal from the cell body using SlideBook software. Data were then normalized
and evaluated by ANOVA. For mtHtt-transfected neurons, the number of inclusion bodies
(inclusions) in each cell was counted, and, for each observed inclusion, the mean intensity and

area were digitally measured.

Western blot analysis. Lysates of cortical or striatal cultures were prepared in phosphate
buffered saline (PBS) with 1% sodium dodecyl sulfate (SDS), and then subjected to Western blot
analysis and probed with anti-Myc antibody (Santa Cruz) to detect the expression of huntingtin

proteins.

Electrophysiological recordings. Whole-cell recordings were performed with an Axopatch
200B amplifier (Axon Instruments) from EGFP-positive neurons 48 to 96 h after transfection.
The extracellular solution contained (in mM): NaCl 135, KCl 2.5, CaCl, 2, MgCl, 0-0.01,
NaHCO; 1, Na,HPO4 0.34, KH,PO4 0.44, glucose 20, Hepes 10, pH 7.4. Patch electrodes with a
final tip resistance of 4-7 MQ, were filled with a solution containing (in mM): CsCl 120,
tetracthylammonium chloride (TEA-CI) 20, Hepes 10, EGTA 2.25, CaCl, 1, MgCl, 2, and
phalloidin 0.001, pH 7.4. To examine NMDAR-mediated SEPSCs, we used “charge transfer.”
Details of this analysis are given in the Analysis of NMDAR-mediated SEPSCs section below
and in Figure 2.12. pCLAMP 8-9.2 software (Axon Instruments) was used for data acquisition
and analysis. All recordings were made at room temperature with a holding potential of -60 mV.

Currents were digitally sampled at 10-20 kHz and filtered at 2-5 kHz. Data are expressed as
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mean =+ s.e.m., and statistical significance was determined using a Student’s #-test for pairwise

comparisons.

Analysis of NMDAR-mediated sEPSCs. Since virtually all of the spontaneous NMDAR-
mediated sSEPSCs (NMDAR-sEPSCs) under our recording conditions presented as bursts, and
each burst consisted of multiple EPSCs, we used total “charge transfer” as an indicator of the
magnitude of NMDAR-sEPSCs; this parameter contained information about both amplitude and
frequency (Mouginot et al., 1998). Note that we did not include in the analysis the initial
transient component, which represented Na" or AMPA-mediated currents depending on the
recording conditions and was easily separable temporally from the NMDAR-sEPSCs in each
case (see inset figure, below, representing a typical SEPSC). We calculated charge transfer from
each individual burst of NMDAR-sEPSCs, starting from the peak of the first NMDAR-sEPSC
and continuing to the baseline, which took ~ 5 seconds in the majority of analyzed SEPSCs
(hatched area in inset figure, below). Over 800 SEPSCs were analyzed for each condition. For
equal temporal epochs, the sum of the charge transferred during individual bursts for each
experimental condition (1, 10 or 30 pM memantine, 10 uM ifenprodil, 0.1 uM TTX, 10 uM
CNQX, 100 uM NO-711, and each washout period) was normalized to its own baseline value for
that same cell. Normalization on a cell-by-cell basis was performed to eliminate experimental

error between neurons based on varying dendritic ramification and cell capacitance.
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Additionally, we calculated the frequency and amplitude of NMDAR-sEPSC bursts for each
condition during ~100 s of recording time (Figure 2.12). The mean amplitude was calculated by
averaging the amplitude of the maximal current in each burst of NMDAR-sEPSCs. Each
recording was performed under control conditions, in the presence of antagonist, and then during
washout. To allow steady-state to be achieved for the analysis, the initial 20 seconds of each drug
application or washout were excluded. The data were then normalized for each cell as described

above.

Transgenic YAC128 HD mice. Male and female YAC128 mice expressing expanded human
huntingtin with 128 CAG repeats and WT littermates maintained on the FVB/N strain (Charles
River) were used for these experiments (Slow et al., 2003; Van Raamsdonk et al., 2005). Mice
were housed singly or in pairs in duplex cages with littermates of mixed genotype and
maintained under a 12 L:12 D light cycle (lights on at 2300) in a clean facility and given free
access to food and water. Experimenters were blind to the genotype of the mice. All experiments
were performed with the approval of the animal care committee at the University of British

Columbia.
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Drug treatment. Dose-finding pilot study. To determine the treatment doses of memantine, a
dose-finding pilot study was conducted in a manner similar to that reported previously
(Minkeviciene et al., 2004). Memantine at concentrations of 1, 10, 30, and 100 mg/kg were
delivered to animals via the drinking water; the control group received water only. After fours
weeks of treatment, blood was obtained by cardiac puncture with heparinized syringes, collected
into EDTA-coated tubes, and spun immediately to obtain plasma. Steady-state plasma
concentrations of memantine were determined at Merz Pharmaceuticals GmbH (Frankfurt am
Main) using a gas chromatograph system coupled with a mass selective detector (Kornhuber and
Quack, 1995). Chosen for the trial were a dose of 30 mg/kg, which produces a steady-state
plasma level of memantine of about 2 uM (and is further concentrated up to 15-fold in the brain),
and a dose that is 30-fold lower, 1 mg/kg (which is known to produce brain levels of <1 uM in

rodents) (Lipton, 2007).

Memantine treatment. For administration of drugs in the drinking water, water consumption of
individual cages was monitored on a biweekly-basis along with animal body weights. The
concentrations of drug solutions for each cage were then adjusted accordingly. The drug

solutions were replaced twice/week and provided ad libitum.

Assessment of motor function. Training and baseline testing for motor function tasks were
carried out prior to memantine treatment initiation at 2 months of age during the dark cycle.
Assessment of the effect of long-term (10-month) treatment with memantine on motor function
was carried out by testing at 12 months of age. Motor coordination and balance were assessed
using the accelerating rotarod task (UGO Basile, Comerio, Italy). In this task, the rotarod sped

up from 5 revolutions per minute (RPM) to 40 RPM over 4 minutes. Performance in the rotarod
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tasks was assessed by the amount of time that a mouse could remain running on the rotarod.

During training, mice were given three trials per day for three consecutive days.

Brain sample preparation. Mice were injected with heparin followed by terminal anesthesia
with intraperitoneally-injected 2.5% avertin. The animals were perfused with 3%
paraformaldehyde with 0.6% glutaraldehyde in phosphate-buffered saline (PBS). Brains were
left in the skulls for 24 hrs in 3% paraformaldehyde, then removed and stored in PBS. After
weighing, the brains were transferred to a 30% sucrose solution containing 0.08% sodium azide
in PBS. They were then frozen on dry ice, mounted with Tissue-TEK O.C.T. compound
(Sakura), and sliced coronally into 25 pm sections on a cryostat (Microm HM 500M, Richard-
Allan Scientific). The sections were collected and stored in PBS with 0.08% sodium azide at 4

°C.

Neuropathological analysis. A series of 25 pum-thick coronal sections spaced 200 pm apart
spanning the striatum was stained with NeuN antibody (Chemicon) overnight at room
temperature, followed by incubation with biotinylated anti-mouse antibody (Vector Laboratories,
Burlingame). The signal was amplified with an ABC Elite kit (Vector) and detected with
diaminobenzidine (DAB; Pierce). Striatal volumes were determined from a series of mounted
sections using Stereolnvestigator software (Microbrightfield) by tracing the perimeter of the

striatum in serial sections spanning the striatum.

Assessment of huntingtin inclusions in vivo. Perfused brain sections of 25 um thickness from
WT, untreated YAC128, 1 mg/kg- and 30 mg/kg-treated YAC128 animals were immunoassayed
with the antibody EM48 to assess the presence of mtHtt inclusions. Polyclonal EM48 antibody

was used at 1:500 and DAB was used as the chromogen (Vector). Htt inclusions were defined as

EM48-positive staining at the light microscope level. Photographs of mounted sections were
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taken on a light microscope (Zeiss) under a 100X objective using a MetaMorph Imaging System

(Molecular Devices), and the intensity of the staining of striatal neurons was measured.

Statistical analysis. Data are expressed as mean = s.e.m. When suitable, results were
interpreted using a one-way ANOVA with a Student-Newman-Keuls (SNK) post-hoc test.
Pairwise comparisons between genotypes/treatments were assessed with a Student's #-test.

Differences were considered statistically significant at P < 0.05.
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2.3. Results and discussion

To investigate the relationship between synaptic activity, inclusion formation and neurotoxicity
induced by mtHtt, we initially used a neuronal cell culture model of HD in which primary striatal
or cortical neurons were transiently transfected with constructs of either full-length or N-terminal
Htt encoding wild-type or expanded polyglutamine repeats. Neurons transfected with wtHtt
displayed diffuse cytoplasmic expression of huntingtin by immunocytochemistry, while both
intranuclear and cytoplasmic/neuropil macroscopic inclusions were present in both striatal
(Figure 2.1a, b) and cortical neurons (Figure 2.2a, b) transfected with mtHtt. Strikingly, when
endogenous NMDAR activity was curtailed in these cultures with NMDAR antagonists D-(-)-2
amino-5-phosphonovaleric acid (D-APV), memantine or ifenprodil, we observed a significant
decrease in the number of mtHtt-containing inclusions. In contrast, the AMPA (o-amino-3-
hydroxy-5-methyl-4-isooxazole propionic acid)-sensitive glutamate receptor antagonist, 6-
cyano-7-nitroquinoxaline-2, 3-dione (CNQX), did not affect inclusion formation. Moreover,
neither CNQX nor NMDAR antagonists had any effect on normal huntingtin expression in
transfected neurons (Figure 2.3). Hence, the suppressive effect of NMDAR antagonists on mtHitt
inclusion formation could not be attributed to a global suppression of protein expression.
Importantly, memantine decreased mtHtt-containing inclusions only at high (30 uM)
concentrations, but not at lower (<10 uM) concentrations (Figure 2.1a, b; Figure 2.2a, b). To
mimic more closely the pathophysiological situation, we next utilized neurons transfected with
full-length mtHtt bearing a 44Q expansion, or neurons from the striatum of the transgenic
YAC128 HD mouse, which has a yeast artificial chromosome (Y AC) encoding the entire human
HD gene containing 128 CAG repeats (Slow et al., 2003). These models produced similar
findings (Figure 2.4).
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Unlike other NMDAR antagonists, such as ifenprodil and D-APV, we have shown that
memantine is an open-channel blocker, acting via an uncompetitive/fast ‘off-rate’ mechanism
whereby low micromolar concentrations of the drug preferentially inhibit excessive, primarily
extrasynaptic, stimulation of NMDARs but relatively preserve physiological synaptic
transmission (Lipton, 2007; Lipton, 2006). In contrast, higher concentrations of memantine lose
this selectivity and also inhibit normal NMDAR-mediated synaptic activity like other NMDAR
antagonists. Thus, blockade of inclusion formation by memantine at higher concentrations, but
not lower, most likely results from interrupting endogenous synaptic activity in these cultures.
To further characterize the role of synaptic activity in mtHtt aggregation, we used two additional
pharmacological tools to suppress normal excitatory synaptic transmission. Both tetrodotoxin
(TTX, to block Na' channels and thus the propagation of action potentials that lead to
endogenous synaptic activity) and NO-711 (to block GABA uptake and hence augment
inhibitory neurotransmission) decreased mtHtt-containing inclusions (Figure 2.2¢). Taken
together, our data suggest that interruption of normal excitatory synaptic activity (mediated by

NMDARs) ameliorates macro inclusion formation.

To confirm the notion that our pharmacological manipulations modified synaptic activity, we
used whole-cell recording with patch electrodes to study spontaneous excitatory postsynaptic
currents (SEPSCs). These experiments were designed to analyze the effect of short-term
additions of drugs to determine their mechanism of action. The same drugs were used to prevent
sEPSCs from triggering the intracellular signaling cascades involved in inclusion formation or
neuronal cell death (Figure 2.1; Figure 2.2). We found that total charge transfer during the
NMDAR-mediated component of SEPSCs was significantly reduced by TTX or NO-711, in both

wtHtt and mtHtt transfected cortical neurons (Figure 2.5a, b). Similarly, high (30 uM)
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memantine significantly inhibited the NMDAR-mediated component of SEPSCs, while low (1-

10 uM) memantine relatively spared this synaptic activity (Figure 2.5¢). In contrast, ifenprodil
(10 uM) blocked this synaptic activity (Figure 2.5d). However, in the presence of 10 uM CNQX,
NMDAR-mediated synaptic activity was not significantly attenuated (Figure 2.5e). Additionally,
both memantine (even at low concentrations), and ifenprodil, attenuated extrasynaptic NMDAR-
mediated currents (Figure 2.5f). The effect of low-dose memantine on extrasynaptic NMDAR-
mediated currents was further confirmed by isolating extrasynaptic NMDAR activity using the
previously published MK-801 protocol (Hardingham et al., 2002) (Figure 2.6). These
electrophysiological findings validate the specificity of our pharmacological tools for NMDARs
when studying mtHtt aggregation and neuronal cell death. Next, we examined whether
NMDAR-sEPSCs were affected by mtHtt under our conditions. We found that total charge
transfer during sSEPSCs was not significantly different in mtHtt- vs. wtHtt-transfected neurons
(Figure 2.5g). Similar findings were observed in striatal slice recordings from the YAC72 mouse
model of HD during low-frequency cortical afferent stimulation (Li et al., 2004), simulating the
spontaneous activity level in our cultures. At higher levels of stimulation, mtHtt itself is known

to enhance NMDAR activity (Zeron et al., 2002).

Next, we investigated the molecular mechanism of mtHtt-induced inclusion formation. Recently,
three groups reported in yeast and cell lines that the chaperonin TRiC (TCP1 ring complex, also
known as CCT) detoxifies mtHtt, at least in part by forming multiple mtHtt inclusions, while
decreasing toxic soluble microaggregates of mtHtt and thereby decreasing toxicity (Pickett,
2006). Augmentation of TRiC activity increased the appearance of multiple, small mtHtt-
containing inclusions (Figure 4.3¢ and 5c in Tam et al. (Tam et al., 2006)), reminiscent of our

findings in neurons with preserved synaptic activity (our Figure 2.2a; Figure 2.1a, 2). Hence, we
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examined if synaptic activity regulates the expression of TCP1, the subunit of TRiC that
preferentially interacts with mtHtt (Tam et al., 2006). We added TTX to our neuronal cultures to
block synaptic activity and found that it significantly reduced the expression of TCP1 (Figure
2.2d). While low-dose memantine (10 uM) did not affect the TCP1 expression, both high-dose
memantine (30 uM) and ifenprodil also decreased TCP1 levels (Figure 2.7), supporting the
notion that synaptic NMDAR activity is necessary for TCP1 expression. To test if TCP1 is
involved in synaptic activity-induced inclusion formation, we generated two small hairpin RNA
interference constructs (ShRNAs designated TCP1 RNAi-1 and RNAi-2) to knockdown TCP1
expression. TCP1 RNAi-1 and RNAi-2 reduced TCP1 levels to 70% and 60%, respectively
(Figure 2.8). Both small hairpin TCP1 RNAI vectors significantly decreased inclusion formation
from mtHtt (Figure 2.2e). Additionally, knockdown of TCP1 by RNAIi occluded the inhibitory
effect on inclusion formation exerted by suppression of synaptic activity with high-dose (30 uM)
memantine (Figure 2.9). Taken together, our results indicate that synaptic activity induces
expression of TCP1, which in turn mediates inclusion formation in neurons. Moreover, TRiC
has been reported to cooperate with the Hsp70 chaperone system (Behrends et al., 2006;
Kitamura et al., 2006; Melville et al., 2003); Hsp70 attaches to mtHtt inclusions to protect cells
from death (King et al., 2008; Kitamura et al., 2006). Indeed, here we observed co-localization
of inclusions and Hsp70 (Figure 2.10), suggesting that the TRiC-Hsp70 system might ameliorate

mtHtt toxicity.

We have thus shown that physiological synaptic NMDAR activity is necessary for macro
inclusion formation in mtHtt-expressing neurons. However, the relationship of mtHtt-induced
inclusion formation and neurotoxicity in HD pathogenesis has remained contentious (Davies et

al., 1997; Saudou et al., 1998). Large aggregates of abnormally folded proteins have been
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hypothesized to contribute to synaptic damage in neurodegenerative disorders (Tsai et al., 2004),
but a recent report suggests that inclusion formation protects neurons from cell death (Arrasate et
al., 2004), possibly by decreasing the level of toxic soluble forms of mtHtt (Sanchez et al., 2003).
Neurodegeneration in HD has also been proposed to represent excitotoxic-mediated apoptotic
cell death triggered by excessive activation of NMDARs (Friedlander, 2003). Increased
sensitivity to NMDAR-mediated excitotoxicity has been observed in the YAC128 mouse model
of HD (Zeron et al., 2002). On the other hand, recent studies have indicated that physiological
levels of synaptic NMDAR activity (predominantly composed of NR2A subunits in mature
neurons) promote survival in the face of various forms of stress (Hardingham et al., 2002). The
exact role of normal neuronal electrical activity in the pathogenesis of HD has not previously

been studied.

Our observation that endogenous synaptic NMDAR activity promotes formation of mtHtt-
containing inclusions prompted our investigation of whether this normal activity could protect
neurons. Conversely, we hypothesized that excessive activation of extrasynaptic NMDARs may
increase neuronal vulnerability induced by mtHtt. To test this notion, we initially applied a
relatively low concentration of exogenous glutamate (50 uM), which by itself was not
excitotoxic to untransfected or wtHtt-transfected neurons under these conditions, to stimulate
both extrasynaptic and synaptic receptors. While transfection of mtHtt by itself did not result in
neuronal death, as shown previously (Zeron et al., 2002), we found that mtHtt neurons became
more vulnerable in the presence of 50 uM glutamate (Figure 2.11a-c). When mtHtt neurons
were treated with memantine or ifenprodil, neuronal cell death induced by exogenous glutamate
was significantly reduced. Of note, we found that low concentrations of memantine (1-10 uM),

which selectively block excessive extrasynaptic NMDAR activity while sparing physiological
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synaptic NMDARs (Figure 2.5; Figure 2.6, Figure 2.12) (Lipton, 2007; Lipton, 2006), were
sufficient to protect mtHtt-transfected neurons from glutamate challenge. Additionally,
extrasynaptic NMDARSs preferentially contain NR2B subunits (Tovar and Westbrook, 1999), and
ifenprodil, a relatively selective inhibitor of NR2B, blocked this neurotoxicity (Hardingham et al.,
2002; Zeron et al., 2002). Taken together, these results imply that mtHtt renders neurons more
vulnerable to acute excitotoxic insults and that blockade of extrasynaptic NMDARs efficiently
ameliorates this excitotoxic cell death. In this regard, we observed similar results for both

truncated (N-terminal fragment) (Figure 2.11b) and full-length Htt constructs (Figure 2.11¢).

Next, we examined the effect of normal synaptic activity on survival of neurons expressing
mtHtt. We found that TTX, which suppresses normal excitatory synaptic transmission, or NO-
711, which enhances inhibitory neurotransmission, triggered significant cell death in mtHtt- but
not wtHtt-expressing neurons (Figure 2.11d; Figure 2.13). We then asked if extrasynaptic
NMDAR activity causes cell death in mtHtt neurons when protective (physiological) synaptic
NMDAR activity is inhibited. Accordingly, we investigated if an NMDAR antagonist that
preferentially blocks extrasynaptic activity could protect mtHtt neurons from toxicity induced by
TTX or NO-711. Indeed, we found that treating mtHtt cultures with low concentrations (~5 uM)
of memantine significantly reduced neuronal death induced by TTX or NO-711 (Figure 2.11d).
The question arises where the extrasynaptic glutamate originates in our culture system in the
presence of neuronal activity blockade with TTX because synaptic release is inhibited. Since the
intracellular pool of glutamate, used for metabolic purposes, may be significant, up to 10 mM per
cell (Lipton and Rosenberg, 1994), mtHtt-insulted neurons may potentially leak glutamate from
nonsynaptic sites. Additionally, similar to the intact brain, our culture system contains

nonneuronal cells, predominantly astrocytes. Even in the absence of synaptic activity, glutamate
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released from astrocytes can activate extrasynaptic NMDARSs in neurodegenerative conditions

(Fellin et al., 2004; Tian et al., 2005).

We next wanted to investigate the relationship of macro inclusion formation, electrical activity,
and neuronal survival. Since we had demonstrated earlier that TCP1 mediates inclusion
formation (Figure 2.2¢), we examined if TCP1 is involved in the survival of neurons expressing
mtHtt. We found that knockdown of TCP1 not only decreased inclusion formation but also
significantly increased neuronal cell death in mtHtt-expressing neurons (Figure 2.11e). These
RNAI experiments imply causality between TCP1 levels, inclusion formation, and neuronal cell
death. Importantly, this form of cell death was significantly ameliorated by blockade of
extrasynaptic NMDAR using low-dose memantine (Figure 2.11e). Taken together, our results
suggest that synaptic activity induces expression of TCP1, which in turn contributes to protective
inclusion formation and decreased neurotoxicity. Conversely, blockade of synaptic activity
reduces TCP1 levels, which in turn decreases mtHtt inclusion formation, and contributes to

neuronal cell death in conjunction with excessive extrasynaptic NMDAR activity.

Furthermore, CREB/CBP transcriptional activity, which triggers the neuroprotective PGC-

la pathway, has been shown to be decreased by extrasynaptic NMDAR activity (Hardingham et
al., 2002) as well as by binding to soluble mtHtt (Nucifora et al., 2001). We therefore
hypothesized that impairment of the CREB—PGC-1a cascade may contribute to neuronal cell
death in HD (McGill and Beal, 2006). Hence, we determined if CREB function was
compromised in mtHtt-expressing neurons when synaptic activity was blocked. In mtHtt- but
not wtHtt-transfected neurons we found a significant decrease in CREB activity in the presence
of TTX, which suppresses excitatory synaptic activity (Figure 2.11f). Additionally, blockade of

extrasynaptic NMDARs with low concentrations of memantine restored CREB function,
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suggesting that mtHtt and activation of extrasynaptic NMDARs are necessary for CREB
inactivation. We next determined the level of PGC-1a under these same conditions. We
observed a significant decrease in PGC-1a levels in mtHtt-transfected neurons in the presence of
TTX, but preservation of PGC-1a levels in the presence of low concentrations of memantine
(Figure 2.11g; Figure 2.14). These findings support the notion that mtHtt and excessive
extrasynaptic NMDAR activity interfere with the neuroprotective CREB—PGC-1a cascade.
Importantly, decreased levels of PGC-1a likely contribute to cell death in mtHtt-transfected
neurons exposed to TTX (and thus in neurons with blocked synaptic activity and decreased
mtHtt inclusions). As would be predicted, cell death under these conditions was diminished by

co-transfection with PGC-1a (Figure 2.11d).

These findings in conjunction with the recent demonstration of increased extrasynaptic NMDAR
expression and excessive activity in the YAC128 HD mice (Milnerwood et al., 2010) raise the
possibility that long-term blockade of extrasynaptic activity would be advantageous while
simultaneous blockade of synaptic activity might prove deleterious in vivo, for example, in the
transgenic YAC128 HD mouse (Slow et al., 2003) (Figure 2.4b). We hypothesized that the
balance between synaptic and extrasynaptic activity in the face of mtHtt would determine
neuronal survival. Therefore, while short-term blockade of both synaptic and extrasynaptic
activity might cause transient improvement, eventually blockade of synaptic activity would lead
to neuronal loss. In contrast, maintenance of synaptic activity with abrogation of excessive
extrasynaptic activity would be most beneficial to combat the deleterious effects of mtHtt. To
test this hypothesis in vivo, YAC128 mice were treated using drinking water with low-dose
memantine (1 mg/kg) to block extrasynaptic NMDAR activity or high-dose memantine (30

mg/kg) to additionally block synaptic NMDAR activity since we knew that these doses would
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produce low and high concentrations of memantine approaching those used in the culture
experiments (Chen et al., 1992; Hesselink et al., 1999; Lipton, 2007; Lipton, 2006; Parsons et al.,
2007). Treatment commenced at 2 months of age and continued for 10 months until 12 months
of age. We first analyzed mtHtt inclusions using immunostaining with antibody EM48, which
recognizes N-terminal huntingtin and is highly specific for aggregates (Gutekunst et al., 1999).
Treatment with low-dose memantine increased inclusion formation (Figure 2.15), as confirmed
using a filter trap assay (Figure 2.16), while high-dose memantine significantly decreased
inclusion formation in 12-month-old YAC128 mice (Figure 2.15). These effects of memantine
treatment on inclusion formation were not due to alterations in mtHtt protein expression since
low and high doses of memantine did not affect mtHtt levels (Figure 2.17). On the other hand,
TCP1 levels increased with low-dose memantine and decreased with high-dose memantine
(Figure 2.18), supporting the notion that normal synaptic NMDAR activity increases TCP1 and

promotes inclusion formation.

Next, we measured loss in striatal volume in YAC128 mice, a cardinal neuropathological feature
of HD (Vonsattel et al., 1985). Low-dose memantine treatment in YAC128 animals improved
striatal volume, while high-dose memantine worsened this parameter (Figure 2.19a). Similarly,
treatment of WT animals with low-dose memantine led to a significant increase in striatal
volume, while high-dose memantine led to a significant decrease in striatal volume (Figure
2.19b). These findings support our hypothesis that maintenance of synaptic activity, while
inhibiting excessive extrasynaptic activity, is protective, and that long-term blockade of synaptic
activity is detrimental. We also monitored motor function by rotatrod testing. YAC128 HD
mice treated with low-dose memantine demonstrated improvements on these motor tests, while

high-dose-treated mice showed no improvement (Figure 2.20a). Specifically, YAC128 HD mice
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treated with low-dose, but not high-dose, memantine showed significant improvement at 12, but
not 6, months of age (Figure 2.20b). Similarly, WT animals treated with low-dose memantine
showed significant improvement in motor rotarod performance at 6, 8, and 12 months of age,
while high-dose treated mice showed no improvement (Figure 2.20¢, d). Taken together, these
results support the premise that maintenance of synaptic activity with abrogation of extrasynaptic

activity is beneficial in YAC128 HD mice.

Our results provide a mechanistic framework to help us understand the selective vulnerability of
striatal and cortical neurons in HD. We show here that synaptic activity controls expression of
the chaperonin TRiC, which in turn modulates inclusion formation and toxicity of mtHitt.
Moreover, the electrical properties of these neurons coupled with the predominant effect of the
CREB—PGC1a pathway in this cell type (Cui et al., 2006) renders them particularly sensitive to
the toxic effects of mtHtt. Specifically, excessive extrasynaptic activity and mtHtt decrease
CREB—PGC-a activity to promote neuronal cell death. Coupled with a decrease in synaptic
transmission, which also contributes to a decrease in CREB activity in the presence of mtHtt,
neurons become increasingly vulnerable to injury and death (Figure 2.21). We speculate that
these findings imply that therapies for HD that minimize excessive extrasynaptic activity while
maintaining or enhancing normal synaptic activity will yield considerable benefit. Notably, it
has been contentious whether mutant huntingtin by itself is cytotoxic in cell culture. Along these
lines, it has been demonstrated that mtHtt contributes to neuronal cell death by increasing
excitotoxic vulnerability (Zeron et al., 2002). We report similar findings here, and, in fact, our
data using primary neurons manifesting synaptic activity may resolve the question of direct
mtHtt toxicity raised by the prior findings of others using yeast, cell lines, or synaptically-

immature neurons. We now show not only that mtHtt increases the vulnerability of neurons to
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relatively low concentrations of exogenous glutamate, but also that suppressing spontaneous
excitatory synaptic activity can mimic this phenomenon via the excitotoxic effect of endogenous

glutamate apparently acting on extrasynaptic receptors.

Our findings further suggest that the balance between synaptic and extrasynaptic NMDAR
activity may be critical in determining neuronal cell survival in HD. We show that low
concentrations of the NMDAR antagonist, memantine, afford the advantage of restoring
excitatory balance by maintaining physiological synaptic activity while blocking excessive
extrasynaptic NMDAR stimulation (Lipton, 2007; Lipton, 2006). Thus, we posit that restoring
excitatory balance, which is disrupted by mtHtt protein, can affect protein misfolding and protect
neurons in HD, as also suggested in a small, open-label human clinical trial of memantine in HD
patients (Beister et al., 2004). This novel concept of balancing synaptic and extrasynaptic
neuronal NMDAR activity may also lead to strategies to combat cell injury and death associated

with other neurodegenerative disorders.
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Figure 2.1 Inclusion formation in mtHtt-expressing striatal neurons is ameliorated by
NMDAR antagonists

(a) Rat primary striatal neurons were transfected with wtHtt (Myc-mtHtt-N63-18Q) or mtHtt (Myc-mtHyt-
N63-148Q). Similar to cortical neurons, wtHtt-expressing striatal neurons displayed diffuse cytoplasmic
labeling, while mtHtt formed inclusions in both nuclei and neurites. The AMPA receptor antagonist CNQX
(10uM) or low-dose NMDAR antagonist memantine (10uM) manifested no effect on inclusions formed
from mtHtt. High-dose memantine (30 uM) or d-APV (150 uM) significantly reduced the number of
inclusions in mtHtt-transfected neurons. (b) Quantification of blockade of mtHtt-inclusions in transfected
striatal neurons. CNQX (10 uM) or low concentrations of memantine (10 mM) did not inhibit inclusion
formation. Values are mean £ s.e.m. for n = 250. *, P < 0.01 by ANOVA.
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Figure 2.2 Suppression of excitatory NMDAR synaptic transmission ameliorates
inclusion formation in mtHtt-expressing neurons

(a, b) Rat primary cortical neurons were transfected with wtHtt (Myc-mtHtt-N63-18Q) or mtHtt (Myc-mtHit-
N63-148Q). WtHtt-expressing neurons displayed diffuse cytoplasmic labeling while mtHtt formed
inclusions in both nuclei and neurites. AMPA receptor antagonist CNQX manifested no effect on
inclusions formed from mtHtt. NMDAR antagonists memantine (30 uM) and D-APV (150 yM) significantly
reduced the number of inclusions in mtHtt-transfected neurons. NMDAR antagonists significantly
decreased inclusion formation in mtHtt neurons. Although not quite as effective, 10 uM ifenprodil, a
relatively selective inhibitor of NR2B subunits of the NMDAR manifested a similar action. In contrast,
CNQX or low concentrations of memantine (1-10 uM) did not inhibit inclusion formation. Values are mean
+s.e.m. (n=1,200). *, P < 0.01 by ANOVA. (c) Rat primary neurons were transfected with witHtt or mtHtt
and treated with synaptic activity suppressors (0.2 uM TTX or 100 yuM NO-711). Inclusion formation was
quantified. Values are mean + s.e.m. *, P < 0.01 by ANOVA. (d) Neurons were exposed to TTX (0.2 yM)
or control conditions. After 24-h incubation, total cell extracts were prepared. Immunoblotting
demonstrated that TTX reduced the level of TCP1 protein expression. Actin served as a loading control.
(e) Neurons were transfected with mtHtt plus two different small hairpin vectors for TCP1 or control
vector. Inclusion formation was quantified. TCP1-knockdown attenuated inclusion formation. Values are
mean + s.e.m. for n 2 300. *, P < 0.001 by ANOVA.
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Figure 2.3 Htt expression is unaffected by d-APV or CNQX

(a) Rat primary cortical neurons were transfected with either wtHtt (Myc-mtHtt-N63-18Q) or mtHtt (Myc-
mtHtt-N63-148Q). Cell lysates were subjected to Western blot analysis with anti-Myc antibody (Santa
Cruz) to detect expression of huntingtin protein. Application of d-APV (150 uM) or CNQX (10 uM) did not
change the expression levels of witHtt or mtHtt. (b, ¢) wtHtt-transfected cortical neurons were stained with
anti-Myc antibody (endogenous Myc is not detected under our staining conditions), and the expression of
Htt protein was quantified by measuring mean fluorescence intensity under deconvolution microscopy.
There was no significant difference in Htt expression among control, d-APV- and CNQX-treated neurons
(by ANOVA).
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Figure 2.4 Effects of NMDAR antagonists on inclusion formation in neurons expressing
full-length mtHtt with 44Q and striatal neurons from YAC128 HD animals

(a) Rat primary neurons were transfected with full-length wtHtt or full-length mtHtt with 44Q. The extent of
inclusion formation was assessed using unbaised intensity measurements of striatal neurons stained with
EM48. The NMDAR antagonists memantine (30 uM), d-APV (150 uM), and ifenprodil (10 uM) significantly
reduced the number of inclusions. The AMPA receptor antagonist CNQX or low concentrations of
memantine (10 yM) did not inhibit inclusion formation. (b) Primary striatal neurons were dissected from
PO YAC128 pups and cultured for 9 days. On day 7, neurons were treated with either vehicle, low-dose
(210 uM) or high-dose (30 uM) memantine for 48 h. Quantification of the extent of EM48 staining
revealed significantly lower levels in neurons treated with 30 uM memantine compared to vehicle- or 10
MM memantine-treated neurons. Values are mean + s.e.m. P < 0.01 by ANOVA.
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Figure 2.5 Pharmacology of NMDAR-mediated SEPSCs and whole-cell currents
recorded from wtHtt- and mtHtt-transfected neurons
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(a-e) sEPSCs (left-hand panels) and charge transfer (right-hand panels), normalized for each cell.
NMDAR-mediated sEPSCs in both wtHtt- and mtHtt-transfected neurons were significantly inhibited by
TTX (a), NO-711 (b), ifenprodil (d), and 30 yM memantine (c), but was relatively spared by 1-10 yM
memantine (¢) or CNQX (e). Recording solutions in (a-e) contained 20 uM glycine; for (c. d), CNQX and
bicuculline (10 uM each) were also added. Values are mean + s.e.m. (n = 4 cells in each case); *, P <
0.03 (paired t-test on raw data). (f) Both memantine and ifenprodil attenuated extrasynaptic NMDAR-
mediated currents. Incomplete reversal was observed because of slow washout in this system.
Recordings were performed in the presence of 0.1-1 yM TTX. NMDA currents were evoked by co-
application of 100 uM NMDA and 20 uM glycine. (g) For NMDAR-sEPSCs, charge transfer (fC/pF) was
not significantly different between mtHtt- and wtHtt-transfected neurons.
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Figure 2.6 Low-dose memantine blocks extrasynaptic NMDARs in both wtHtt- and
mtHftt-transfected neurons

To isolate extrasynaptic NMDAR activity, synaptic NMDA receptors were selectively inactivated using 10
UM MK-801 in conjunction with 50 uM bicuculline, while extrasynaptic NMDARs were spared, as
described previously11. Extrasynaptic NMDAR activity was evoked by bath application of 100 yM NMDA
plus 10 uM glycine. (a) Inhibitory effect of 10 uM memantine on NMDA-induced extrasynaptic currents in
wtHtt-transfected (left) and mtHtt-transfected neurons (right). (b) Memantine blocked >85% of the
extrasynaptic NMDAR current in both wild-type huntingtin-transfected neurons (85.9 + 3.0%) and mutant
huntingtin-transfected neurons (85.7 + 2.0%).Values are mean * s.e.m.; n = 5 for each group.
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Figure 2.7 Effect of NMDAR antagonists on expression of the TRiC chaperonin subunit
TCP1

Neurons were exposed to memantine (Mem) or ifenprodil (IFN; 10uM). After a 24-h incubation, total cell
extracts were prepared. Immunoblotting demonstrates that high-dose memantine or ifenprodil reduced
the level of TCP1 protein expression. The moderate effect of ifenprodil on TCP1 levels parallels the
moderate effect of ifenprodil on inclusion formation (Figure 4.1b). Actin served as a loading control.
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Figure 2.8 Knockdown of TCP1 in neurons using small hairpin expression vectors

Images of neurons transfected with the indicated shRNA expression plasmid, identified by co-expression
of EGFP (green), and stained with anti-TCP1 antibody (red). Relative TCP1 levels were quantified in
transfected neurons by deconvolution fluorescence microscopy. Values represent mean + s.e.m. forn 2
300. *, P <0.001 by ANOVA.
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Figure 2.9 Effect of high-dose memantine (30 uM) on inclusion formation in neurons in
which TCP1 had been knocked down by RNAi

Neurons were transfected with mtHtt plus two different small hairpin vectors for TCP1 or control vector,
and treated with 30 uM memantine. TCP1-knockdown attenuated inclusion formation. Values are mean +
s.e.m.
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Figure 2.10 HSP70 co-localizes with mtHtt inclusion

Neurons were transfected with myc-tagged mtHtt or myc-tagged wtHtt. Distribution was examined using
immunostaining for Hsp70 and myc.
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Figure 2.11 Excitatory synaptic versus extrasynaptic activity in HD-related neuronal cell
death
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(a) Excessive glutamate insult led to neuronal cell death in mtHtt-transfected cortical neurons in the
presence of inclusion formation. Neurons transfected with mtHtt contained inclusions and displayed
healthy nuclei. After incubation in 50 uM glutamate for 40 h, significant cell death occurred in mtHit-
transfected neurons in the presence of inclusion formation. (b, c¢) Cell death analysis after transfection
with the N-terminal fragment of mtHtt (b) and full-length mtHtt (c). In the absence of exogenous
glutamate, cell death did not vary between wtHtt- and mtHtt-transfected neurons. Glutamate at 50 yM
induced significant neuronal loss in mtHtt but not wtHtt neurons. Memantine (10 and 30 uM) protected
mtHtt-transfected neurons from glutamate excitotoxicity. Ifenprodil manifested a similar protective effect.
Values represent mean * s.e.m. for n 2 1,200. *, P < 0.01 by ANOVA. (d) Memantine attenuated
neuronal cell death induced by blockade of physiological excitatory synaptic activity with NO-711 or TTX
in mtHtt-transfected neurons. Both striatal and cortical cultures were used in these experiments with
similar results. Either NO-711 (100 pM) or TTX (0.2 yM) induced significant neuronal loss in mtHtt- but
not wtHtt-transfected neurons. Memantine prevented this neurotoxicity. Co-transfection of PGC-1a
mitigated neuronal cell death induced by blockade of synaptic activity with TTX. Values represent mean +
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s.e.m. for n 2 1,200. *, P < 0.01; 1, P < 0.05 by ANOVA. (e) Neurons were transfected with wtHtt or mtHtt
plus two different small hairpin vectors for TCP1 or a control vector. Neuronal cell death was quantified
as described in the Methods section. TCP1-knockdown induced death in mtHtt-expressing neurons but
was ameliorated with a relatively low concentration of memantine (Mem, 5 yM). Values are mean +
s.e.m. for n 2 300. *, P<0.01 by ANOVA. (f) Low concentration (5 yM) memantine abrogated the
decrease in CREB activity induced by blockade of physiological excitatory synaptic activity with TTX in
mtHtt-transfected neurons. Neurons were transfected with a CRE-luciferase reporter construct and wtHtt
or mtHtt. Ordinate axis represents relative luciferase activity. Values represent mean + s.e.m. *, P < 0.01
by ANOVA. (g) Low concentration memantine ameliorated the decrease in PGC-a levels induced by
blockade of synaptic activity with TTX in mtHtt-transfected neurons. PGC-1a levels were quantified by
immunofluorescence under deconvolution microscopy in wtHtt- or mtHtt-transfected neurons. Values
represent mean * s.e.m. for n =2 300. *, P < 0.01 by ANOVA.
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Figure 2.12 Analysis of normalized amplitude and frequency of NMDAR-mediated
SEPSCs

Amplitude (left) of NMDAR-mediated sEPSCs in both wtHtt (Htt-N63-18Q) and mtHtt (Htt-N63-148Q)
transfected neurons was significantly inhibited by 0.1 uM TTX (a), 100 mM NO-711 (b), 30 uM memantine
(c, bottom panel), and 10 uM ifenprodil (d). EPSC frequency (right) was inhibited by 0.1 uM TTX (a) and
30 uM memantine (c, bottom panel). Neither amplitude nor frequency of NMDAR sEPSCs was inhibited
by 1 uM memantine (c, top panels) or 10 uM CNQX (e). Inhibitory effects largely reversed during
washout. Note that NO-711 is known not to completely washout over a 30 min periodz. Experimental
conditions were identical to those described in the text (Figure 4.2a-e). Values represent mean + s.e.m. (n
> 4 cells for each condition). *, P < 0.03 by paired t-test on raw data. Mem: memantine.
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Figure 2.13 Apoptotic changes in mtHtt-transfected neurons after exposure to TTX

Control

TTX

Neurons were co-transfected with mtHtt and EGFP, and incubated with TTX. Fluorescent images show
transfected neurons (green) and nuclei (blue).
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Figure 2.14 Immunofluorescence analysis of PGC-1a levels in Htt-transfected neurons
Neurons were co-transfected with wtHtt or mtHtt plus EGFP and treated with TTX and/or low-dose

memantine (10 uM). PGC-1a levels were analyzed by unbaised intensity measurements using SlideBook
deconvolution software (Intelligent Imaging Innovations).
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Figure 2.15 Long-term treatment with memantine affects inclusion body formation in a
dose-specific manner in transgenic YAC128 HD animals

Animals were treated starting at 2 months of age with 1 mg/kg/day or 30 mg/kg/day of memantine for 10
months, and the extent of inclusion formation was assessed using unbiased densitometry of striatal
neurons stained with EM48. No EM48-positive staining was detected in WT animals. EM48-positive
staining was significantly lower in YAC128 animals treated with 30 mg/kg compared to untreated YAC128
animals but greater in YAC128 mice treated with 1 mg/kg memantine. (b) Representative
immunohistological photographs of EM48-stained striata from WT, untreated YAC128 animals, and
YAC128 animals treated with 1 or 30 mg/kg memantine. The photomicrographs were taken using an 100x
objective (scale bar, 50 mm). Data represent mean = s.e.m. *, P < 0.05; **, P < 0.01.

98



Q
(o2

80-

EM48 o
c
Z £ 1607
— *
m i
WT > o 1401 Il YAC128 (Control)
q>) o I YAC128 (1 mg/kg)
YAC128 =] ]
Control o n E 120
8_ @©
YAC128 - ob E 100+
1mg/kg memantine < O
=<t
L

Figure 2.16 Filter trap assay of inclusion in YAC128 HD brains

To validate the increase in inclusion formation observed in YAC128 mice at 12 months of age following
treatment with low-dose (1 mg/kg) memantine, a filter trap assay was performed. In this analysis,
inclusion formation was assessed in whole-brain lysates using a filter trap assay, and the amount of
EM48-positive inclusion was measured. (a) EM48-positive inclusions were significantly higher in YAC128
animals following treatment with 1 mg/kg of memantine compared to untreated YAC128 mice. (b)
Densitometry analysis revealed significantly increased EM48-positive inclusion formation in brains of
YAC128 animals treated with 1 mg/kg of memantine compared to the untreated group. Values represent
mean = s.e.m.; * P < 0.05.
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Figure 2.17 Treatment with memantine does not influence endogenous Htt or mtHtt
expression levels in YAC128 HD animals

Brains of four month-old mice, including untreated wild-type (WT) and transgenic YAC128 animals along
with YAC128 animals treated for two months with 1 mg/kg or 30 mg/kg of memantine, were frozen
immediately following euthanasia. Each brain hemisphere was homogenized in 1 mI/100 mg tissue lysis
buffer (20 mM Tris/HCI pH 7.2, 10 mM MgCl,, 0.5 mM EDTA, 322 mM sucrose, and 1x complete protease
inhibitor cocktail (Roche)) with an automated tissue homogenizer for 30 s. Protein lysates were incubated
on ice for 1 h, sonicated for 30 s at 30% output, passaged through a 25G needle. This extraction
procedure solubilizes mtHtt from inclusions (Hackam et al., 1998; Kalchman et al., 1997). The brain lysate
from each hemisphere (n = 4 mice) was loaded onto the same gel. Htt protein was detected using Htt-
specific MAB2166 (Chemicon) or polyclonal BKP1 antibody (Kalchman et al., 1997). These antibodies
recognize exposed epitopes of Htt, including mtHtt originating in inclusions. HSP90 served as a loading
control.
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Figure 2.18 Memantine treatment affects TCP-1a expression in a dose-dependent
manner in transgenic YAC128 HD animals

Animals were treated starting at 2 months of age with either 1 mg/kg or 30 mg/kg of memantine for 10
months, and expression of TCP-1a was assessed by immunohistochemistry. (a) Positive staining for
TCP-1a was detected in both WT and YAC128 animals (40x magnification). (b) Quantification of TCP-1a
staining using unbiased percent threshold measurements revealed significantly higher levels in YAC128
animals treated with 1 mg/kg memantine compared to untreated YA128 animals. In contrast, significantly
lower levels of TCP-1a staining were detected in animals treated with 30 mg/kg memantine compared to
untreated YAC128 animals. There was no significant difference between WT and untreated YAC128
animals. Values represent mean £ s.e.m.; * P < 0.01; ** P < 0.001.
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Figure 2.19 Long-term treatment with memantine affects neuropathology in a dose-
specific manner in transgenic YAC128 HD animals

Animals were treated starting at 2 months of age with 1 mg/kg/day or 30 mg/kg/day of memantine for 10
months and striatal volume was assessed by stereology. (a) Low-dose memantine treatment in YAC128
animals improved striatal volume compared to untreated YAC128 mice, while high-dose memantine
worsened this parameter. (b) Treatment of WT animals with low-dose memantine led to a significant
increase in striatal volume compared to untreated WT animals, while high-dose memantine led to a
significant decrease in striatal volume compared to untreated WT mice. Data represent mean + s.e.m. *,
P < 0.05; **, P < 0.01.
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Figure 2.20 Long-term treatment with memantine affects motor function in a dose-
specific manner in transgenic YAC128 HD animals

Effects of low-dose or high-dose memantine on the accelerating rotarod task in YAC128 animals. Values
represent the mean change from baseline latency to fall. YAC128 animals displayed significantly lower

performance compared to WT. YAC128 animals treated with 1 mg/kg (but not 30 mg/kg) memantine
manifested a significantly better performance than untreated YAC128 animals. Data represent mean +

s.e.m. *, P <0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2.21 Schematic model showing the role of physiological synaptic vs. excessive
extrasynaptic NMDAR activity in the neurodegeneration of HD

Physiological synaptic NMDAR activity promotes neuroprotection, in part by facilitating non-toxic
aggregation of mtHtt via the chaperonin TRiC. Otherwise toxic mtHtt would interfere with the
neuroprotective CREB-PGC-1a pathway. In contrast, extrasynaptic NMDAR activity promotes neuronal
cell injury and death. Excessive extrasynaptic NMDAR activity and toxic mtHtt contribute to transcriptional
deregulation of the CREB-PGC-1a cascade. Drugs inhibiting extrasynaptic or synaptic activity are
indicated. Note that most NMDAR antagonists, as well as high concentrations of memantine, block both
synaptic and extrasynaptic NMDAR-mediated currents, while low concentrations of memantine block only
the extrasynaptic component, thus relatively sparing synaptic activity and promoting neuroprotection.
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Figure 2.22 Inclusion formation of full-length mtHtt

(a, b) Full-length wtHtt or mtHtt was detected in transfected neurons by
immunocytochemistry using anti-huntingtin antibody.
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3. Rasagiline treatment improves motor function in the
YAC128 mouse model of Huntington disease’

3.1. Introduction

Huntington Disease (HD) is an autosomal dominant disease characterized by motor, psychiatric,
and cognitive deficits that are relentlessly progressive in nature and ultimately fatal, resulting in
death typically 10-15 years following onset (Hayden, 1981). The disease is caused by a CAG
trinucleotide expansion in exon 1 of the HD gene, resulting in an expanded polyglutamine tract
in the gene product, huntingtin (htt) (Group, 1993). Despite expression of htt throughout the
brain, the neuronal loss observed in HD is selective, primarily affecting medium spiny neurons

(MSNs) within the striatum (Kremer et al., 1992).

Considerable progress in our understanding of the pathogenesis of HD has been made and a
number of mechanisms contributing to the neuronal loss have been identified, including
transcriptional dysregulation, oxidative stress, energy metabolism deficits, and htt proteolysis
(Graham et al., 2006; Roze et al., 2008). Ample evidence also supports a role for excitotoxicity, a
process in which excessive glutamate signaling, particularly via the NMDA-type glutamate
receptors (NMDAR), leads to disrupted intracellular calcium homeostasis and cell death, in the
neuronal loss in HD. Mutant htt-mediated disruption of mitochondrial calcium handling is

thought to play a key role in this process (Pouladi et al., 2006).

Indeed, defects in mitochondrial calcium handling have been identified in both HD patients and

mouse models of HD. For example, mitochondria from lymphoblasts of HD patients have a

% A version of this chapter is in preparation for submission. Pouladi MA, Dar Santos R, Bertram LN, Zapala M, Lu
G, Leavitt BR, Hayden MR. Rasagiline treatment improves motor function in the YAC128 mouse model of
Huntington disease.
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compromised calcium buffering capacity and are less resistant to induction of the mitochondrial
permeability transition (mPT) upon calcium challenge compared to normal individuals (Panov et
al., 2002). Similarly, mitochondria from brains of the transgenic YAC72 mice expressing human
mutant htt with a CAG repeat length of 72 are less resistant to calcium challenge than
mitochondria from brain of wildtype (WT) animals or transgenic YAC18 control animals
expressing human huntingtin with a CAG repeat length of 18 (Panov et al., 2002). This has the
effect of activating the mPT and causing the release of calcium and apoptotic factors at sub-
threshold levels, effectively facilitating calcium dysregulation and the induction of cell death.
Furthermore, using primary medium spiny neurons (MSN) from transgenic YAC46 mice
expressing human mutant huntingtin with a polyglutamine tract length of 46, it was demonstrated
that inhibition of the mPT with cyclosporine A, bongkrekic acid, or boosting mitochondrial
function with coenzyme Q10, substantially diminishes NMDAR-mediated excitotoxicity (Zeron
et al., 2004) and abolishes the observed difference in NMDAR-mediated excitotoxic cell death
between YAC46 and WT. Finally, studies in MSNs from YAC128 animals expressing human
mutant Htt with a polyglutamine tract length of 128 showed enhanced induction of the mPT and
excitotoxic cell death following NMDAR-mediated calcium influx, an effect that was prevented

by inhibitors of the mPT (Fernandes et al., 2007; Tang et al., 2005).

Despite these advances in understanding the pathogenic mechanisms involved in the disease
process, no clinically-proven treatment for HD presently exists. Given the available evidence
pointing to a role for aberrant mitochondrial calcium handling in HD, we explore in this study
the therapeutic potential of rasagiline, a propargylamine shown to prevent the induction of the

mPT, as a strategy to modulate and mitigate excitotoxicity for the treatment of HD.
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Rasagiline is a selective irreversible inhibitor of monoamine oxidase type B (MAO-B) (Finberg
et al., 1981) and has been shown to have benefits in Parkinson’s disease (PD) both as a
monotherapy in early disease (Group, 2002) and as an adjunct therapy in moderate to advanced
disease (Group, 2005; Rascol et al., 2005). The potential efficacy of rasagiline in protecting
against excitotoxicity was initially suggested by studies showing that treatment with deprenyl
(selegiline), a propargyl structurally related to rasagiline, protected dopaminergic neurons against
NMDAR-mediated excitotoxicity (Mytilineou et al., 1997). Rasagiline has since been shown to
be neuroprotective in the middle cerebral artery occlusion (MCAO) and stroke-prone
spontaneously hypertensive rodent models of stroke where excitotoxicity is thought to play a
prominent role (Eliash et al., 2001; Speiser et al., 1999; Speiser et al., 2007). Treatment with
rasagiline has also been shown to protect against various neurotoxic insults in a number of
cellular and animal studies (Eliash et al., 2001; Eliash et al., 2009; Finberg et al., 1998; Kupsch
et al., 2001; Maruyama et al., 2001; Speiser et al., 1998; Speiser et al., 1999; Speiser et al., 2007;
Stefanova et al., 2008). Significantly, the extent of neuroprotection afforded by rasagiline is
similar to that of TV-1022, its optical isomer that is 1000 times less potent as an MAO inhibitor,
indicating that rasagiline’s neuroprotective properties are largely independent of its MAO

inhibitory activity.

Structure activity studies have shown that the neuroprotective properties of rasagiline are
attributed to its propargyl moiety, which mediates anti-apoptotic induction of Bcl-2 and PKC and
down-regulation of the pro-apoptotic proteins FAS and Bax (reviewed in (Youdim et al., 2005)).
Rasagiline has also been shown to attenuate oxidative stress-related cellular damage by up-
regulating the anti-oxidative enzymes superoxide dismutase and catalase (Maruyama et al.,

2000). Importantly, these effects of rasagiline have been shown to result in stabilization of the
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mitochondrial membrane potential (Maruyama et al., 2001) and prevention of the induction of
the mPT and the subsequent apoptotic cascade leading to cellular demise (Akao et al., 2002;
Mandel et al., 2005; Maruyama et al., 2000; Maruyama et al., 2001), which likely underlie its

protective effects in cellular and animal models of neurotoxicity.

Based on the ability of rasagiline to attenuate oxidative stress-mediated cellular damage, stabilize
the mitochondrial membrane potential, and prevent the induction of the mPT, we investigated the
efficacy of rasagiline in the transgenic YAC128 mouse model of HD. The YAC transgenic mice
express the entire human HD gene under the control of the endogenous huntingtin promoter and
regulatory elements and recapitulate many behavioural and neuropathological features of the
human condition, making them particularly suited for evaluation of therapeutic interventions
(Slow et al., 2003; Van Raamsdonk et al., 2005b). These features include motor dysfunction
starting at 3 months of age and selective striatal neuronal deficits at 9 months of age. We
demonstrate that treatment with rasagiline attenuates the effects of oxidative stress on viability of
MSNSs ex vivo, and reduces excitotoxicity-related striatal lesioning in vivo. We further
demonstrate that long-term treatment with rasagiline improves motor function in the transgenic

YAC128 HD animals.
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3.2. Materials and methods
Animals

Male and female YAC128 mice expressing expanded human huntingtin with 128 CAG repeats
and WT littermates maintained on the FVB/N strain (Charles River, Wilmington, MA) were used
for these experiments (Slow et al., 2003). Mice were housed singly or in pairs in duplex cages
with littermates of mixed genotype and maintained under a 12 L:12 D light cycle (lights on at
2300) in a clean facility and given free access to food and water. Experimenters were blind to the
genotype of the mice. All experiments were performed with the approval of the animal care

committee at the University of British Columbia.

Quinolinic Acid and Malonate Lesions

Three month old FVB mice were pretreated with PBS or rasagiline (5 mg/kg). Mice were
anesthetized with avertin (2.5%) and placed in a stereotaxic instrument. To induce striatal
lesions, animals were injected intrastriatally with quinolinic acid (QA; 20 nmol) or malonate (0.6
uM) 30-min post-rasagiline treatment. Coordinates for the unilateral striatal injections were as
follows: 0.8 mm posterior to Bregma, 1.8 mm lateral from the midline, and 3.5 mm below the

dorsal surface of the neocortex.

Seven days after the intrastriatal injection, animals were injected with heparin and terminally
anesthetized with intraperitoneally-injected 2.5% avertin. The brains were extracted and treated
as described in the brain sample preparation section. For each mouse, coronal 25 pm sections
spaced 200 pm apart throughout the striatum were stained with FluoroJade B (Histo-Chem,

Jefferson, Arkansas), a fluorescent stain that labels degenerating neurons in fixed brain sections,
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and the total striatal lesion volume was determined using unbiased techniques and
Stereolnvestigator software (Microbrightfield, Williston, VT).

H,02 Neurotoxicity

Embryos were isolated from E15.5 FVB/N time-pregnant females. Brain tissue was dissected

and striatal neuronal cultures were set up as described previously (Metzler et al., 2007).

To determine the effect of rasagiline on H,O,-mediated neurotoxicity, striatal neurons were
differentiated for 14 days in vitro. Neurons were then pre-incubated with 10mM rasagiline for 20
min, or with an equal volume of PBS followed by a 3-hr incubation with 10uM of H,0O,.
Subsequently neurons were washed in ice-cold PBS and neuronal viability was assessed using

Promega CellTiter-Glo ATP Assay (Promega).

Drug treatment

Rasagiline mesylate was provided by Teva Pharmaceutical Inc, and all reported doses refer to the
mesylate salt. Two doses of 0.1 mg/kg and 1 mg/kg, administered in the drinking water, were
chosen for the trial based on the recommendations of Teva Pharmaceuticals Inc (Dr. Eran
Blaugrund, Teva Pharmaceuticals Inc, personal communication). For administration in the
drinking water, water consumption of individual cages was monitored on a biweekly basis along
with animal body weights. The concentrations of drug solutions for each cage were then adjusted

accordingly. The drug solutions were replaced twice/week and were provided ad libitum.

Motor function assessment

Training and baseline testing for motor function tasks was carried out at 2 months of age. Testing
took place during the dark cycle and was curried out every two months between 2 and 12 months
of age. Motor co-ordination and balance was assessed using accelerating and fixed rotarod tasks

(UGO Basile, Comerio, Italy). In the accelerating task, the rotarod accelerated from 5 revolutions
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per minute (RPM) to 40 RPM over 5 minutes. In the fixed task, the rotarod revolved at 24 RPM.
Performance in the rotarod tasks was assessed by the amount of time that a mouse could remain
running on the rotarod; the maximum scores in the accelerating and fixed tasks are 300 seconds

and 60 seconds, respectively. During training, mice were given three trials per day for three

consecutive days. Rotarod scores are the average of three trials spaced 2 h apart.

Brain sample preparation

Mice were injected with heparin followed by terminal anesthesia with intraperitoneally-injected
2.5% avertin. The animals were perfused with 3% paraformaldehyde with 0.6% glutaraldehyde
in phosphate-buffered saline (PBS). Brains were left in the skulls for 24 hrs in 3%
paraformaldehyde, then removed and stored in PBS. After weighing, the brains were transferred
to a 30% sucrose solution containing 0.08% sodium azide in PBS. They were then frozen on dry
ice, mounted with Tissue-TEK O.C.T. compound (Sakura, Torrance, CA), and sliced coronally
into 25 um sections on a cryostat (Microm HM 500M, Richard-Allan Scientific, Calamazoo,

MI). The sections are collected and stored in PBS with 0.08% sodium azide at 4 degrees.

Neuropathological analysis

A series of 25 pm-thick coronal sections spaced 200 um apart spanning the striatum were stained
with NeuN antibody (1:100; Chemicon, Temecula, CA) overnight at room temperature, followed
by incubation with biotinylated anti-mouse antibody (1:200; Vector Laboratories, Burlingame,
CA). The signal was amplified with an ABC Elite kit (Vector) and detected with
diaminobenzidine (DAB; Pierce, Rockford, IL). Striatal volume was determined from a series of
mounted sections using Stereolnvestigator software (Microbrightfield, Williston, VT). Briefly,
striatal volumes were determined by tracing the perimeter of the striatum in serial sections

spanning the striatum.
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Statistical analysis

Data are expressed as means=SEM. Whenever suitable, results were interpreted using one-way
ANOVA with a Student-Newman-Keuls (SNK) post-hoc test. Pairwise comparisons between
genotypes/treatments at individual time points were assessed with a Student's t-test. Differences

were considered statistically significant when P < 0.05.
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3.3. Results

Treatment with rasagiline protects against H,O,-mediated neurotoxicity in primary
striatal neurons

Oxidative stress has been shown to play a role in excitotoxicity and neurodegenerative disorders
such as Alzheimer’s (AD), Parkinson’s (PD), and HD. To evaluate the neuroprotective potential
of rasagiline against oxidative stress-mediated neurotoxicity, primary striatal neurons were pre-
treated with rasagiline for 20 min followed by a 3-hr incubation with 10uM H,O,. Treatment
with H,O; results in a significant decrease in viability, an effect that was prevented by pre-

treatment with rasagiline (Figure 3.1a).

Rasagiline treatment protects against and malonate- and quinolinic acid-mediated
excitotoxicity in vivo

To examine whether treatment with rasagiline can protect against excitotoxicity-mediated striatal
lesioning, WT animals were pre-treated with rasagiline (5 mg/kg, i.p.) or an equal volume of
PBS and injected intrastriatally 30 min later with the mitochondrial toxin malonate, the NMDA
receptor agonist QA, or PBS. Both malonate and QA have been shown to induce excitotoxicity-
mediated lesioning when injected into the striatum. Treatment with rasagiline protected against
both malonate- and QA-mediated excitotoxicity, as signified by decrease lesion volume

compared to PBS-treated animals (Figure 3.1b, ¢).

Long-term treatment with rasagiline leads to improved motor function in the YAC128 HD
animals

Transgenic YAC128 HD animals display progressive motor deficits signified by reduced time on
the rotating rod in the accelerating rotarod test of motor coordination compared to WT animals
(Slow et al., 2003). To assess the impact of rasagiline on motor function, animals were treated

with 0.1 mg/kg or 1 mg/kg of rasagiline starting at 2 months of age and their motor function as
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assessed by performance on the rotarod task was evaluated at 2, 4, 6, 8, and 12 months of age.
Untreated YAC128 animals showed significantly reduced performance at 4, 6, 8, and 12 months
of age compared to WT animals (Figure 3.2a; P < 0.05 for 4 months of age, and P < 0.001 for 6,
8, and 12 months of age). YAC128 animals treated with 0.1 mg/kg of rasagiline had a
significantly improved performance at 4 months of age compared to WT (P < 0.05) but were not
statistically different than WT at 6, 8, and 12 months of age (Figure 3.2a). Furthermore, YAC128
animals treated with 0.1 mg/kg rasagiline had a significantly improved performance compared to
untreated YAC128 animals at 4 (P <0.001), 6 (P <0.01), 8 (P <0.01), and 12 (P < 0.05) months
ofage (~1.5x%, 2%, 2%, and 1.5% improvement over untreated at 4, 6, 8, and 12 months of age,
respectively) (Figure 3.2a). YAC128 animals treated with 1 mg/kg had a significantly lower
performance at 4, 6, 8, and 12 months compared to WT (P < 0.01 for 4 months of age, and P <

0.001 for 6, 8, and 12 months of age).

The impact of rasagiline on motor function in WT animals was also evaluated. The performance
of WT animals treated with 0.1 mg/kg was not statistically different than that of untreated WT
animals at 8 months of age, but was significantly improved at 4, 6, and 12 months of age
compared to untreated WT (Figure 3.2¢; P < 0.05 for 4 and 6 months of age, and P < 0.01 for 12
months of age). The performance of WT animals treated with 1 mg/kg rasagiline was not
statistically different than that of untreated WT animals at any of the time points measured

(Figure 3.2¢).

Long-term treatment with rasagiline fails to rescue striatal neuropathology in the
YAC128 HD animals

The effect of long-term rasagiline treatment on neuropathology in the YAC128 HD animals was
assessed. The brain weights of untreated and rasagiline-treated YAC128 animals were not

statistically different (Figure 3.3a). The striatal volumes and neuronal counts of YAC128 animals
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treated with 0.1 mg/kg were significantly decreased compared to untreated YAC128 animals,
while the striatal volume and neuronal counts of YAC128 animals treated with 1 mg/kg

rasagiline were not different compared to untreated YAC128 animals (Figure 3.3c, d).

The brain weights and striatal volumes of rasagiline-treated WT animals were significantly
increased compared to untreated WT animals (Figure 3.4a, b). Furthermore, the neuronal counts
of WT animals treated with 1 mg/kg, but not 0.1 mg/kg, were significantly increased compared

to untreated WT animals (Figure 3.4c¢).
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3.4. Discussion

In this study we demonstrate that rasagiline treatment reduces oxidative stress-mediated cell
death and excitotoxicity in striatal neurons. We demonstrate that treatment with rasagiline in
transgenic YAC128 HD animals leads to improved performance in the rotarod test of motor

function, both early and late in the disease phenotype.

Treatment of primary MSNs with rasagiline attenuated the decrease in viability mediated by
H,0; (Figure 3.1a). H,O, challenge has been shown to induce oxidative stress-related
neurotoxicity via an apoptotic pathway that involves acute elevation in intracellular calcium
levels (Hoyt et al., 1997; Whittemore et al., 1995). That rasagiline protected against H,O,-
mediated toxicity is consistent with its ability to up-regulate anti-oxidative stress enzymes such
as superoxide dismutase and catalase, as well as its ability to stabilize the mitochondrial
membrane potential, improving the mitochondrial capacity to handle calcium loads and
preventing the induction of the mPT (Maruyama et al., 2000). Similar protection by rasagiline is
seen following treatment with the peroxynitrite-generating compound N-morpholino sydonimine

(SIN-1) in the human dopaminergic neuroblastoma cells SH-SY5Y (Maruyama et al., 2000).

Excitotoxicity which leads to disrupted intracellular calcium homeostasis and ultimately results
in cell death, has long been implicated in the pathogenesis of HD. Rasagiline treatment protected
against malonate-induced striatal lesioning in vivo (Figure 3.1b). Malonate, a reversible inhibitor
of succinate dehydrogenase (complex II), has been shown to cause excitotoxic striatal lesions
that closely resemble the histological and neurochemical features of HD (Beal et al., 1993). The
process by which malonate is thought to act involves inhibition of oxidative phosphorylation and

decreased cellular ATP levels leading to partial membrane depolarization and subsequent
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NMDAR activation and excitotoxic cell death (Beal et al., 1993; Henshaw et al., 1994; Schulz et
al., 1997). Treatment with rasagiline was also protective in the QA model of excitotoxicity in
vivo (Figure 3.2b), where activation of NMDAR is achieved by direct injection of its agonist QA
into the striatum, resulting in excitotoxic lesioning with neurochemical features that closely
resemble those observed in HD (Beal et al., 1986). These data suggest that rasagiline-mediated
attenuation of NMDAR-induced excitotoxicity could contribute to its efficacy in treating the

behavioural and neuropathological deficits in animal models of HD and potentially human HD.

A case study by Patel and colleagues reporting on the treatment of a 19-year old HD patient in
which deprenyl (selegiline), a compound that shares the putative neuroprotective propargyl
moiety with rasagiline, in conjunction with fluoxetine led to significant behavioral and motor
improvements with no adverse effect is supportive that use of this class of compounds may be
beneficial in HD (Patel et al., 1996). In our study, rasagiline treatment resulted in dramatic
improvements in motor function of the YAC128 HD mice as assessed by the rotarod test that
were observed at the earliest time points assessed and that were sustained throughout the trial
(Figure 3.2a,b). It has been proposed that striatal dopaminergic signaling serves to augment the
NMDAR-mediated excitotoxicity in HD (Tang et al., 2007). The improvements were dose-
specific, with 0.1 mg/kg but not 1 mg/kg leading to improvements, which may reflect the
increased MAO-B inhibitory activity in the 1 mg/kg treatment group, with the beneficial effects
of the propargyl moiety of rasagiline being offset by the expected increases in dopamine levels
and activity. Importantly, no worsening of motor function was observed in the 1 mg/kg treatment
group. Further, this observation of dose-specific effects underlies the importance of dosage and
dose titration regimens for achieving maximal benefits while minimizing any potential side

effects. Furthermore, similar improvements in motor function following treatment with 0.1
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mg/kg were observed in WT animals. That improvements in motor function are also observed in
WT animals suggests that treatment with rasagiline confers benefits that are not necessarily

specific to the disease process in HD (Figure 3.2¢,d).

Assessment of neuropathology following treatment with rasagiline showed no improvements in
any of the parameters considered in the YAC128 HD mice (Figure 3.3). In a study employing a
non-human primate MPTP model of PD, rasagiline treatment was found to decrease of the cell
sizes of nigral tyrosine hydroxylase positive neurons, despite significant histological and
behavioural improvements in the rasagiline-treated compared to the untreated group (Kupsch et
al., 2001). While the cause of such shrinkage in neuronal size reported is not clear, this decrease
in cell size may underlie the absence of rescue of striatal deficits following treatment in the
YACI128 animals, although that no such decrease in striatal volume is observed in WT animals
following treatment (Figure 3.4) argues against this being a generalized effect of rasagiline.
Furthermore, that dramatic improvement in motor function is observed in the absence of rescue
of striatal deficits in the YAC128 HD mice suggests that different disease processes may
underlie the motor dysfunction and the neuronal loss observed, or that the motor function
improvements reflect improved mitochondrial health and function following treatment. Similar
disconnect has previously been reported for the compound ethyl-EPA, where treatment resulted
in improvements of motor function but no rescue of neurodegeneration in the YAC128 HD mice

(Van Raamsdonk et al., 2005a).

Although an ideal therapy for HD would ameliorate both the motor dysfunction and rescue the
striatal deficits, treatments such as rasagiline that prevent the motor dysfunction or significantly
delay its onset would still be beneficial. This is particularly relevant in light of the dearth of

effective and clinically-available treatments for HD. Motor dysfunction, or chorea, in HD
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patients represents a major disability that severely limits the ability of patients work and perform
daily functions. Treatments that attenuate motor dysfunction are likely to lead to dramatic

improvements in quality of life and to be of great benefit to HD patients.

In summary, we demonstrate treatment in rasagiline attenuates oxidative stress- and
excitotoxicity-mediated neuronal death ex vivo and in vivo. We further demonstrate that
treatment with rasagiline improves the motor dysfunction but does not rescue the

neurodegeneration in the YAC128 mouse model of HD.
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Figure 3.1 Treatment with rasagiline protects striatal neurons against neurotoxins in
vitro and in vivo.

To assess the effects of rasagiline on H,O,-mediated neurotoxicity, primary striatal neurons were pre-
incubated with 10mM rasagiline or with an equal volume of PBS for 20 min, followed by a 3-hr incubation
with 10uM of H,O,. Neuronal viability following treatment was assessed using Promega CellTiter-Glo ATP
Assay. Pre-treatment with rasagiline resulted in decrease neuronal death (increased viability) following
H,0, treatment (a). To examine whether rasagiline can protect against excitotoxic neuronal death, FVB/N
animals were pre-treated with 5 mg/kg of rasagiline followed by intrastriatal injection of malonate (b) or
QA (c). Treatment with rasagiline resulted in significantly decrease striatal lesion volume following both
malonate and QA treatment (b, c). Data represent mean + s.e.m. *, P < 0.05; **, P < 0.01.
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Figure 3.2 Treatment with rasagiline affects motor function in a dose-specific manner in
transgenic YAC128 HD animals.

Effects of low-dose or high-dose rasagiline on the accelerating rotarod task in YAC128 (a, b) and WT (c,
d) animals. Values represent the mean change from baseline latency to fall. YAC128 animals displayed
significantly lower performance compared to WT. YAC128 animals treated with 0.1 mg/kg (but not 1
mg/kg) rasagiline manifested a significantly better performance than untreated YAC128 animals. Data

represent mean £ s.e.m. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 3.3 Long-term treatment of YAC128 HD animals with rasagiline fails to rescue
striatal pathology.

To determine the effect of rasagiline treatment on neuropathology in YAC128 HD animals, 2 months old
YAC128 animals were treated with 0.1 or 1 mg/kg rasagiline for 10 months and brain weight, striatal
volume, and neuronal counts were assessed at 12 months of age. Treatment of YAC128 animals with 0.1
mg/kg or 1 mg/kg rasagiline failed to improve brain weight (a), striatal volume (b) or striatal neuronal
counts (c). Data represent mean + s.e.m. *, P < 0.05; n.s.=no statistical significance.
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Figure 3.4 Long-term treatment of WT animals with rasagiline increases brain weight,
striatal volume and neuronal counts.

Effects of rasagiline treatment on brain weight, striatal volume, and striatal neuronal counts were
examined in WT animals. Treatment of WT animals with 0.1 mg/kg or 1 mg/kg rasagiline significantly
increase brain weight (a) and striatal volume (b). Furthermore, treatment with 1 mg/kg, but not 0.1 mg/kg,
significantly increased striatal neuronal counts compared to untreated animals (c). Data represent mean +
s.e.m. *, P <0.05; **, P < 0.01; n.s.=no statistical significance.
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4. Treatment with the NMDA receptor antagonist
memantine in combination with the propargylamine
rasagiline improves motor function and rescues
striatal deficits in the YAC128 mouse model of
Huntington disease®

4.1. Introduction

Huntington disease (HD) is a hereditary, age-dependent neurodegenerative disease caused by a
CAG trinucleotide expansion within the /775 gene, which encodes huntingtin (htt). Patients
carrying the HD mutation develop a range of neurological symptoms that include cognitive
deficits, affective disturbances, and difficulties in movement and motor coordination.
Neuropathologically, degeneration of the basal ganglia with selective loss of medium spiny
neurons of the striatum constitutes the principal feature of the disease (Hayden, 1981). Despite
significant advances in understanding the underlying pathogenic processes, the disease remains

without a cure with death typically occurring 10-15 years following onset.

The aim of this study was to assess the potential of memantine given in combination with
rasagiline as a therapy in HD. Memantine is a clinically well-tolerated NMDA receptor
antagonist that has been approved for the treatment of patients with moderate to severe
Alzheimer's disease (Reisberg et al., 2003; Tariot et al., 2004), and is currently being evaluated
as a possible treatment for a number of conditions including depression, anxiety, chronic pain,
HIV-associated dementia, and ALS (Lipton, 2006). Rasagiline is a selective inhibitor of

monoamine oxidase type B (MAO-B) (Finberg et al., 1981) clinically approved for the treatment

* A version of this chapter is in preparation for submission. Pouladi MA, Dar Santos R, Zapala M, Xie Y, Hayden
MR. Treatment with the NMDA receptor antagonist memantine in combination with the propargylamine rasagiline
improves motor function and rescues striatal deficits in the YAC128 mouse model of Huntington disease.
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of Parkinson’s disease (PD) both as a monotherapy (Group, 2002) and as adjunct therapy to
levodopa (Group, 2005; Rascol et al., 2005), and which has been shown to protect against a

number of neurotoxic stimuli (Mandel et al., 2005; Youdim et al., 2005).

We have previously examined the therapeutic potential of memantine and rasagiline, each given
alone, in the transgenic YAC128 HD animals (Chapters 4 and 5, respectively). The YAC128
animals express human mutant htt with a 128 CAG trinucleotide repeats and develop progressive
motor dysfunction and selective striatal deficits, recapitulating key features of the human
condition (Slow et al., 2003). We demonstrated that treatment with 1 mg/kg of memantine results
in improvements in motor function late, but not early, in the disease phenotype and rescues the
striatal deficits in the YAC128 HD mice (Chapter 4). We further demonstrated that treatment
with 0.1 mg/kg of rasagiline results in improvements in motor function both early and late in the
disease phenotype, but does not rescue the striatal deficits in the YAC128 HD animals (Chapter

5).

The concurrent use of multiple therapeutic agents to attain greater benefit holds great promise
and has indeed been employed successfully in combating numerous disease conditions including
cancer, HIV, and rheumatoid arthritis (Dimopoulos et al., 2007; Van Cutsem et al., 2009;
Montaner et al., 1998; Tugwell et al., 1995). By targeting different pathogenic pathways

simultaneously, greater benefit may be achieved than that provided by monotherapy.

In this study, we investigate whether treatment with memantine and rasagiline in combination
could provide early and sustained improvement in motor function and afford neuroprotection in

the transgenic YAC128 mouse model of HD.
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4.2. Materials and methods
Animals

Male and female YAC128 mice expressing expanded human huntingtin with 128 CAG repeats
and WT littermates maintained on the FVB/N strain (Charles River, Wilmington, MA) were used
for these experiments (Slow et al., 2003). Mice were housed singly or in pairs in duplex cages
with littermates of mixed genotype and maintained under a 12 L:12 D light cycle (lights on at
2300) in a clean facility and given free access to food and water. Experimenters were blind to the
genotype of the mice. All experiments were performed with the approval of the animal care

committee at the University of British Columbia.

Drug treatment

A dose of 1 mg/kg of memantine (Figure 4.1a) and 0.1 mg/kg of rasagiline (Figure 4.1b),
administered in the drinking water, was chosen for the trial based our findings in the single-drug
trials of memantine (Chapter 2) and rasagiline (Chapter 3). For administration in the drinking
water, water consumption of individual cages was monitored on a biweekly basis along with
animal body weights. The concentrations of drug solutions for each cage were then adjusted

accordingly. The drug solutions were replaced twice/week and were provided ad libitum.

Motor function assessment

Training and baseline testing for motor function tasks was carried out at 2 months of age. Testing
took place during the dark cycle and was curried out every two months between 2 and 12 months
of age. Motor co-ordination and balance was assessed using accelerating rotarod task (UGO
Basile, Comerio, Italy). In this task, the rotarod accelerated from 5 revolutions per minute (RPM)
to 40 RPM over 5 minutes. Performance was assessed by the amount of time that a mouse could

remain running on the rotarod; the maximum scores is 300 seconds. During training, mice were

135



given three trials per day for three consecutive days. Rotarod scores are the average of three

trials spaced 2 h apart.

Brain sample preparation

Mice were injected with heparin followed by terminal anesthesia with intraperitoneally-injected
2.5% avertin. The animals were perfused with 3% paraformaldehyde with 0.6% glutaraldehyde
in phosphate-buffered saline (PBS). Brains were left in the skulls for 24 hrs in 3%
paraformaldehyde, then removed and stored in PBS. After weighing, the brains were transferred
to a 30% sucrose solution containing 0.08% sodium azide in PBS. They were then frozen on dry
ice, mounted with Tissue-TEK O.C.T. compound (Sakura, Torrance, CA), and sliced coronally
into 25 um sections on a cryostat (Microm HM 500M, Richard-Allan Scientific, Calamazoo,

MI). The sections are collected and stored in PBS with 0.08% sodium azide at 4 degrees.

Neuropathological analysis

A series of 25 pm-thick coronal sections spaced 200 um apart spanning the striatum were stained
with NeuN antibody (1:100; Chemicon, Temecula, CA) overnight at room temperature, followed
by incubation with biotinylated anti-mouse antibody (1:200; Vector Laboratories, Burlingame,
CA). The signal was amplified with an ABC Elite kit (Vector) and detected with
diaminobenzidine (DAB; Pierce, Rockford, IL). Striatal volume was determined from a series of
mounted sections using Stereolnvestigator software (Microbrightfield, Williston, VT). Briefly,
striatal volumes were determined by tracing the perimeter of the striatum in serial sections

spanning the striatum.

Statistical analysis

Data are expressed as means=SEM. Whenever suitable, results were interpreted using one-way

ANOVA with a Student-Newman-Keuls (SNK) post-hoc test. Pairwise comparisons between
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genotypes/treatments at individual time points were assessed with a Student's t-test. Differences

were considered statistically significant when P < 0.05.
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4.3. Results

Treatment with a combination of memantine and rasagiline improves motor function in
the YAC128 HD animals

To examined the effect of treatment with 1 mg/kg of memantine and 0.1 mg/kg of rasagiline in
combination (combo) on motor function, YAC128 and WT animals were treated starting at 2
months of age and their performance along with that of untreated animals on the accelerating
rotarod test was assessed at 2 (baseline), 4, 6, 8, and 12 months of age. Untreated YAC128
animals had a significantly lower performance, as signified by decreased latency to fall, at 4, 6,
8, and 12 months of age compared to WT (Figure 4.2a). Combo-treated YAC128 animals had a
significantly lower performance at 8 and 12 months compared to WT, but were not statistically
different than WT at 4 and 6 months of age. Furthermore, combo-treated YAC128 animals had a
significantly improved performance compared to untreated YAC128 animals at 4, 6, and 12
months of age (Figure 4.2a,b). The performance of combo-treated WT animals was significantly

improved at 4, 6, 8, and 12 months of age compared to untreated WT (Figure 4.2¢,d).

Treatment with a combination of memantine and rasagiline rescues striatal
neuropathology in the YAC128 HD animals

To investigate the effect of combo-treatment on striatal pathology in the YAC128 HD animals,
striatal volume and neuronal counts were assessed in treated animals at 12 months of age.
Untreated YAC128 animals had a significantly lower striatal volume compared to untreated WT
(Figure 4.3a). Combo-treated YAC128 HD animals had a significantly larger striatal volume
compared to untreated YAC128 HD animals. Furthermore, there was no significant difference in

striatal volume between combo-treated YAC128 HD animals and WT (Figure 4.3a).

Neuronal (NeuN-positive) counts were also assessed. Untreated YAC128 animals had

significantly lower neuronal counts compared to WT (Figure 4.3b). Combo-treated YAC128 HD
138



animals had higher neuronal counts compared to untreated YAC128 HD animals, although the
difference did not reach statistical significance (P=0.089) (Figure 4.3b). Furthermore, there was
no statistical difference in neuronal counts between combo-treated YAC128 HD animals and WT

(Figure 4.3b).

There were no differences in striatal volume or neuronal counts between untreated and combo-

treated WT animals (Figure 4.4a,b).
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4.4. Discussion

The aim of this study was to evaluate the effect of treatment with memantine in combination
with rasagiline on the motor and neuropathological deficits in YAC128 HD mice. Our findings
demonstrate that treatment with a combination of memantine and rasagiline improves motor
function both early and late in the disease phenotype and rescues striatal deficits in the YAC128

HD animals.

Excessive glutamate receptor signaling, particularly via the NMDA-type glutamate receptors, in
conjunction with aberrant mitochondrial calcium handling are thought to lead to disrupted
intracellular calcium homeostasis and ultimately cell death in a process termed excitotoxicity.
Excitotoxicity is thought to play a key role in the pathogenesis of HD and strategies aimed at

attenuating this enhanced excitotoxic cell death hold therapeutic potential.

We have previously shown that memantine, an uncompetitive NMDA receptor antagonist, can
attenuate excitotoxic cell death in striatal medium spiny neurons and that long-term treatment
with a low-dose of memantine (1 mg/kg) leads to improvements in motor function that are seen
late in the disease phenotype (12 months of age) (Chapter 2) and rescues the striatal pathology in
YACI128 HD animals. We have further shown that rasagiline, an MAO-B inhibitor with
neuroprotective properties, can attenuate excitotoxic striatal lesions and that long-term treatment
with a low-dose of rasagiline (0.1 mg/kg) leads to early and sustained improvements in motor
function (4, 6, 8, and 12 months of age) but no rescue of striatal pathology in the YAC128 HD
animals (Chapter 3). Our findings in the present study indicate that treatment with a combination
of memantine and rasagiline leads to improvements in motor function both early (6 months) and
late (12 months) in the disease phenotype, and rescue of the striatal pathology in the YAC128

HD animals (Figure 4.5).
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That early and sustained benefit is observed with the combination treatment may reflect the
simultaneous targeting of the excitotoxic process at multiple points. While memantine is known
to attenuate excitotoxicity by moderating calcium influx via NMDA receptors (Lipton, 2006),
rasagiline is thought to act by modulating the mitochondrial membrane potential and preventing
the induction of the mitochondrial permeability pore (mPT) (Youdim et al., 2005). Their
combined action likely leads to a further decrease in excitotoxicity than with either compound
alone. Indeed, given the multiplicity of pathogenic disturbances identified in HD, use of
combinations of therapeutic agents with complementary cellular targets may be necessary to
achieve maximal improvement and benefit in HD particularly, and in other neurodegenerative

diseases in general (Youdim and Buccafusco, 2005).

As the trials of memantine, rasagiline, and memantine in combination with rasagiline were
carried it sequentially and not in parallel, our ability to draw conclusions on whether the effects
of the combination treatment are additive or synergistic is limited. Indeed, a four-arm trial that
compares memantine-alone, rasagiline-alone, and a memantine-rasagiline combination to
untreated animals would be required to address this question. Furthermore, there is a possibility
of drug interaction between memantine and rasagiline that may impact on their respective
pharmacodynamic and/or pharmacokinetic properties, and their efficacy as a consequence.
Therefore, trial of combinations of different doses of the two compounds may be necessary to

arrive at the optimal combination of doses that provide maximal benefit for these drugs.

In summary, we demonstrate that treatment with a combination of memantine and rasagiline
yields early and sustained improvements in motor function and rescuing striatal deficits in the

YACI128 HD mice.

141



NH,

HN\/

memantine rasagiline

Figure 4.1 Chemical structures of memantine and rasagiline

Chemical structure of (a) memantine, 3,5-Dimethyl-tricyclo[3.3.1.13,7]decan-1-amine (CAS 19982-08-2),
and (b) rasagiline, (1R)-N-prop-2-ynyl-2,3-dihydro-1H-inden-1-amine (CAS 161735-79-1).
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Figure 4.2 Treatment with a combination of memantine and rasagiline improves motor
function in the transgenic YAC128 HD animals

YAC128 and WT animals were treated with a combination of 1 mg/kg memantine and 0.1 mg/kg
rasagiline (combo), and their motor function along with that of untreated YAC128 and WT animals was
assessed at 2 (baseline), 4, 6, 8, and 12 months of age. (a, b) Untreated YAC128 animals had a

significantly lower performance at 4, 6, 8, and 12 months of age compared to WT. Combo-treated
YAC128 animals had a significantly lower performance at 8 and 12 months compared to WT, but were

not statistically different than WT at 4 and 6 months of age. Furthermore, combo-treated YAC128 animals
had a significantly improved performance compared to untreated YAC128 animals at 4, 6, and 12 months
of age. (¢, d) The performance of combo-treated WT animals was significantly improved at 4, 6, 8, and 12
months of age compared to untreated WT. Data represent mean + s.e.m. *, P < 0.05; **, P< 0.01; ***, P<

0.001 compared to untreated animals of the same genotype, unless otherwise indicated.
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Figure 4.3 Treatment of YAC128 HD animals with a combination of memantine and
rasagiline rescues striatal pathology

To determine the effect of treatment with a combination of 1 mg/kg memantine and 0.1 mg/kg rasagiline
(combo) on neuropathology in YAC128 HD animals, 2 months old YAC128 animals were treated for 10
months and striatal volume and neuronal counts were assessed at 12 months of age. (a) Untreated
YAC128 animals had a significantly lower striatal volume compared to WT. Combo-treated YAC128 HD
animals had a significantly larger striatal volume compared to untreated YAC128 HD animals.
Furthermore, there was no statistical difference in striatal volume between combo-treated YAC128 HD
animals and WT. (b) Untreated YAC128 animals had a significantly lower neuronal count compared to
WT. Combo-treated YAC128 HD animals had a higher neuronal count compared to untreated YAC128
HD animals, although the difference did not reach statistical significance (P=0.089). Furthermore, there
was no statistical difference in neuronal counts between combo-treated YAC128 HD animals and WT.
Data represent mean + s.e.m. *, P < 0.05; ** P < 0.01; n.s.=no statistical significance.
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Figure 4.4 Treatment of WT animals with a combination of memantine and rasagiline
has no effect on striatal volume and neuronal counts

Effects of treatment with a combination of 1 mg/kg memantine and 0.1 mg/kg rasagiline (combo) for 10-
months starting at 2 months of age on striatal volume and striatal neuronal counts were examined in WT
animals. There were no statistically significant differences in striatal volume (a) or neuronal counts (b)
between combo-treated and untreated WT animals. Data represent mean + s.e.m; n.s.=no statistical
significance.
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Effect on YAC128 animals

Dose Acute Motor improvement Rescue of
(mg/kg) In vitro In vivo 6 months 12 months neuropathology

Memantine 1 % v v
v v

30 X X X

Rasagiline 0.1 v v x
v v

1.0 X X X

Combination 1 mg/kg memaniiEy v v v

0.1 mg/kg rasagiline

Figure 4.5 Treatment with a combination of memantine and rasagiline leads to early and
sustained improvements in motor function and rescue of striatal pathology in YAC128
HD mice

Treatment of YAC128 animals with 1 mg/kg of memantine improves motor function late, but not early, in
the disease phenotype and rescues striatal deficits. Treatment of YAC128 animals with 0.1 mg/kg
rasagiline improves motor function both early and late in the disease phenotype, but does not rescue
striatal deficits. Treatment with a combination of rasagiline and memantine results in early and late
improvements in motor function and rescue of striatal deficits.
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5. Treatment with arimoclomol does not lead to up-
regulation of heat shock proteins or rescue of the
behavioural and striatal deficits in the YAC128
mouse model of Huntington disease*

5.1. Introduction

Huntington Disease (HD) is an inherited neurological disorder characterized by loss of motor
coordination, cognitive dysfunction, and psychiatric disturbances (Hayden, 1981). The cardinal
neuropathological feature of HD is loss of medium spiny neurons within the striatum and
decreased striatal volume. The disease is progressive in nature resulting in death 15-20 years

after onset, and there is currently no cure or treatment to interfere in the course of the illness.

Considerable evidence accumulated over the past 20 years points to excitotoxicity as a likely
pathogenic mechanism contributing to HD (Fan and Raymond, 2007; Pouladi et al., 2006).
Indeed, intrastriatal injections of the excitatory NMDA receptor agonist quinolinic acid (QA)
produce lesions that mimic many of the neurochemical and histopathological features of HD
(Beal et al., 1986; Beal et al., 1988; Beal et al., 1991; Ferrante et al., 1985) and are associated
with HD-like behavioural deficits (Furtado and Mazurek, 1996; Popoli et al., 1994; Shear et al.,
1998). Moreover, human studies demonstrate enhanced expression of NMDA glutamate
receptors in striatal medium-sized spiny neurons selectively lost in HD patients compared to the
spared interneurons (Landwehrmeyer et al., 1995; Young et al., 1988). Studies in vitro and in
transgenic rodent models of HD revealed enhanced susceptibility to excitotoxic cell death in the

presence of mutant huntingtin, further implicating excitotoxicity in the pathogenesis of HD (Fan

* A version of this chapter is in preparation for submission. Pouladi MA, Carroll JB, Dar Santos R, Bertram LN, and
Hayden MR. Treatment with arimoclomol does not lead to up-regulation of heat shock proteins or rescue of the
behavioural and striatal deficits in the YAC128 mouse model of Huntington disease.
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and Raymond, 2007). As such, strategies aimed at modulating excitotoxicity have been proposed

as being potentially therapeutic in HD.

Heat shock proteins (HSPs) are a family of molecular chaperones that form part of the cellular
stress response. HSPs have been shown to be neuroprotective in acute excitotoxicity models
(Dedeoglu et al., 2002) and in models of polyglutamine-induced neurodegenerative disease
(Fujikake et al., 2008; Fujimoto et al., 2005; Katsuno et al., 2005; Perrin et al., 2007; Vacher et
al., 2005; Zhang and Sarge, 2007). Hence, induction of HSPs may reduce the susceptibility to

excitotoxic cell death thought to contribute to HD and delay the onset or progression of HD.

The expression of a number of heat shock proteins has been shown to be regulated by the
transcription factor Hsf-1 (Ohtsuka and Suzuki, 2000). Increased transgenic expression or
pharmacological induction of Hsf-1 results in increased expression of HSPs such as HSP70 and
HSP90 and is associated with improvements in the phenotype of several animal models of
neurodegenerative disease (Fujimoto et al., 2005; Hay et al., 2004; Katsuno et al., 2005; Ohtsuka

and Suzuki, 2000; Zhang and Sarge, 2007).

Arimoclomol is member of a family of hydroxylamine derivatives that have been shown to bind
to and prolong the activation of Hsf-1. This enhanced activation of Hsf-1 results in prolonged
binding of Hsf-1 to a region in the promoter of heat shock genes known as the heat shock
response element, allowing increased expression of heat shock protein transcripts (Hargitai et al.,
2003; Kieran et al., 2004). Treatment with arimoclomol has been shown to be neuroprotective in
a mouse model of ALS (Kalmar et al., 2008; Kieran et al., 2004) and is well tolerated and safe

when administered to ALS patients (Cudkowicz et al., 2008).
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The aim of this study was to assess whether treatment with arimoclomol could provide
neuroprotection in the acute lesional quinolinic acid (QA) model of HD and the transgenic

YAC128 mouse model of HD.
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5.2. Materials and methods

Animals

Male and female YAC128 mice expressing expanded human huntingtin with 128 CAG repeats
and WT littermates maintained on the FVB/N strain (Charles River, Wilmington, MA) were used
for these experiments (Slow et al., 2003). Mice were housed singly or in pairs in duplex cages
with littermates of mixed genotype and maintained under a 12 L:12 D light cycle (lights on at
2300) in a clean facility and given free access to food and water. Experimenters were blind to the
genotype of the mice. All experiments were performed with the approval of the animal care

committee at the University of British Columbia.

Quinolinic Acid Lesion

To induce NMDAR-mediated striatal lesions, 3 months old mice were anesthetized with avertin
(2.5%) and placed in a stereotaxic instrument. Coordinates for the unilateral striatal injections
were as follows: 0.8 mm posterior to Bregma, 1.8 mm lateral from the midline, and 3.5 mm
below the dorsal surface of the neocortex. Quinolinic acid (QA) was injected (1 puL) over a 2 min
period. For the acute treatment study, FVB/N mice received an intraperitoneal injection of either
vehicle (PBS) or arimoclomol (40 mg/kg) and were injected intrastriatally with 25 nmol of QA
30 min later. For the short-term treatment study, 3-months old YAC128 animals were treated

with 200 mg/kg arimoclomol for 14 days with an intrastriatal injection of 25 nmol QA on day 7.

Seven days after the intrastriatal QA injection, animals were injected with heparin and terminally
anesthetized with intraperitoneally-injected 2.5% avertin. The brains were extracted and treated
as described in the brain sample preparation section. For each mouse, coronal 25 pm sections
spaced 200 pm apart throughout the striatum were stained with FluoroJade B (Histo-Chem,

Jefferson, Arkansas), a fluorescent stain that labels degenerating neurons in fixed brain sections,
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and the total striatal lesion volume was determined using unbiased techniques and

Stereolnvestigator software (Microbrightfield, Williston, VT).

Drug treatment

A dose of 80 mg/kg, administered in the drinking water, was chosen for the trial based on the
recommendation of CytRx Inc, the developer of arimoclomol (Dr. Jack Barber, CytRx Inc,
personal communication). For administration in the drinking water, water consumption of
individual cages was monitored on a biweekly basis along with animal body weights. The
concentrations of drug solutions for each cage were then adjusted accordingly. The drug

solutions were replaced twice/week and were provided ad libitum.

Immunoblot analysis

Immunoblots were performed on whole brain tissue samples frozen immediately following
euthanasia. One total brain hemisphere was homogenized in 1 ml/100 mg tissue lysis buffer (20
mM Tris/HCl pH 7.2, 10 mM MgCl2, 0.5 mM EDTA, 322 mM sucrose and 1x complete
protease inhibitor cocktail (Roche)) with an automated tissue homogenizer for 30 sec. Protein
lysates were incubated on ice for 1h, sonicated for 30 sec at 30% output, passaged through a 25G
needle and separated on an SDS-PAGE gels. Following transfer to a nitrocellulose membrane,
blots were immunostained overnight at 4°C with primary antibodies. Monoclonocal mouse anti-
HSP70 antibody (SPA-810), and polyclonal rabbit anti-HSP90 antibody (SPA-846) were from
Stressgen (Victoria, BC). Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
was from Chemicon. Horseradish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence (Amersham Biosciences, Monmouth Junction, NJ, USA) were used to

visualize the blots.
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Motor function assessment

Training and baseline testing for motor function tasks was carried out at 2 months of age. Testing
took place during the dark cycle and was curried out every two months between 2 and 12 months
of age. Motor co-ordination and balance was assessed using accelerating and fixed rotarod tasks
(UGO Basile, Comerio, Italy). In the accelerating task, the rotarod accelerated from 5 revolutions
per minute (RPM) to 40 RPM over 5 minutes. In the fixed task, the rotarod revolved at 24 RPM.
Performance in the rotarod tasks was assessed by the amount of time that a mouse could remain
running on the rotarod; the maximum scores in the accelerating and fixed tasks are 300 seconds
and 60 seconds, respectively. During training, mice were given three trials per day for three

consecutive days. Rotarod scores are the average of three trials spaced 2 h apart.

Brain sample preparation

Mice were injected with heparin followed by terminal anesthesia with intraperitoneally-injected
2.5% avertin. The animals were perfused with 3% paraformaldehyde with 0.6% glutaraldehyde
in phosphate-buffered saline (PBS). Brains were left in the skulls for 24 hrs in 3%
paraformaldehyde, then removed and stored in PBS. After weighing, the brains were transferred
to a 30% sucrose solution containing 0.08% sodium azide in PBS. They were then frozen on dry
ice, mounted with Tissue-TEK O.C.T. compound (Sakura, Torrance, CA), and sliced coronally
into 25 pm sections on a cryostat (Microm HM 500M, Richard-Allan Scientific, Calamazoo,

MI). The sections are collected and stored in PBS with 0.08% sodium azide at 4 degrees.

Neuropathological analysis

A series of 25 pm-thick coronal sections spaced 200 um apart spanning the striatum were stained
with NeuN antibody (1:100; Chemicon, Temecula, CA) overnight at room temperature, followed

by incubation with biotinylated anti-mouse antibody (1:200; Vector Laboratories, Burlingame,
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CA). The signal was amplified with an ABC Elite kit (Vector) and detected with
diaminobenzidine (DAB; Pierce, Rockford, IL). Striatal volume was determined from a series of
mounted sections using Stereolnvestigator software (Microbrightfield, Williston, VT). Briefly,
striatal volumes were determined by tracing the perimeter of the striatum in serial sections
spanning the striatum.

Statistical analysis

Data are expressed as means=SEM. Whenever suitable, results were interpreted using one-way
ANOVA with a Student-Newman-Keuls (SNK) post-hoc test. Pairwise comparisons between
genotypes/treatments at individual time points were assessed with a Student's t-test. Differences

were considered statistically significant when P < 0.05.
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5.3. Results

Acute arimoclomol treatment does not protect against quinolinic acid-mediated
excitotoxicity in vivo

To examine whether acute treatment with arimoclomol results in protection in the presence of a
stressor, namely the NMDA receptor agonist quinolinic acid, 3-months old FVB/N animals were
pretreated with 40 mg/kg of arimoclomol i.p. followed by an intrastriatal injection of 25 nmol
QA 30 min later. Dying neurons following intrastriatal injection of QA were detected using
FluoroJade, a fluorescent marker of degenerating neurons. Analysis revealed no significant
difference in QA-induced lesion volume in animals pretreated with arimoclomol compared to

controls (P=0.351) (Figure 5.1A).

Acute treatment with arimoclomol fails to up-regulate HSP-70 and HSP-90 expression

To assess whether acute treatment with arimoclomol results in up-regulation of brain HSP-70
and HSP-90 proteins, 3 months old FVB/N animals were treated with 40 mg/kg of arimoclomol
i.p. and whole brains were collected 0.5, 1, 3, and 6 hrs post-injection. Immunoblot analysis
revealed no up-regulation of HSP-70 or HSP-90 in arimoclomol-treated animals compared to

vehicle-treated (t=0’) animals at any of the time points assessed (Figure 5.1B).

Short-term arimoclomol treatment does not protect against quinolinic acid-mediated
excitotoxicity in vivo

To assess whether short-term treatment with high-dose arimoclomol in the presence of a
physiological stressor (e.g. polyglutamine expansion in the HD gene) is necessary to confer
protection against quinolinic acid-mediated striatal lesions, 3-months old YAC128 animals were
treated with 200 mg/kg arimoclomol for 7 days followed by intrastriatal injection of 25 nmol QA
on day 7. After 7 additional days of treatment with arimoclomol, animals were sacrificed and

lesion volume as assessed with Fluorojade-staining was quantified (Figure 5.2A). Analysis
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revealed no significant difference in lesion volume in arimoclomol-treated YAC128 animals

compared to untreated YAC128 controls (P=0.604) (Figure 5.2B).

Long-term treatment with arimoclomol does not lead to improved motor function in the
YAC128 HD animals

To evaluate the effects of long-term treatment with arimoclomol on the motor function, YAC128
HD animals and WT littermates were treated with arimoclomol for 10-months starting at 2
months of age, and performance on the accelerating and fixed-speed rotarod tests of motor
function at 2 (baseline), 4, 6, 8, 10, and 12 months of age was assessed. Data analysis revealed
no significant effect of arimoclomol treatment on motor function in WT animals as there was no
significant difference between arimoclomol- and vehicle-treated WT animals at 4, 6, 8, and 12
months of age on the accelerating rotarod and no significant difference between arimoclomol-
and vehicle-treated WT animals on the fixed-speed rotarod at any of the timepoints evaluated
(Figure 5.3A). On the accelerating rotarod task, untreated YAC128 animals had a significantly
lower performance at 4, 6, 8, 10, and 12 months of age compared to WT. Arimoclomol-treated
YACI128 animals had a significantly lower performance at 4, 6, 8, 10, and 12 months compared
to WT. Furthermore, arimoclomol-treated Y AC128 animals were not statistically different from
untreated YAC128 animals at any of the measured time points. On the fixed-speed rotarod task,
untreated YAC128 animals had a significantly lower performance at 4, 6, 8, 10, and 12 months
of age compared to WT. Arimoclomol-treated YAC128 animals had a significantly lower
performance at 6, 8, 10, and 12 months compared to WT. Furthermore, arimoclomol-treated
YACI128 animals were not statistically different from untreated YAC128 animals at any of the

measured time points (Figure 5.3B).
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Long-term treatment with arimoclomol fails to rescue striatal neuropathology in the
YAC128 HD animals

The effect of long-term arimoclomol treatment on neuropathology in the YAC128 HD animals
was assessed. The brain weights of arimoclomol-treated WT animals were not statistically
different from those of untreated WT (P=0.175). Untreated YAC128 animals had significantly
lower brain weight compared to untreated WT animals (P=0.0017). Similarly, arimoclomol-
treated YAC128 animals had significantly lower brain weights compared to untreated WT
(P=0.0257). Furthermore, the brain weights of untreated and arimoclomol-treated YAC128
animals were not statistically different (P=0.090) (Figure 5.4A). The striatal volume of untreated
YACI128 animals was significantly lower than that of untreated WT animals at 12 months of age
(P=0.029). Further, the striatal volume of treated WT animals was significantly lower than that
of untreated WT animals (P=0.024). The striatal volume of treated YAC128 animals was
significantly reduced compared to that of untreated WT animals (P=0.015), but was not

statistically different from that of untreated YAC128 animals (P=0.463) (Figure 5.4B).
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5.4. Discussion

The aim of this study was to evaluate whether induction of HSPs by treatment with arimoclomol,
a co-inducer of the transcriptional factor Hsf-1, would lead to improvements in the acute lesional
QA model of HD or the transgenic YAC128 HD mouse model. While some studies suggested
little or no effects of over-expression of specific HSPs, such as HSP-70 and HSP-27, on the HD
phenotype in transgenic HD mouse models (Hansson et al., 2003; Hay et al., 2004; Zourlidou et
al., 2007), others have reported significant improvements in cellular (Jana et al., 2000), fly
(McLear et al., 2008), and mouse models of HD (Perrin et al., 2007; Vacher et al., 2005).
Furthermore, suppression of HSP-70 expression has been linked to enhanced vulnerability to
polyglutamine-mediated toxicity in cellular models of HD (King et al., 2008; Tagawa et al.,
2007). We, therefore, hypothesized that up-regulation of multiple HSPs by prolonging the
activation of Hsf-1 using a pharmacological intervention may provide added benefit in the

YAC128 HD animals.

We report here that acute treatment with arimoclomol (80 mg/kg) failed to up-regulate HSP-70
or HSP-90 expression in the brains of FVB/N animals. This lack of up-regulation of HSP-70 and
HSP-90 may reflect an inadequate availability of arimoclomol at an appropriate level in the
brain, or an insufficient amount of time for arimoclomol to act on its target. Alternatively, as
arimoclomol acts as a co-inducer of HSP expression by stabilizing an activated Hsf-1 as part of
an initiated stress response (Kalmar et al., 2008; Kieran et al., 2004), the lack of up-regulation of

HSPs may reflect the absence of stress conditions in the naive FVB/N animals.

Expansion of polyglutamine stretches into the pathogenic range in proteins associated with

neurodegenerative disorders represents a cellular stress condition that leads to the degeneration
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and loss of vulnerable neuronal populations over time. In order to examine whether treatment
with arimoclomol can up-regulate HSPs in the presence of expanded polyglutamine-mediated
cellular stress, YAC128, which express human htt with an expanded polyglutamine tract, were
treated for 7 days with arimoclomol. A dose of arimoclomol five fold higher (i.e. 200 mg/kg)
than that used in the single acute treatment study was administered to ensure sufficiently high
levels of the drug are available to effect its action. Following intrastriatal injection of QA, which
represents an additional acute stress, the animals were treated for an additional 7 days before
being sacrificed for analysis. Analysis of striatal lesion volume showed no protective effect of
arimoclomol treatment compared to control. The length of time of treatment (14 days in total) as
well as the high dose of arimoclomol employed suggest that the lack of efficacy is unlikely to
reflect inadequate availability in the brain or insufficient time for arimoclomol to act on its
target. The use of YAC128 animals further suggests that treatment with arimoclomol may not
result in HSPs induction in the presence of polyglutamine-mediated cellular stress or that any
arimoclomol-mediated induction of HSPs in YAC128 animals is ineffective in protecting against
QA-mediated striatal lesioning. Alternatively, the striatal lesioning created by intrastriatal QA
administration may represent a supraphysiological stress condition that may be intractable to

treatment with arimoclomol and incompatible with its mode of action.

To assess the potential therapeutic value of arimoclomol treatment, we treated YAC128 animals
starting at 2 months of age with 80 mg/kg/day of arimoclomol. Our findings demonstrates that
treatment with arimoclomol fails to improve the motor function of YAC128 animals and
wildtype controls as assessed by the accelerating and fixed-speed rotarod tasks. We further
demonstrate that treatment with arimoclomol fails to improve the neuropathology of YAC128

animals as assessed by brain weight and striatal volume. As the dose employed in this study was
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four times that found to be efficacious in a mouse model of ALS, and given the length of time in
which the animals received the treatment (10 months), the lack of efficacy is unlikely to reflect
inadequate dosing or availability. The results instead likely suggest that treatment with
arimoclomol is ineffective in improving the motor and neuropathological phenotype in the

YACI128 animals.

The results of this study also support the notion that one cannot necessarily extrapolate from one
animal model of disease to another: that arimoclomol was able to up-regulate the heat shock
response in a mouse model of ALS leading to improved phenotype does not necessarily mean
that similar effects on heat shock protein induction and phenotype improvement would be

observed in a mouse model of HD.

Furthermore, the findings argue in favor of using gating experiments to guide decisions about
whether or not to move ahead with or continue initiated long-term efficacy trials in animals. That
no effect of arimoclomol treatment was observed on QA-mediated striatal lesions, a surrogate of
the excitotoxicity phenomenon being targeted, may be taken as an argument against the initiation
of a long-term efficacy trial of arimoclomol in the YAC128 mice, or at least early termination of
the on-going study. Incorporation of such gating experiments should benefit future trials, and
may provide considerable savings in both time and cost, and allow for resources to be shifted to

more promising approaches.

As we were unable to demonstrate an induction of HSPs following treatment with arimoclomol
in the different experimental paradigms employed, our findings do not rule out the potential
value of induction of a heat shock protein response as a therapy in HD. Indeed, the promise held

by such an approach as a therapy has been demonstrated in several experimental models of
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polyglutamine-mediated neurodegeneration (Fujikake et al., 2008; Fujimoto et al., 2005; Katsuno

et al., 2005; Zhang and Sarge, 2007) and warrants further investigation.
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Figure 5.1 Acute arimoclomol treatment fails to upregulate HSP-70 and HSP-90
expression, and does not protect against quinolinic acid-mediated excitotoxicity in vivo

(A) To examine whether acute treatment with arimoclomol results in protection against quinolinic acid-
mediated striatal lesions, 3-months old FVB/N animals were pretreated with 40 mg/kg of arimoclomol i.p.
followed by an intrastriatal injection of 25 nmol QA 30 min later. Dying neurons following intrastriatal
injection of QA were detected using FluoroJade, a fluorescent marker of degenerating neurons. Analysis
revealed no significant difference in lesion volume in arimoclomol-pretreated animals compared to
controls (P=0.351). (B) To assess whether acute treatment with arimoclomol results in upregulation of
brain HSP-70 and HSP-90 proteins, 3 months old animals were treated with 40 mg/kg of arimoclomol i.p.
and brains were collected 0.5, 1, 3, and 6 hrs post-injection. Immunoblot analysis showed no upregulation
of HSP-70 or HSP-90 in arimoclomol-treated animals compared to vehicle-treated (t=0’) animals at any of
the time points assessed. Data are represented as means+SEM; n=7 (WT), and 8 (YAC128). n.s.=no
significant difference.
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Figure 5.2 Short-term arimoclomol treatment does not protect against quinolinic acid-
mediated excitotoxicity in vivo

(A) To assess whether short-term treatment with arimoclomol results in protection against quinolinic acid-
mediated striatal lesions in the presence of the HD mutation, 3-months old YAC128 animals were treated
with 200 mg/kg arimoclomol for 7 days followed by intrastriatal injection of 25 nmol QA on day 7. After 7
additional days of treatment with arimoclomol, animals were sacrificed and lesion volume as assessed
with Fluorojade-staining was quantified. (B) Analysis revealed no significant difference in lesion volume in
arimoclomol-treated YAC128 animals compared to untreated YAC128 controls (P=0.604). Data are
represented as meanstSEM; n=6 (PBS), and 6 (ARM). n.s.=no significant difference.
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Figure 5.3 Long-term treatment with arimoclomol does not lead to improved motor
function in the YAC128 HD animals

To evaluate the effects of long-term treatment with arimoclomol on the motor function, YAC128 HD
animals and WT littermates were treated with arimoclomol for 10-months starting at 2 months of age, and
performance on the accelerating and fixed-speed rotarod tests of motor function at 2 (baseline), 4, 6, 8,
10, and 10 months of age was assessed. (A) Data analysis revealed no significant effect of arimoclomol
treatment on motor function in WT animals as there was no significant difference between arimoclomol-
and vehicle-treated WT animals at 4, 6, 8, and 12 months of age on the accelerating rotarod and no
significant difference between arimoclomol- and vehicle-treated WT animals on the fixed-speed rotarod at
any of the timepoints evaluated. (B) On the accelerating rotarod task, untreated YAC128 animals had a
significantly lower performance at 4, 6, 8, 10, and 12 months of age compared to WT. Arimoclomol-
treated YAC128 animals had a significantly lower performance at 4, 6, 8, 10, and 12 months compared to
WT. Furthermore, arimoclomol-treated YAC128 animals were not statistically different from untreated
YAC128 animals at any of the measured time points. On the fixed-speed rotarod task, untreated YAC128
animals had a significantly lower performance at 4, 6, 8, 10, and 12 months of age compared to WT.
Arimoclomol-treated YAC128 animals had a significantly lower performance at 6, 8, 10, and 12 months
compared to WT. Furthermore, arimoclomol-treated YAC128 animals were not statistically different from
untreated YAC128 animals at any of the measured time points. Data are presented as meantSEM.
*P<0.05 compared to untreated WT animals.
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Figure 5.4 Long-term treatment with arimoclomol treatment fails to rescue striatal
neuropathology in the YAC128 HD animals

The effect of long-term arimoclomol treatment on neuropathology in the YAC128 HD animals was
assessed. (A) The brain weights of arimoclomol-treated WT animals were not statistically different from
those of untreated WT (P=0.175). Untreated YAC128 animals had significantly lower brain weight
compared to untreated WT animals (P=0.0017). Similarly, arimoclomol-treated YAC128 animals had
significantly lower brain weights compared to untreated WT (P=0.0257). Furthermore, the brain weights of
untreated and arimoclomol-treated YAC128 animals were not statistically significant (P=0.090). (B) The
striatal volume of untreated YAC128 animals was significantly lower than that of untreated WT animals at
12 months of age (P=0.029). Further, the striatal volume of treated WT animals was significantly lower
than that of untreated WT animals (P=0.024). The striatal volume of treated YAC128 animals significantly
reduced compared to that of untreated WT animals (P=0.015), but was not statistically different from that
of untreated YAC128 animals (P=0.463). Data are presented as mean+SEM. *P<0.05; **P<0.001;
n.s.=no significant difference.
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6. Prevention of depressive behaviour in the YAC128
mouse model of Huntington disease by mutation at
residue 586 of huntingtin®

6.1. Introduction

Huntington disease is an incurable autosomal dominant neurological disorder characterized by a
triad of motor, cognitive, and affective disturbances (Hayden, 1981). The disease is caused by a
trinucleotide CAG expansion in exon 1 of 67 axons comprising the HD gene leading to an
extended polyglutamine tract in the huntingtin protein. The cardinal and early neuropathological
feature of HD is atrophy of the caudate nucleus and the putamen (the neostriatum), with selective

loss of medium-sized spiny neurons within the striatum.

Although onset of HD is clinically determined on the basis of motor performance, prominent
affective abnormalities, particularly depression, are common features of the disease. Depression
has been reported to occur in as many as 40% to 50% of HD patients and may predate onset of
motor symptoms by more than 10 years (Duff et al., 2007; Folstein and Folstein, 1983;
Heathfield, 1967; Kirkwood et al., 2001; Pflanz et al., 1991). Indeed, the prevalence of
depressive symptoms has been demonstrated to be increased in presymptomatic mutation carries

compared to non-mutation carriers (Julien et al., 2007; Marshall et al., 2007).

The etiology of depression in HD is thought to be multifactorial with both psychosocial and
neurobiological contributions. The realization of the intransigent nature of this fatal illness, along
with increased functional disability and loss of capacity to carry out daily functions are

considered to be important precipitating factors. Also, social upheaval in families with HD with

> A version of this chapter has been published. Pouladi MA, Graham RK, Karasinska JM, Xie Y, Santos RD,
Petersén A, Hayden MR. Prevention of depressive behaviour in the YAC128 mouse model of Huntington disease by
mutation at residue 586 of huntingtin. Brain (2009) vol. 132 (Pt 4) pp. 919-32
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significant discord and stress may also contribute. There is evidence however that biological
factors do contribute independently to depression in HD. Indeed, depression in HD often
antedates motor and cognitive impairments by many years (Duff et al., 2007; Folstein and
Folstein, 1983; Pflanz et al., 1991). Further, depression is often observed in other disorders of the
basal ganglia such as Parkinson disease and corticobasal degeneration, where it may also predate
other symptoms (Lieberman, 2006; Litvan et al., 1998), implicating disruptions of neural circuits

involving the basal ganglia as the precipitating factor leading to depression in these disorders.

As a first step towards unraveling the pathogenic mechanisms underlying the affective
disturbances in HD, we examined whether the depression state observed in patients is modeled in
the transgenic YAC HD animals. The YAC HD animals express the entire human HD gene
under the control of the endogenous huntingtin promoter and regulatory elements and
recapitulate many features of the human condition, including motor and cognitive, and selective
neuronal deficits (Hodgson et al., 1999; Slow et al., 2003; Van Raamsdonk et al., 2005b). The
Porsolt forced swim test (FST) and a sucrose intake test were used to assess depressive
behaviour in the YAC HD animals compared to their littermates in the same environment. The
Porsolt FST is one of the most widely employed paradigms for assessing ‘depression’
phenotypes and antidepressant action in rodents (Cryan et al., 2002; Porsolt et al., 1977a; Porsolt
et al., 1977b). The test model is based on the observation that a rodent, when forced to swim in a
restricted space where there is no possibility for escape, will cease to struggle after an initial
period of activity and simply float. Increased immobility is interpreted as a depressive state,
representing signs of psychomotor retardation and/or despair (Cryan et al., 2002; Porsolt et al.,
1977a; Porsolt et al., 1977b). The sucrose intake test assesses one of the major symptoms of

depression, anhedonia (inability to experience pleasure). Reduced sucrose consumption and
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preference is interpreted as a decreased sensitivity to reward (Willner et al., 1987). Our results
indicate that early depressive phenotypes are indeed present in the YAC HD animals,
independent of disease duration and CAG repeat length, and closely mirror the symptoms

observed in patients with HD.
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6.2. Materials and methods

Animals

The experiments were performed on wildtype animals and transgenic YAC animals expressing
the entire human HD gene under the control of the endogenous huntingtin promoter and
regulatory elements on the FVB/N strain background. YAC18 animals express human wildtype
huntingtin with 18 CAG repeats (Hodgson et al., 1996). YAC46, YAC72, and YAC128 express
human mutant huntingtin with 46, 72, and 120 CAG repeats, respectively (Hodgson et al., 1999;
Slow et al., 2003). The most characterized of these is the YAC128 line which recapitulates
several features of human HD including progressive cognitive deficits starting at 2 months of
age, motor dysfunction by 3 months of age, followed by selective neuropathology with striatal
atrophy clearly evident by 8 months of age (Slow et al., 2003; Van Raamsdonk et al., 2005b;
Van Raamsdonk et al., 2005c; Lerch et al., 2007). C6R YAC transgenic animals express human
mutant huntingtin with 133 CAG repeats that has been mutated at aa 586 to prevent cleavage by
caspase-6 (Graham et al., 2006). All animals were bred at the animal facility of the Centre for
Molecular Medicine and Therapeutics at the University of British Columbia and were group-
housed in numerical birth order with littermates of mixed genotype. Mice were maintained on a
12 light : 12 dark light cycle (lights on at 2300) and behavioural testing was conducted during
the dark phase. Experimenters were blind to the genotype of the mice. Food and water was
provided ad libitum. Unless stated otherwise, experiments were performed on 3- to 4-month-old
and 8- to 9-month-old mice and their non-transgenic littermates. Experiments were performed

with the approval of the animal care committee at the University of British Columbia.
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Forced swim test procedure and scoring

Immobility in the FST is a commonly-used measure of depression in rodents (Cryan et al., 2002;
Porsolt et al., 1977a; Porsolt et al., 1977b). The FST was conducted by placing mice in
individual cylinders (25cm-tallx19cm-wide) filled with room temperature water (23-25°C) to a
depth of 15cm for a period of 6 minutes. The test sessions were recorded by a video camera
placed directly above the cylinders. The sessions were examined blind and the last 4 minutes of
the test session was scored using a time-sampling technique to rate the predominant behaviour
over 5-second intervals. The following behaviours were measured and recorded at the end of
every 5 seconds: swimming, immobility, and climbing. Independent cohorts of animals were
used throughout the study, and no repeat testing was performed. The number of animals tested
for each genotype and time-point is stated in the figure legend. As no significant difference was
observed in climbing behaviour between the genotypes in any of the comparisons made

throughout the study, climbing behaviour data will not be shown for the sake of clarity.

Simple test of swimming ability

To assess whether the ability to swim in YAC128 HD animals is impaired, animals were tested
in a simple swimming test. In this test, mice were placed at one end of a linear swimming
chamber (76 x 13 cm; water depth, 9 cm; platform, 6 x 13 cm) and trained to reach a platform at
the other end of the chamber in the shortest amount of time to escape from the water. Mice were
trained with three consecutive sessions 5 min apart. Mice were tested with seven successive trials

and swimming speed for each mouse was recorded for each trial.

Test of motor function

Training for the test of motor function was carried out at 2 months of age. Mice were trained for

three days with three trials per day on a fixed-speed rotarod (UGO Basile, Comerio, Italy).
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Training sessions ran for 120 sec at 18 revolutions per minute (RPM) and were spaced 1 hr apart.
Testing took place during the dark cycle and was carried out at 3 and 12 months of age. Motor
co-ordination and balance were assessed using the accelerating rotarod task. In this test, the
rotarod accelerated from 5 to 40 RPM over 5 minutes and performance was assessed by the
amount of time that a mouse could remain running on the rotarod; the maximum score is 300

seconds. Rotarod scores are the average of three trials spaced 2 hr apart.

Sucrose consumption measurement

A modified sucrose consumption test based on that described by Strekalova et al (Strekalova et
al., 2004) was performed. Briefly, individually-housed animals were given ad libitum access to
food and two-bottles of water. On the day preceding intake measurements, one of the water
bottles was replaced with a bottle containing 2% sucrose solution. After 24 hr, the amount of
sucrose solution and water intake by each animal was estimated by weighing the bottles. The
sucrose preference was calculated as the ratio of the amount of 2% sucrose solution consumed to
the total amount of solution consumed ([2% sucrose solution] + [2% sucrose solution + water])

normalized to kg body weight.

Stress-induced hyperthermia test procedure

The procedure for the stress-induced hyperthermia (SIH) test of anxiety was adapted from van
der Heyden et al. (Van der Heyden et al., 1997). Measurement of the basal temperature in mice
with a rectal probe represents a stressor that causes an increase in the rectal temperature and that
can be inhibited by anxiolytics (Zethof et al., 1994). The rectal temperature of individually-
housed mice was measured twice in each mouse to the nearest 0.1°C: at t=0 min (T1) and t=+10
min (T2). The SIH was calculated as the difference AT = T2-T1. The number of animals tested is

n=18 for WT, 20 for YAC128.
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Anti-depressant treatment

Mice were treated with two commonly used anti-depressants, fluoxetine, a selective serotonin

reuptake inhibitor, and imipramine, a tricyclic antidepressant.

Animals were treated with fluoxetine hydrochloride (Sigma, St. Louis, MO, USA) at 4 months of
age, daily for 21 days. Fluoxetine hydrochloride was dissolved in 0.9% saline and administered
intraperitoneally (i.p.) at a dose of 20mg/kg in a volume of 10mL/kg. Control animals received
0.9% saline in a volume of 10mL/kg, i.p (Duncan et al., 1996). The number of animals tested is

n=9 per treatment.

Animals were treated with imipramine (Sigma, St. Louis, MO, USA) daily for 21 days.
Imipramine was dissolved in 0.9% saline and administered i.p. at a dose of 10mg/kg b.i.d. in a
volume of 10mL/kg. Control animals received 0.9% saline in a volume of 10mL/kg, i.p. b.i.d

(Przegalinski et al., 1995). The number of animals tested is n=5 per treatment.

Statistical analysis

Data are expressed as means=SEM. Whenever suitable, results were interpreted using one-way
ANOVA with a Tukey test. Pair-wise comparisons between genotypes or treatments at
individual time points were assessed with a Student's post-hoc test. Linear regression analyses
for r* and P values were performed with GraphPad Prism version 4.02. Differences were

considered statistically significant when P < 0.05.
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6.3. Results
YAC128 HD animals display depressive behaviour

To determine whether YAC128 exhibit depressive behaviour, 3 months old YAC128, YACIS,
and wildtype animals were subjected to the FST. YAC128 animals spent a significantly longer
time in an immobile state compared to YAC18 (P=0.027) and wildtype animals (P=0.008)
(Figure 6.1). Consistent with the increased immobility displayed, YAC128 animals spent
significantly less time swimming compared to YAC18 (P<0.001) and wildtype animals
(P=0.002). No significant differences in immobility or swimming behaviours between YAC18

and wildtype animals were observed (P=0.986, and P=0.733, respectively). (Figure 6.1).

The severity of the depressive behaviour does not increase over time in the YAC128
HD animals

The severity of depressive symptoms in HD patients has been shown not to correlate with the
duration of disease (Craufurd et al., 2001). To examine whether the severity of depressive
behaviours in YAC128 animals worsened with time, the performance of YAC128 animals and
wildtype littermates in the FST at 3, 8, and 12 months of age were compared. As seen at 3
months of age, YAC128 animals spent a significantly longer time in an immobile state compared
to their wildtype littermates (P=0.002 and 0.0187 for 8 and 12 months old mice, respectively)
(Figure 6.2A) and significantly less time swimming (P=0.001 and 0.0295 for 8 and 12 months
old mice, respectively) (Figure 6.2B). Consistent with the findings in HD patients, no significant
differences were observed in depressive behavior as signified by immobility between 3, 8, and
12 months old YAC128 animals (P=0.965) or swimming times (P=0.885) (Figure 6.2A and B).
Similarly, no significant differences were noted in immobility or swimming times between 3, 8,

and 12 months old WT animals (P=0.218, and P=0.267, respectively) (Figure 6.2A and B).
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These results are in contrast to the progressive nature of motor and neuropathological features in

these mice.

The depressive behaviour is observed to the same extent in male and female animals

To examine whether a gender difference exists in the performance of animals in the forced swim
test, immobility time of males was compared to that of females at 8 months of age. Similar to
female YAC128 animals, male YAC128 animals spent a significantly longer time in an
immobile state compared to male WT littermates (96+21 sec for YAC128 and 24+9 sec for WT,
n=10 for YAC128 and 8 for WT, P=0.011). However, no significant difference in immobility
between male and female YAC128 animals were observed (9621 sec for males and 90+21 sec
for females, n=10 for males and 9 for females, P= 0.844). Similarly, no significant difference in
immobility between male and female WT animals were observed (24+9 sec for males and 1145
sec for females, n=8 for males and 9 for females, P= 0.228). As no gender differences were

observed, all the subsequent cohorts of animals employed in this study are of mixed gender.

The extent of the depressive behaviour is independent of animal body weight

The body weight of 3 months old YAC128 animals does not differ from that of wildtype
littermates (P=0.135), while increased body weight is observed in 8 months old (P<0.001) and
12 months old YAC128 animals (P<0.01) compared to WT littermates (Figure 6.2C). To
examine whether increased body weight may contribute to immobility in the forced swim test,
immobility time of 3, 8, and 12-months old animals was plotted against body weight. Regression
analysis revealed no correlation between body weight and immobility time (r*=0.0317, P=0.159)

(Figure 6.2D).
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The ability to swim is not impaired in the YAC128 HD animals despite motor dysfunction
To assess whether the ability to swim in YAC128 HD animals is impaired, animals were tested
in a simple swimming test. In this test, mice were placed at one end of a linear swimming
chamber and trained to reach a platform at the other end of the chamber to escape from the
water. Mice were tested on seven successive trials and the swimming speed (distance traveled
per second) for each mouse was assessed for each trial. There was no significant difference in the
swimming speed of YAC128 animals compared to WT animals at either 3 or 12 months of age in
any of the trials (Figure 6.3A). Further, the average swimming speed over the 7 trials was not
significantly different between YAC128 and WT animals at either 3 or 12 months of age (Figure
6.3B), despite significantly lower performance in the rotarod test of motor function by YAC128

animals compared to WT animals at these time points (Figure 6.3C).

The severity of the depressive behaviour in YAC transgenic HD animals is independent
of CAG repeat length

The severity of depressive symptoms in HD patients has been shown to be independent of CAG
length (Berrios et al., 2001; Craufurd et al., 2001; Zappacosta et al., 1996). To assess whether the
severity of the depressive behaviour correlated with CAG repeat length, wildtype, YAC46,
YAC72, and YAC128 animals were subjected to the FST. Similar to YAC128 animals, YAC46
and YAC72 animals were immobile for significantly longer times than wildtype animals (vs.
wildtype: P=0.026 for YAC46, <0.001 for YAC72, and <0.001 for YAC128) (Figure 6.4). No
difference in the extent of immobility between YAC46, YAC72, and YAC128 animals was
observed (YAC46 vs. YAC72 and YAC128: P=0.054 and 0.828, respectively; YAC72 vs.
YACI128: P=0.125) (Figure 6.4). YAC46, YAC72, and YAC128 animals also spent less time

swimming compared to wildtype animals, although the difference did not reach statistical
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significance in the case of the YAC46 animals (vs. wildtype: P=0.067 for YAC46, P<0.001 for

YAC72, and P<0.001 for YAC128) (Figure 6.4).

YAC128 HD animals display anhedonic behaviour

Anhedonia (inability to experience pleasure) is a major component of depression. Reduced
sucrose intake and preference are considered a measure of anhedonia in mice (Willner et al.,
1987). To determine whether YAC128 HD animals display anhedonic behaviour, the sucrose
intake and preference of 3-4 months old YAC128 HD animals was measured over a 24 hr period.
Consistent with anhedonic behaviour, YAC128 HD animals have a reduced sucrose intake
compared to wildtype animals (P=0.0045) (Figure 6.5A). Furthermore, YAC128 animals exhibit
reduced preference for sucrose compared to wildtype animals (Figure 6.5B), suggesting that the
reduced sucrose consumption observed in these animals is not the result of generalized reduction
in fluid intake. Indeed, there is no difference in the amount of water consumed between

YACI128 HD and wildtype animals (Figure 6.5C).

YAC128 HD animals do not display anxiety-like behaviour

Anxiety or stress have been shown reproducibly to induce an acute increase in body temperature
both in animals (Bouwknecht and Paylor, 2002; Zethof et al., 1994) and humans (Briese, 1995;
Marazziti et al., 1992). This response, termed stress-induced hyperthermia, is well established as
a measure of anxiety in animals (Zethof et al., 1994). This test was chosen as certain other tests
of anxiety, such as the elevated plus/zero maze and the light/dark box, are influenced by visual
cues (Cook et al., 2001; Wong and Brown, 2006) and FVB/N animals develop retinal
degeneration and are impaired visually by weaning age (Chang et al., 2002). To examine
whether YAC128 HD animals display anxiety-like behaviour, 3-4 months old YAC128 HD and

wildtype animals were subjected to the SIH test. The body temperature of YAC128 HD animals,

179



measured rectally, was significantly increased during the SIH test (T1=36.67+0.11 vs.
T2=37.04+0.09, P=0.017). Similarly, the body temperature of wildtype animals was significantly
increased during the SIH test (T1=36.88+0.40 vs. T2=37.37+0.51, P=0.003). However, there was
no difference in the SIH between YAC128 HD and wildtype animals (deltaT=0.37+0.10 for
YACI128 and 0.49+0.13 for wildtype, P=0.432). This data suggests that depressive features but

not signs of anxiety are seen in these mice.

Preventing cleavage of mutant huntingtin at residue 586 ameliorates the depressive
behaviour observed in YAC128 HD animals

Proteolysis of mutant huntingtin has been shown to play an important role in the pathogenesis of
HD. Prevention of cleavage at residue 586 of mutant huntingtin has been demonstrated to result
in amelioration of motor dysfunction and striatal pathology in the transgenic YAC HD mice
(Graham et al., 2006). To assess the effect of prevention of cleavage of mutant huntingtin at
residue 586 on the depressive behaviour observed in YAC128 HD animals, WT and YAC128
animals along with YAC transgenic animals expressing a variant of mutant huntingtin that is
resistant to cleavage at residue 586 (C6R) of 3-4 months of age were subjected to the FST and
their immobility scored. YAC128 animals spent a significantly longer time in an immobile state
compared to wildtype animals (P=0.005) (Figure 6.6A). In contrast, no significant difference in
immobility between C6R and wildtype animals was observed (P=0.871). Furthermore, C6R
animals spent significantly less time in an immobile state compared to YAC128 animals
(P=0.035). Similarly, in the sucrose consumption test of anhedonia, while the intake of sucrose
by YAC128 HD animals was significantly reduced compared to wildtype animals (P=0.010), no
significant difference in sucrose intake between C6R and wildtype animals was observed
(P=0.116) (Figure 6.6B). Furthermore, C6R animals consumed significantly more sucrose
compared to YAC128 HD animals (P<0.001) (Figure 6.6B).

180



Anti-depressant treatment of YAC128 HD animals fails to ameliorate the depressive
phenotype

To examine whether the depressive behaviour observed can be ameliorated by anti-depressant
treatment, 4 months old YAC128 HD animals were treated with either fluoxetine or imipramine.
Fluoxetine and imipramine treatment were used in the forced swim test and sucrose consumption
test, respectively, since each is well established in the chosen concentration and the length of
treatment as being efficacious in improving the depressive phenotype in the different tests
(Duncan et al., 1996; Przegalinski et al., 1995). YAC128 animals were treated with saline or
fluoxetine daily for 21 days and subjected to the forced swim test. Treatment of YAC128
animals with fluoxetine failed to decrease immobility time compared to saline-treated animals
(P=0.544) (Figure 6.7A). Furthermore, there was no difference in the amount of time spent
swimming or climbing by YAC128 HD animals following treatment with fluoxetine compared to
saline (data not shown). Another group of YAC128 animals were treated with saline or
imipramine daily for 21 days and their sucrose consumption was measured after 7, 14, and 21
days of treatment. There was no significant difference between saline- and imipramine-treated

YACI128 HD animals in sucrose intake at any of the time points (Figure 6.7B).
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6.4. Discussion

Affective disturbances, including depression, are highly prevalent amongst at-risk and
symptomatic HD patients and contribute considerably to the morbidity in HD (recently reviewed
in (van Duijn et al., 2007)). While the etiology of depression is thought to include
pathophysiological changes caused by the mutation, this has not been directly examined in the
absence of potential confounding psychosocial and environmental factors. Indeed, there is still
controversy as to the nature and origin of depression in HD. In this respect, animal models
provide the ideal tool in which to address this question under constant environmental conditions

and in the absence of influence from psychosocial factors.

While there are obvious limitations in modeling psychiatric diseases in rodents (Cryan et al.,
2005), considerable progress has been made in defining the molecular and physiological
underpinnings of depressive syndromes in humans where close parallels in rodent models of
depressive behaviour have been established. That such parallels exist provides some validity to

the use of rodents in the study of depression.

In this study, we sought to determine whether the depressive behaviour observed in HD patients
is reproduced in the transgenic YAC128 mouse model of HD. We demonstrate that the YAC128
HD animals display depressive behaviour in the FST at an early stage of the disease which does
not worsen over time and is independent of CAG repeat length. The depressive phenotype in the
YAC128 HD animals was further reproduced using a test of anhedonia, a key component of
depression. We also demonstrate that YAC128 HD animals do not display anxiety-like
behaviour. Furthermore, the depressive phenotypes are ameliorated in C6R animals expressing a

variant of mutant huntingtin that is resistant to cleavage at residue 586. Finally, we demonstrate
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that treatment with anti-depressants fails to ameliorate the depressive phenotype observed. Our
findings provide strong support for a significant neurobiological contribution to depression in

HD.

The severity of depressive behaviour is independent of disease stage and CAG repeat
length

Unlike the HD-associated cognitive and motor deficits which worsen with the progression of the
disease (Bamford et al., 1995; Ho et al., 2003; Lawrence et al., 1999), evidence from cross-
sectional studies suggests that the severity of depression in HD is independent of disease
progression (Berrios et al., 2001; Craufurd et al., 2001; Kingma et al., 2008). Consistent with
findings in HD patients, we observed no significant difference in the severity of the depressive
phenotype between 3, 8, and 12 months old YAC128 HD animals representing early and late
phases of the illness in YAC128 mice (Slow et al., 2003; Van Raamsdonk et al., 2005b). This is
in sharp contrast to the deficits in motor function observed in these animals which are
progressive in nature and worsen with age (Slow et al., 2003; Van Raamsdonk et al., 2005b; Van

Raamsdonk et al., 2005c¢).

Furthermore, while distinguishing apathy from depression in rodents is difficult, our data show
no worsening in performance in the FST in YAC128 animals over time, which is consistent with
these symptoms being reflective of depressive behaviour and not apathy. Indeed, apathy which is
separable from depression (Levy et al., 1998) and is an important feature of HD (Folstein and
Folstein, 1983), is found to correlate directly with disease stage and duration (Kingma et al.,

2008; Craufurd et al., 2001).

The lack of correlation between depressive symptoms and disease severity in HD is markedly

different than what is observed in other neurodegenerative disorders such as Parkinson’s disease
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where depressive symptoms are significantly related to illness severity (Brown et al., 1988; Cole
et al., 1996). Furthermore, the clinical severity of depressive symptoms in adult-onset HD
patients is independent of CAG repeat length (Andrew et al., 1993; Berrios et al., 2001; Close
Kirkwood et al., 2002; Craufurd et al., 2001; MacMillan et al., 1993; Weigell-Weber et al., 1996;
Zappacosta et al., 1996). These findings were paralleled in the YAC HD animals where the

severity of the depressive phenotype was independent of CAG repeat length.

Increased immobility in the FST and reduced sucrose intake by YAC128 HD animals
are independent of the motor dysfunction

It may be argued that since YAC128 HD animals develop progressive motor dysfunction starting
at 3-4 months of age (Slow et al., 2003; Van Raamsdonk et al., 2005b; Van Raamsdonk et al.,
2005¢), that the increased immobility in the FST observed in the YAC128 HD mice may be the
result of an impaired ability of YAC128 animals to swim. This possibility, however, is unlikely
given that the ability of YAC128 HD animals to swim is not different from that of WT animals
both in the early (3 months) and late (12 months) phases of disease, despite significant
impairment in motor function (Figure 6.3). Furthermore, this is in agreement with our previous
findings demonstrating that the cognitive deficits in the YAC128 HD animals as assessed by the
swimming T-maze test of cognition is not due to any motor dysfunction-related impairment in

swimming ability (Van Raamsdonk et al., 2005b).

Similarly, the reduced sucrose intake observed in YAC128 animals could reflect generalized
reduction in drinking/fluid intake due to motor dysfunction. However, this is not the case as
YACI128 HD animals show no reduction in water intake compared to wildtype animals but only
a specific reduction in sucrose intake, as indicated by the lower sucrose preference score (Figure

6.4). Indeed, thirst has been shown to be increased in HD in advance stages of illness, and water
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consumption is significantly higher in late-stage R6/2 mice compared to wildtype animals,

despite profound motor deficits (Wood et al., 2008; Carter et al. 1993).

Anxiety-like behaviour is absent in YAC128 HD animals

The stress-induced hyperthermia test of anxiety is thought to reflect an unconditioned
physiological response related to anticipatory anxiety (Van der Heyden et al., 1997), and has
been validated using pharmacological tools including benzodiazepine treatment and novel
anxiolytic drugs (Borsini et al., 1989; Van der Heyden et al., 1997). Our finding of lack of
anxiety-like behaviour in YAC128 HD animals is consistent with observations in other animal
models of HD (File et al., 1998; von Horsten et al., 2003). However, it may also be due to effects
of background mouse strain. Indeed, differences in the extent of induced hyperthermia in the SIH
test in a panel of inbred mouse strains have been demonstrated (Bouwknecht and Paylor, 2002).
Interestingly, of 9 different animal strains tested, FVB/N mice showed the smallest induction of
body temperature in this test, indicating least propensity to anxiety (Bouwknecht and Paylor,
2002). Thus, further assessment of anxiety-like behaviours in YAC128 animals on different

animal strains could yield different results.

Prevention of cleavage of mutant huntingtin at residue 586 ameliorates the depressive
behaviour in YAC128 HD animals

We have shown previously that eliminating cleavage of mutant huntingtin at residue 586 in C6R
animals is sufficient to preserve striatal volume and rescue cognitive and motor function in the
YAC128 mouse model of HD (Graham et al., 2006). We now show that the depressive
phenotypes observed in the YAC128 HD animals are also ameliorated by preventing cleavage of
mutant huntingtin at residue 586 in C6R animals. The cleavage of mutant huntingtin yielding a
586 aa fragment, which is detected in the nucleus and is an early event (Warby et al., 2008), is

associated with neuropathology and motor deficits in vivo. This fragment is absent in C6R
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animals, and therefore may be a key and rate limiting step underlying not only motor and
neuronal deficits, but also the psychiatric disturbance observed in HD. Strategies aimed at
modulating mutant huntingtin proteolysis may therefore also be of therapeutic value in the

management of the psychiatric disturbance in HD.

Variability of expression of depression in HD

Depression has been reported to occur in about 40% to 50% of HD patients (Duff et al., 2007,
Folstein and Folstein, 1983; Heathfield, 1967; Kirkwood et al., 2001; Pflanz et al., 1991).
Development of depression can result from a broad range of genetic and environmental factors
that together confer vulnerability. In the presence of psychosocial stressors, these factors
precipitate depressive syndromes (Brown et al., 1986; Billings et al., 1983). This complex
interaction of genetic and environmental susceptibility factors is likely to account for the
variability of expression of depression in HD. Indeed, one may view mutant H77 as one
important genetic risk factor predisposing individuals to increased risk of depressive behaviour,
which in the presence of other precipitating genetic factors and environmental stressors leads to

depression.

Early disruption of neural circuits likely underlies the psychiatric disturbances in HD

Increasing evidence points to alterations in neuronal plasticity and the consequent disruption in
neural circuitry and gene expression as key mechanisms underlying major depressive disorders
(Manji et al., 2001; McClung and Nestler, 2008; Pittenger and Duman, 2008). Several findings in
HD patients and animal models of HD seem to suggest that a similar mechanism may account for
the depression phenotype observed in HD. Indeed, multiple abnormalities in the dopaminergic,
cholinergic, and glutamatergic signaling systems, which are integral components of the synaptic

plasticity machinery, have been observed in HD (Di Filippo et al., 2007; Li et al., 2003). For
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example, YAC46 and YAC72 HD mice exhibit early electrophysiological abnormalities
indicative of altered synaptic function, including NMDA receptor hyperactivity, that can be
detected prior to neurodegeneration (Hodgson et al., 1999). In addition, several abnormalities
exist in NMDA and AMPA receptor-mediated corticostriatal synaptic signaling in YAC72 and
YAC128 HD animals, which predate the detection of motor or cognitive deficits (Milnerwood
and Raymond, 2007). These changes are consistent with the alterations in the NMDA receptor
signaling machinery observed in HD patients (Young et al., 1988). Furthermore, the expression
of dopamine and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32), a major component
in dopaminergic signaling and a potential mediator of the molecular effects of the anti-depressant
fluoxetine (Svenningsson et al., 2002), is significantly decreased in YAC128 HD animals (Van
Raamsdonk et al., 2005). This is in agreement with alterations in the dopamine signaling
pathways in HD patients (Pavese et al., 2003; van Oostrom et al., 2005). Similar observations of
altered synaptic plasticity have been observed in other animal models of HD (Di Filippo et al.,

2007).

Perturbations in additional pathways known to influence synaptic plasticity are also well
documented. These include alterations in the BDNF system (Castren et al., 2007; Martinowich et
al., 2007) and neuroinflammatory activation (Dunn et al., 2005; Raison et al., 2006; Stellwagen
and Malenka, 2006; Todd et al., 2006) which have been documents in HD patients and YAC128
animals (Ferrer et al., 2000; Strand et al., 2007; Zuccato and Cattaneo, 2007; Zuccato et al.,
2001; Dalrymple et al., 2007; Tai et al., 2007; Bjorkqvist et al., 2008). Finally, overactivation of
the hypothalamic-pituitary-adrenal (HPA) axis, which is thought to play a role in depression
(Muller and Holsboer, 2006), has been observed in HD patients and is likely to contribute to the

depressive phenotype (Bjorkqvist et al., 2006; Petersen and Bjorkqvist, 2006). These alterations
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may collectively contribute to disrupted synaptic plasticity and the psychiatric disturbances in

HD.

Further evidence in support of disrupted neural circuitry in HD is provided by studies
demonstrating significantly reduced glucose metabolism in the basal ganglia and cortical brain
regions of HD patients compared to controls (Martin et al., 1992). Consistent with the early
occurrence of depressive symptoms in HD, the hypometabolism is observed early and precedes
neuronal loss (Hayden et al., 1986; Kuhl et al., 1982). In particular, selective hypometabolism in
the paralimbic frontal lobe region was found in depressed patients with HD compared to non-
depressed patients and normal controls, implicating dysfunction of neural circuits involving the

paralimbic regions of the frontal lobes in the depressive symptoms in HD (Mayberg et al., 1992).

Thus it is likely that these multi-system alterations contribute to the disruption of neural circuitry
and, in conjunction with predisposing environmental and genetic factors, lead to psychiatric
disturbances in HD. The extent to which the neural circuitry is affected may account for the
heterogeneity observed in the timing and nature of the psychiatric symptoms. Similar variations
in perturbations of neural circuitry may also occur in depressive disorders in general. The
YACI128 HD animals did not show improvement in depressive symptoms following anti-
depressant treatment, which is similar to what has been observed with the responsiveness of the
depressive phenotype in certain other models of neurological disorder such as epilepsy (Mazarati
et al., 2008). Indeed, only 50% of individuals with depression show full remission with
optimized treatment with current available antidepressant therapy (Berton and Nestler, 2006). No
definitive trial of antidepressant treatment in HD has been conducted. Furthermore, considerable
variability in responsiveness to anti-depressant treatment in HD patients has been reported (Leroi

and Michalon, 1998).
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Chronic treatment with antidepressants of the selective serotonin reuptake inhibitor (SSRI) class
has been shown to lead to increased brain BDNF levels (Nibuya et al., 1995). In light of the
deficits in brain BDNF levels in HD (Zuccato and Cattaneo, 2007), treatment with such SSRIs in
HD may be neuroprotective. Indeed, treatment with the SSRI sertraline has recently been shown
to increase survival, improve motor deficits and attenuate the progression of brain atrophy in a

mouse model of HD (Duan et al., 2008).

While in the final stages of revision of this manuscript, a study was published examining
depressive behaviour in the R6/1 mouse model of HD (Pang et al., 2008). Female, but not male,
transgenic R6/1 HD animals were found to exhibit depressive behaviour as assessed by the FST.
Treatment with the anti-depressant sertraline ameliorated the depressive phenotype in females.
This is in contrast to our findings of depressive behaviour in male and female YAC128 animals
and no improvement following antidepressant treatment. The two models express different
constructs of huntingtin with R6/1 animals expressing exon 1 and YAC128 animals expressing
full-length human huntingtin, which may partly account for these differences. Additional

differences in the background strain may underlie these varying results.

Here, we demonstrate depressive behaviour in the transgenic YAC128 mouse model of HD that
adds to the motor and cognitive deficits and selective neuropathology present in these animals
(Figure 6.8). The depressive behaviour occurs early, does not worsen with time, and is
ameliorated by prevention of cleavage of mutant huntingtin at residue 586. The depressive
behaviour recapitulates that observed in human HD (Table 2-1) and can be used as an outcome

measure in therapeutic trials to assess the effect of potential treatments on depression.
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Table 6-1 Comparison of the Characteristics of the Depressive Behaviour in HD
Patients and YAC128 HD Animals

Human HD Patients YAC128 HD Mice
Time of Early Early
presentation of (Duff et al., 2007; Folstein and Folstein, (Figure 6.1)
depressive 1983; Heathfield, 1967)

symptoms

Severity in relation Independent/Does not worsen with age  Independent/Does not

to disease (motor) (Craufurd et al., 2001; Kingma et al., worsen with age
stage/age 2008) (Figure 6.2)
Relationship to Independent of CAG repeat length Independent of CAG
CAG repeat length  (Andrew et al., 1993; Berrios et al., 2001; repeat length
Close Kirkwood et al., 2002; Craufurd et (Figure 6.4)

al., 2001; MacMillan et al., 1993; Weigell-
Weber et al., 1996)
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Figure 6.1 YAC128 HD animals display depressive behaviour

YAC128, YAC18, and wildtype animals were subjected to the forced swim test at 3 months of age.
YAC128 animals spent a significantly longer time in an immobile state compared to YAC18 (P=0.027) and
wildtype animals (P=0.008). Consistent with the increased immobility displayed, YAC128 animals spent
significantly less time swimming compared to YAC18 (P<0.001) and wildtype animals (P=0.002). No
significant differences in immobility or swimming behaviours between YAC18 and wildtype animals were
observed (P=0.986, and P=0.733, respectively). Data are represented as means+tSEM; n=12 (WT), 8
(YAC18), and 12 (YAC128); females. ** P < 0.01, *** P < 0.001.
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Figure 6.2 The severity of the depressive behaviour does not increase over time and is
independent of animal body weight

YAC128 animals and WT littermates were subjected to the forced swim test at 8 and 12 months of age.
(A) As seen at 3 months of age, YAC128 animals spent a significantly longer time in an immobile state
compared to WT littermates (P=0.002 and 0.0187 for 8 and 12 months old mice, respectively) and (B)
significantly less time swimming (P=0.001 and 0.0295 for 8 and 12 months old mice, respectively). No
significant differences were observed between 3, 8, and 12 months-old YAC128 animals in immobility
(P=0.965) or swimming times (P=0.727). Similarly, no significant differences were observed between 3, 8,
and 12 months-old WT animals in immobility (P=0.218) or swimming times (P=0.267) (C) The body
weight of 3 months old YAC128 animals does not differ from that of wildtype littermates (P=0.135), while
increased body weight compared to WT littermates is seen in 8 months old (P<0.001) and 12 months old
YAC128 animals (P=0.0026). (D) To examine whether increased body weight may contribute to
immobility in the forced swim test, immobility time of 3, 8, and 12-months old animals was plotted against
body weight. Regression analysis revealed no correlation between body weight and immobility time
(r2=0.0317, P=0.159). Data are represented as means+SEM; for (A-C) n=12 (3 months), 9 (8 months), 11
(12 months); for (D) Individual animals are represented by diamond shapes. n=64. ** P < 0.01, *** P <
0.001, n.s.=no significant difference.
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Figure 6.3 The ability to swim is not impaired in the YAC128 HD animals despite motor
dysfunction

To assess whether the ability to swim in YAC128 HD animals is impaired, animals were tested in a simple
swimming test. In this test, mice were placed at one end of a linear swimming chamber and trained to
reach a platform at the other end of the chamber to escape from the water. Mice were tested with seven
successive trials and the swimming speed for each mouse was recorded for each trial. (A) There was no
significant difference in the swimming speed of YAC128 animals compared to WT animals at either 3 or
12 months of age in any of the trials. (B) The average swimming speed over the 7 trials was not
significantly different between YAC128 and WT animals at either 3 or 12 months of age, despite
significantly lower performance by YAC128 animals in the rotarod test of motor function compared to WT
animals (C). Data are represented as means+SEM,; for (A-B) n=5 WT and 8 YAC128 (3 months time-
point) and n=8 WT and 8 YAC128 (12 months time-point); for (C) n=12 WT and 17 YAC128; n.s.=no
significant difference. * P < 0.05, *** P < 0.001.
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Figure 6.4 The severity of the depressive behaviour in YAC transgenic HD animals is
independent of CAG repeat length

To assess whether the severity of the depressive behaviour correlated with CAG repeat length, wildtype,
YAC46, YAC72, and YAC128 animals were subjected to the forced swim test. Similar to YAC128
animals, YAC46 and YAC72 animals were immobile for significantly longer times than wildtype animals
(vs. wildtype: P=0.026 for YAC46, <0.001 for YAC72, and <0.001 for YAC128). No difference in the
extent of immobility between YAC46, YAC72, and YAC128 animals was observed (YAC46 vs. YAC72
and YAC128: P=0.054 and 0.828, respectively; YAC72 vs. YAC128: P=0.125). YAC46, YAC72, and
YAC128 animals also spent less time swimming compared to wildtype animals, although the difference
did not reach statistical significance in the case of the YAC46 animals (vs. wildtype: P=0.067 for YAC46,
<0.001 for YAC72, and <0.001 for YAC128). Data are represented as means+SEM; n=21 (WT), 9
(YAC46), 8 (YACT72), and 21 (YAC128). One-way ANOVA with Tukey post-hoc test; * P < 0.05, *** P <
0.001, n.s.=no significant difference.
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Figure 6.5 YAC128 HD animals display anhedonic behaviour

An inability to experience pleasure is considered a central aspect of depressive behaviour. To examine
whether YAC128 animals display anhedonic behaviour, the sucrose intake of 3-4 months old YAC128
animals over a 24-hr period was measured. (A) YAC128 animals consumed significantly less sucrose
solution compared to WT animals (P=0.0045). (B) YAC128 animals exhibited significantly reduced
preference for sucrose solution compared to WT animals (P=0.0004). (C) No difference in water intake
was observed between YAC128 HD and WT animals (P=0.492). Data are represented as means+SEM;
n=26 for WT, 23 for YAC128. ** P < 0.01; *** P < 0.001, n.s.=no significant difference.
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Figure 6.6 Preventing cleavage of mutant huntingtin at residue 586 ameliorates the
depressive behaviour in YAC128 HD animals

To assess the effect of prevention of cleavage at residue 586 of mutant huntingtin on the depressive
behaviour observed in YAC128 HD animals, WT and YAC128 animals along with YAC transgenic
animals expressing a variant of mutant huntingtin that is resistant to cleavage at residue 586 (C6R) were
subjected to the forced swim test and their sucrose consumption was measured at 3-4 months of age. (A)
In the forced swim test, YAC128 animals spent a significantly longer time in an immobile state compared
to wildtype animals (P=0.005). In contrast, no significant difference in immobility between C6R and
wildtype animals was observed (P=0.871). Furthermore, C6R animals spent significantly less time in an
immobile state compared to YAC128 animals (P=0.035). (B) YAC128 animals consumed significantly less
sucrose per gram of body weight compared to wildtype animals (P=0.010). In contrast, no significant
difference in sucrose intake per gram of body weight between C6R and wildtype animals was observed
(P=0.116). Furthermore, C6R animals consumed significantly more sucrose per gram of body weight
compared to YAC128 animals (P<0.001). Data are represented as means+SEM; * P < 0.05; ** P < 0.01;
*** P <0.001.
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Figure 6.7 Anti-depressant treatment fails to ameliorate the depressive phenotype in the
YAC128 HD animals

To examine whether the depressive behaviour observed can be modulated, YAC128 animals were
treated with the antidepressants. Fluoxetine and imipramine treatment were used in the forced swim test
and sucrose consumption test, respectively, since each is well established as being efficacious in
improving the depressive phenotype in the respective test. (A) YAC128 animals were treated with saline
or 20mg/kg of fluoxetine intraperitoneally, daily for 21 days, and subjected to the forced swim test.
Treatment of YAC128 animals with fluoxetine failed to decrease immobility time compared to saline-
treated animals (P=0.544). (B) YAC128 animals were treated with saline or 10mg/kg of imipramine b.i.d.
intraperitoneally, daily for 21 days and their sucrose consumption was measured after 7, 14, and 21 days
of treatment. There was no significant difference between saline- and imipramine-treated YAC128
animals in sucrose intake at any of the time points. Data are represented as meanstSEM; n=9 for (A), 5
for (B). n.s.=no significant difference.
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Figure 6.8 Time-course of behavioural and neuropathological correlates of HD in the
YAC128 animals

YAC128 animals recapitulates several features of human HD including progressive cognitive deficits
starting at 2 months of age, motor dysfunction and depressive behaviour by 3 months of age, followed by
selective neuropathology with striatal atrophy clearly evident by 8 months of age and cortical volume loss
by 12 months of age. Deficits in pre-pulse inhibition are seen at 12 months of age.
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7.Discussion and future directions

The studies performed as part of this thesis employed a number of cellular, behavioural, and
neuropathological measures in the YAC128 mouse model of HD to investigate the modulation of

enhanced susceptibility to excitotoxic stress as a therapeutic approach for HD.

7.1. Excitotoxicity as a therapeutic target in HD

Enhanced susceptibility to excitotoxicity has long been suspected to contribute to the
pathogenesis of HD, and evidence from cellular and animal models of HD continues to
accumulate in support of this hypothesis. Although a number of trials with anti-excitotoxic
agents have failed to show benefit in HD patients, these trials generally suffered from several
limitations. First, whereas the evidence points to enhanced susceptibility to excitotoxic stress
being an early event preceding symptomatic manifestation of the disease, all of the trials
conducted to date were carried out in clearly symptomatic HD patients in whom the continued
contribution of enhanced excitotoxicity to the disease phenotype is unclear. Second, whereas the
evidence suggests that a long duration of treatment would be required for beneficial effects to be
observed, the duration of treatment in many of the trials conducted to date has been relatively
short. Third, the level of inhibition particularly as it relates to NMDA receptors is a critical
factor, with very low doses of NMDA receptor antagonists being potentially of no benefit due to
inadequate levels of inhibition, and high doses of NMDA receptor antagonists being of either no

benefit or even detrimental due to excessive inhibition of NMDA receptor activity.

In light of these considerations, the use of rodent models of HD, such as YAC128 HD animals,
has allowed for better interrogation of the potential role of excitotoxicity in HD and its

amenability to therapeutic intervention. Specifically, it has allowed us to address whether early
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and long-term treatment of YAC128 HD animals with compounds that target excitotoxicity can
ameliorate the motor and neuropathological symptoms, and to examine dosage effects of

compounds.

Furthermore, the use of the YAC128 HD mice has allowed us to address whether the different
cellular pathways implicated in excitotoxic cell death are equally useful as targets for
ameliorating the behavioural and neuropathological deficits of YAC128 HD mice. Moreover, the
use of YAC128 HD mice has allowed us to examine whether a treatment that combines
compounds targeting different cellular pathways can provide additional benefit than see by

targeting a single pathway alone.

While these studies provide considerable novel information on the relative contribution of select
cellular pathways and the potential utility of compounds targeting these pathways as treatment in
HD, much remains to be explored. For example, would the compounds examined in this study
result in similar effects in other rodent models of HD? Examining the effects of compounds that
provided beneficial outcome in the present studies, such as memantine, in other mouse or rat
models of HD would inform on the robustness of the findings and provide further support for
their potential beneficial effects in HD. Also, continuing studies examining the pathogenic
mechanisms contributing to the disease will help provide a better understanding of the
mechanism of action of the compounds employed as well as result in additional candidate targets

of potential therapeutic relevance.

7.1.1. Therapeutic targets in HD: NMDA receptors
Our trial of memantine in the YAC128 HD mice suggests that enhanced susceptibility to

excitotoxic stress as mediated by excessive NMDA receptor activity is likely to contribute to HD
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and that early therapeutic intervention may be able to ameliorate the disease phenotype, with

both improvements in motor function and prevention of neuropathological deficits.

That treatment with memantine led to improvements in motor function and rescue of striatal
pathology in the YAC128 HD animals is unique. Indeed, of 20 compounds tested thus far in
YACI128 HD mice, only memantine has been found to result in late improve of motor
dysfunction and rescue of neuropathological deficits. Of the compounds tested to date, treatment
with cystamine, an inhibitor transglutaminase activity, prevented the striatal neuropathology but
failed to improve motor function (Van Raamsdonk et al., 2005a), whereas treatment with Ethyl-
EPA, a precursor of the omega-3 fatty acid EPA with presumed neuroprotective properties,
improved motor function but failed to rescue striatal pathology (Van Raamsdonk et al., 2005b) in
YAC128 HD mice. All other compounds tested failed to improve motor function or striatal
neuropathology. These findings are encouraging and point to the potential use of memantine as a

treatment in HD.

Evaluation of memantine in other animal models of HD would inform on the robustness of the
findings in the present study. Indeed, demonstration of improvements in motor function and
rescue of striatal pathology in other rodent models of HD expressing HD transgenes with
different CAG sizes and with different transgene integration loci would provide further evidence

of the potential beneficial effects of memantine in HD.

Unlike the trial of arimoclomol in YAC128 HD mice, in this study surrogates of target
engagement were examined prior to the initiation of the long-term trial. Protection against
NMDA receptor-mediated cell death by memantine treatment in MSNs ex vivo as well as in
acute striatal lesioning studies in vivo was demonstrated, supporting inhibition of NMDA

receptor by memantine in treated animals. Although direct demonstration of target engagement
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in vivo, such as may be accomplished with PET ligand studies for example, would be ideal, in
the absence of such a possibility the use of surrogate markers of target engagement may be

adequate.

In this study, treatment with memantine was started at 2 months of age, before the onset of motor
dysfunction. Recent studies in YAC128 HD mice suggest that enhanced susceptibility to
excitotoxic stress is an early phenomenon, with its contribution to disease likely becoming less
prominent with disease progression (Graham et al., 2009). As such, treatments aimed at
ameliorating the enhanced susceptibility to excitotoxic stress are likely to have a more significant
impact on disease phenotype when administered early in the disease, with treatment at the
symptomatic stage likely becoming of diminishing value. To assess this possibility, future
studies may examine the effect of treatment with memantine of symptomatic animals at more
advance ages than used in the current studies (i.e. start of treatment at 6-7 months of age

compared to the 2 months of age start point used in this study).

The present study of memantine also highlights the importance of dosage as a parameter
requiring particular consideration in advancing memantine as a treatment for HD. Indeed,
whereas low-dose memantine, which predominantly blocks extrasynaptic NMDA receptor
activity, is protective, a high-dose of memantine, which blocks both synaptic and extrasynaptic
NMDA receptors, had no effect on motor function and led to worsening of the striatal pathology
in YAC128 HD mice. Establishing a surrogate marker that allows for the gauging of the extent
of inhibition of synaptic versus extrasynaptic NMDA receptors will, therefore, be of great value

in guiding dosage selection and the development of memantine as a treatment for HD patients.
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7.1.2. Therapeutic targets in HD: mitochondrial viability/function

We evaluated the therapeutic potential of rasagiline in the YAC128 HD mice. Our choice of
rasagiline was based on demonstrations of its neuroprotective properties in the face of neuronal
stress paradigms, particularly, its effects in stabilizing the mitochondrial membrane potential and
its prevention of the induction of mitochondrial permeability transition pore in response to
cellular insults. Similar to our study with memantine, prior to the initiation of the long-term
treatment trial in YAC128 HD animals, we first demonstrated that treatment with rasagiline
protects against neurotoxicity in cultured MSNs ex vivo, and is neuroprotective in acute striatal
lesioning models in vivo. These studies served as surrogates of rasagiline’s likely ability to

protect against the enhanced susceptibility to excitotoxic stress in YAC128 HD mice.

Although rasagiline has MAOB inhibitory activity, its neuroprotective properties are largely
attributed to its propargyl moiety and are thought to be independent of its inhibition of MAOB.
This conclusion is based on studies examining its optical isomer TV-1022, which exhibits 1000x
less MAOB inhibitory activity, yet possesses neuroprotective properties equivalent to those of
rasagiline. Whether the improvements observed following rasagiline treatment in YAC128 HD
are indeed independent of MAOB inhibition remains to be determined, and future studies may

address this at least partly by examining the effects of TV-1022 in YAC128 HD animals.

Furthermore, while numerous studies have demonstrated the effects of rasagiline treatment on
mitochondrial function and its response to stress, these effects have not been assessed directly in
the YAC128 HD mice as part of this study. Verification that the presumed targets of rasagiline
action, such as Bcl-2, FAS, and Bcl-xL expression, PKC activation, and reduced mPT induction
following stress have indeed been engaged in MSNs of treated YAC128 HD animals will be

important as part of future follow-up studies.
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Also, a more detailed examination of rasagiline dosage effects may be warranted. Indeed, while
treatment with a dose of 0.1 mg/kg of rasagiline resulted in clear improvements in motor
function in YAC128 HD mice, a dose of 1 mg/kg of rasagiline resulted in no improvements in
YAC128 HD mice, with a trend toward potentially detrimental effects in WT animals. Thus,
evaluation of doses lower than 0.1 mg/kg may help inform on the minimum efficacious dose in

YAC128 HD animals.

Finally, whether the benefit conferred by rasagiline treatment on motor function reflects disease
modifying or simply symptomatic effects awaits further examination. Assessment of motor
function following a washout period that would allow clearance of the compound from the body
would be informative in this regard. Continued improvements in motor function following
washout would support that the improved motor function in rasagiline-treated animals reflects
disease-modifying effects. Similarly, future studies may examine whether treatment with
rasagiline after onset of motor dysfunction (e.g. start of treatment at 6-7 months of age) can lead

to slowing or reversal of disease progression.

7.1.3. Therapeutic targets in HD: combination therapy

To date, a range of mutant htt-mediated molecular disturbances have been identified in HD.
Despite considerable evidence implicating excitotoxicity in HD, its primacy as a target remains
uncertain. The relative importance of the different excitotoxicity-related cellular targets is
similarly unclear. Given the multiplicity of targets implicated in HD, and the challenge in
determining their relative contribution to disease pathogenesis, the likelihood that modulation of
any single target is going to yield marked or complete amelioration of the symptoms of HD is
small. Targeting of multiple pathways implicated in HD using combination therapy may be

helpful in this regard.
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Our findings from the memantine and rasagiline combination study serve to support this
proposition. Whereas treatment with memantine ameliorated the striatal neuropathology and
resulted in motor function improvements late in the disease phenotype, and treatment with
rasagiline resulted in early improvements in motor function but no effect on striatal
neuropathology, treatment with memantine and rasagiline in combination led to early and

sustained improvements in motor function and rescue of striatal pathology in the YAC128 HD.

7.1.4. Therapeutic targets in HD: heat shock proteins

Increased expression, and therefore activity, of heat shock proteins, such as HSP-70, has been
shown to protect against excitotoxicity (Dedeoglu et al., 2002) and to be neuroprotective in
different models of polyglutamine-mediated toxicity (Fujikake et al., 2008; Fujimoto et al., 2005;
Katsuno et al., 2005; Perrin et al., 2007; Vacher et al., 2005; Zhang and Sarge, 2007). We
hypothesized that increase heat shock protein expression would similarly combat excitotoxic
stress and ameliorate the phenotype in the YAC128 HD mice. Our trial of arimoclomol, a
compound shown previously to increase the expression of heat shock proteins by enhancing the
activation of the heat shock protein-inducing factor Hsf-1, has been inconclusive in evaluating
this hypothesis in the YAC128 HD mice. Acute and sub-chronic treatment with arimoclomol
failed to protect against QA-mediated excitotoxic striatal lesioning. Furthermore chronic
treatment with arimoclomol did not improve the motor function or rescue striatal pathology in
YAC128 HD mice. That arimoclomol failed to improve the phenotype of YAC128 HD mice
likely reflects the lack of expected induction of heat shock proteins following arimoclomol
treatment. This may, in turn, be the result of the different dose used (80 mg/kg in this study vs.

10 mg/kg in other rodent studies (Kalmar et al., 2008; Kieran et al., 2004)), the different route of
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administration (p.o. in this study vs. i.p. other rodent studies (Kalmar et al., 2008; Kieran et al.,

2004)), or both.

The lack of up-regulation of a heat shock protein response, as represented by a lack of increase in
Hsp90 and Hsp70 expression following arimoclomol treatment in YAC128 HD mice, represents
a major caveat of this study. Indeed, the potential therapeutic benefit of up-regulating the heat
shock protein response in HD remains unclear. Future studies with arimoclomol specifically and
heat shock protein inducers in general will be well served by setting heat shock protein induction
following short-term treatment as a requirement for continued long-term evaluation in mouse
models of HD. Finally, compounds such as geranylgeranylacetone (GGA), a nontoxic antiulcer
drug, have been shown to potently up-regulate expression of heat shock proteins including
Hsp70, Hsp90, and Hsp105 in various tissues, including the CNS (Katsuno et al., 2005), and are

potential candidates as alternative heat shock response inducers for trial in mouse models of HD.

7.1.5. Therapeutic targets in HD: metabotropic glutamate receptors

Group I metabotropic glutamate receptor 5 (mGluRS5) represents a potential excitotoxicity-
related target for therapeutic intervention. Several lines of evidence support this proposition.
First, mGluRS5 receptors are preferentially expressed in the striatal projection neurons selectively
lost in HD compared to the spared interneurons (Kerner et al., 1997; Tallaksen-Greene et al.,
1998). Second, mGIluRS5 receptor activation results in marked enhancement of NMDA-induced
membrane depolarization and intracellular Ca®" accumulation in striatal neurons (Calabresi et al.,
1999; Pisani et al., 2001), an effect that is prevented by treatment with the mGIluR5 antagonist
MPEP. Importantly, the enhancement in NMDA-induced currents is not observed in the large
aspiny interneurons spared in HD (Calabresi et al., 1999). Finally, inhibition of mGluR5

signaling using selective non-competitive antagonists of mGIluRS is neuroprotective against
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NMDA -mediated excitotoxicity both in neuronal cultures in vitro and in acute striatal
excitotoxicity paradigms in vivo (e.g. QA-mediated striatal lesioning) (Bruno et al., 2000;

Orlando et al., 2001; Popoli et al., 2004).

Furthermore, mGIuR5 receptors are known to contribute to increased cytosolic Ca*" levels and
dysregulated intracellular calcium homeostasis through phospholipase C (PLC)-mediated
generation of InsPs and the activation of ER-bound InsP;R; receptors. Mutant htt has been
shown to sensitize InsP3R; receptor to activation by InsP; and facilitate ER Ca’' release in
response to sub-threshold concentrations of mGluRS5 agonists, effects that lead to enhanced
glutamate-induced excitotoxicity and which are not observed with wildtype htt (Tang et al.,
2003). Moreover, treatment of MSNs with the InsP;R; blockers 2-APB and enoxaparin conferred

protection against glutamate-induced excitotoxicity.

Although beyond the scope of the studies constituting this thesis, these observations nominate
mGIluRS5 receptors as worthy of further investigation as an excitotoxicity-related therapeutic

target in HD.

7.1.6. Therapeutic targets in HD: glutamate reuptake/glutamate transporters

Removal of extracellular glutamate following its release is critical to the maintenance of its
physiological levels and to appropriate signaling through its receptors. The glutamate
transporters GLT-1 (glutamate transporter-1) and GLAST (glutamate aspartate transporter),
expressed in astrocytes, are the primary mediators of glutamate removal, and disturbances in
their functioning may contribute to enhanced excitotoxicity and neuronal degeneration. Indeed,
disturbances in glutamate transport have been implicated in a number of degenerative disorders.
Expression of ataxin-7, the polyglutamine-containing protein underlying spinocerebellar ataxia

type 7 (SCA7) disorder in cerebellar Bergmann glial cells results in significant decreases in
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mRNA and protein levels of GLAST, an effect that likely contributes to the disease pathology
(Custer et al., 2006). Similarly, striatal and cortical expression of GLT-1 mRNA expression is
significantly decreased in R6/2 animals expressing exon 1 of mutant htt, an effect that is
associated with decrease glutamate uptake and is likely to contribute to disease pathogenesis
(Behrens et al., 2002; Estrada-Sanchez et al., 2009). Similar down-regulation of astrocytic GLT-
1 expression has also been observed in tissues from ALS patients (Rothstein et al., 1995) and in

animal models of ALS (Bruijn et al., 1997).

It is, therefore, possible that enhancing the removal of glutamate by increasing the expression or
activity of glutamate transporters may mitigate the increased susceptibility to excitotoxic stress
that results from excessive NMDA receptor activation in HD. This approach has been shown to
be possible in a model of ischemic injury in vitro as well as in an animal model of ALS, where
treatment with the B-lactam ceftriaxone resulted in increased expression of GLT-1 and conferred
neuroprotection (Rothstein et al., 2005). Thus, evaluation of strategies aimed at enhancing
glutamate re-uptake by up-regulating the expression or activity of GLT-1 or GLAST as a

therapeutic approach in HD is worthy of consideration for future studies.

7.2. Considerations for clinical trials in HD

The preclinical trials conducted as part of this thesis were designed to assess neuroprotection and
modification of the underlying disease process. The use of inbred mouse strains and the
availability of robust, progressive, and longitudinal behavioural and biochemical endpoints
makes the assessment of any potential “disease-modifying” effects of such compounds in rodents
possible. However, validating such disease-modifying effects in HD patients poses particular

challenges.
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Patient population. Neuroprotective compounds are generally thought to provide the greatest
benefit when acting very early on in the disease process, well before the onset of profound
symptoms. As such, the choice of an appropriate population of HD gene carriers to treat in such
a trial becomes critical (i.e pre-manifest, close to onset, early symptomatic, mid-stage
symptomatic, or late stage HD?). In the case of pre-manifest HD gene carriers, the slow
progressive nature of the disease has made the development of longitudinal measures that
demonstrate progression over a relatively short period of time (i.e. 1 year period) difficult. This
difficulty is further exacerbated by the heterogeneity in disease progression that relates to
differences in CAG repeat size between subjects (Aziz et al., 2009). Given the dearth of such
measures, efforts are underway to establish sensitive and reliable biomarkers for longitudinal

detection of progression in pre-manifest and early HD (Tabrizi et al., 2009).

Duration of treatment. Given the slow progression of the disease, another consideration in
conducting a clinical trial in HD is the duration of treatment. Trial designs that incorporate
extended treatment durations may be necessary for significant improvement and slowing of

disease progression to be observed.

Choice of endpoints. The choice of primary and secondary endpoints is an important factor and
will need to reflect the mode of action of the compound under investigation as well as the
expected outcome. For example, NMDA receptor activity is critical to learning and memory and
compounds that target NMDA receptor activity, such as memantine, have been shown to
influence cognition in human dementia trials. Incorporation of cognitive function measures may,
therefore, be appropriate for the assessment of such compounds in HD. Additional endpoints that
may provide an objective assessment protective effects are brain imaging biomarkers. For such

modalities, the choice of imaging approaches that provide structural measures, such as brain
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volumetric changes assessed by magnetic resonance imaging, compared to those that provide
functional measures, such as levels of neuronal metabolites by magnetic resonance spectroscopy,

will need further consideration.

Statistical considerations. The slow progression of the disease, coupled with the heterogeneity
in the rates of progression between patients with different CAG sizes, makes the expected effect
sizes modest and the likely variability large. As such, appropriate statistical considerations in the

design of trials and adequate powering will become crucial for detection of treatment effects.

Dosage and verification of target engagement. As illustrated by the memantine study in
YACI128 HD animals, appropriate dosage is an important consideration in conducting a
meaningful trial in HD patients. The translation of dosage information from rodents to patients in
HD is an area that needs further exploration. In this context, the development of surrogate
markers for in vivo engagement of the target of interest becomes not only important for

validation of its involvement, but may also help in gauging the appropriate dosage.

7.3. Depressive behaviour in YAC128 HD animals
Our findings from the study of depressive-like phenotype in YAC128 HD animals suggests that

the depressive symptoms in HD patients is likely to be, at least in part, the result of mutant htt-
related neurobiological effects and not simply a reflection of the psychosocial milieu of HD
patients. Consistent with observations in HD patients with depression, the depressive phenotype

in YAC transgenic animals expressing mutant htt is both age- and CAG size-independent.

The FST as a test of depressive behaviour has been employed routinely in the past in the
screening of compounds with antidepressant activities, as it is readily amenable to automation
with computer-based video scoring of behaviour (Crowley et al., 2004; Petit-Demouliere et al.,

2005). Given that the depressive phenotype is detected in YAC transgenic animals as early as 3
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months of age using the FST, the FST in YAC128 HD mice may be used to screen for anti-

depressant compounds that may be of benefit for depression in HD.

In our study, treatment with a selective serotonin reuptake inhibitor, fluoxetine, or a tricyclic
antidepressant, imipramine, failed to improve the depressive symptoms of YAC128 HD animals.
This mirrors the considerable variability in responsiveness to anti-depressant treatment in HD
patients (Leroi and Michalon, 1998). To date, no definitive trial of antidepressant treatment in
HD has been conducted, and efforts to ameliorate the depressive symptoms in HD would benefit

from such trials.

7.3.1. Development of additional endpoints for trials in HD

Motor deficits and psychiatric disturbances are prominent features of HD, and clear and robust
endpoints have been developed to assess these features in YAC128 mouse model of HD.
However, a primary complaint of HD patients relates to cognitive dysfunction, and further
development of robust assays that provide reliable assessment of cognitive function in YAC128
HD mice will be of great importance in identifying potential pharmacological interventions that

may benefit this domain of function.

Although numerous assays of cognitive function in rodents have been developed to date, a key
consideration in selecting ones for examination in the YAC128 HD mice is suitability for use in
drug screening. Two such assays that allow for higher thoughput testing are the novel object
recognition and trace fear conditioning tests of cognitive function. Fear conditioning is a test that
has been widely applied to measure an animal’s ability to learn and associate neutral cue or
context and an aversive stimulus, such as an electric shock. Deficits in fear conditioning may be

indicative of cognitive dysfunction (Maren, 2001).
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The novel object recognition assay is a one-trial test of memory that utilizes a rodent’s innate
tendency to explore novel objects in their environment (Ennaceur and Delacour, 1988). In this
task, the animals are first presented with two identical objects and allowed to explore them
freely. One of the objects is then switched and the amount of time the animal spends exploring
the objects in this second testing session. Normal animals will preferentially explore the novel
object, indicative of memory for the familiar object, whereas animals with memory deficits will

do so to a lesser extent.

Given the known differences in the amenability of different mouse strains to tests of cognitive
function, determining the optimal background strain for cognitive tests of most relevance to HD

(e.g. corticostriatally-dependent functions) will be of utmost importance.

7.4. Conclusions

The studies performed as part of this thesis support the targeting of excitotoxicity, and in
particular extrasynaptic NMDA receptors, as a potential therapeutic approach for the treatment
of HD. Indeed, an international effort is currently underway to consider the trial of memantine as
a therapy for HD. The findings warrant further studies into the excitotoxic process and improved

approaches to combat it as a therapeutic strategy in HD.
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Regulation of body weight: Hypothalamic mediators and their peripheral targets

Unfunded Research

Animal Model of Huntington's Disease

Donations for Health Science Research

Family Donations

Merck Frosst Canada Inc.

Genetics of Apoptosis and Neurodegeneration
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Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Funding
Agency:

Funding Title:

Huntington's Disease Society of America

Proteolytic cleavage and the pathogenesis of Huntington's Disease

Canadian Institutes of Health Research (CIHR)

The development and use of YAC transgenic mice to explore the pathogenesis of
Huntington disease

Huntington's Disease Society of America

Neuroprotective Roles of Wild Type Huntington

Huntington's Disease Society of America

Assessment of in vivo caspase inhibition on the pathogenesis of Huntington
disease in YAC transgenic mice

Huntington's Disease Society of America

Proteolytic Cleavage and the Pathogenesis of Huntingtons Disease

Huntington's Disease Society of America

Huntingtin Function

Huntington's Disease Society of America

Neuroprotective role of wild-type Huntingtin

High Q Foundation

TREAT-HD: Translational Research on Excitotoxicity to Accelerate Therapies
for Huntington's Disease

Canadian Institutes of Health Research (CIHR)

Phosphorylation of Hungtington on Serine 421 (pS421) by AKT: its role in the
pathogenesis of HD

British Columbia Research Institute for Children and Women's Health

The role and modulation of glutamate regulated (mGluR5/InsP3R1) huntington
toxicity in Huntington's Disease
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Funding
Agency:
Funding Title:  FIND: Fundamental innovation in neurodegenerative diseases

Michael Smith Foundation for Health Research

Funding Huntington's Disease Society of America

Agency:

Funding Title:  Neuroprotective roles of wild type Huntington

Funding Huntington's Disease Society of America

Agency:

Funding Title:  Huntingtin Proteolysis and Posttranslational Modification
Funding . .

Agency: High Q Foundation

Funding Title: HDSA Coalition for the Cure / TREAT HD

Unfunded title: n/a

The Animal Care Committee has examined and approved the use of animals for the
above experimental project.

This certificate is valid for one year from the above start or approval date (whichever is later)
provided there is no change in the experimental procedures. Annual review is required by the CCAC
and some granting agencies.

A copy of this certificate must be displayed in your animal facility.

Office of Research Services and Administration
102, 6190 Agronomy Road, Vancouver, BC V6T 1Z3
Phone: 604-827-5111 Fax: 604-822-5093
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