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Abstract

The prognosis for patients with the genetic neurological disorder Huntington’s disease (HD) is
incredibly poor. HD onsets in midlife, causes a variety of severe and debilitating symptoms,
progresses over 10-15 years, and always leads to death. There are currently no treatments that
can slow the progression of the disease in any way. Thus, there is tremendous need to discover
new therapeutic approaches that can slow or halt disease progression and thereby improve
quality of life for patients. In the studies presented here, | characterized the roles of
glucocorticoids and the anterior cingulate cortex in HD symptomology, with the overarching goal
of assessing the suitability of these two systems as possible points of therapeutic intervention for
HD. In Chapter 2, | verified that the R6/2 mouse HD model has elevated glucocorticoid levels, and
demonstrated that chronically elevated glucocorticoid levels worsens HD symptomology in this
model by exacerbating weight loss and shortening lifespan. In Chapter 3, | further demonstrated
that not only do elevated glucorticoid contribute to HD symptomology, but that normalizing
glucocorticoids to wild-type levels in R6/2 mice attenuates HD metabolic symptomology and
neuropathology. In Chapter 4, | assessed the role of the anterior cingulate cortex (ACC) in HD
mood symptoms. Here, | tested the hypothesis that reducing mHTT expression in the ACC in the
BACHD mouse model of HD would reduce depressive- and anxiety-like behavior. These data show
that reducing mHTT expression in the ACC leads to a reduction in depressive-like symptomology
but has no effect on anxiety-like symptoms, thus confirming that mHTT toxicity in the ACC is causal
to some HD mood symptomology. Accordingly, the findings from this dissertation confirm that
both of these pathophysiological systems, elevated glucocorticoids and mHTT toxicity in the ACC,
do directly contribute to HD symptomology and that ameliorating pathology in these systems

could possibly lead to symptom improvement for patients.



Chapter 1 — Introduction

Huntington’s disease (HD) is a fatal, genetic neurodegenerative disorder. The hallmark
symptom of the disease is Huntington’s chorea, whereby patients show uncontrollable
hyperkinetic movements that become progressively more severe (Huntington Study Group, 1996;
Ross et al., 2014). Although typically conceptualized as a movement disorder, HD patients also
suffer from severe cognitive, psychiatric, and metabolic symptoms (Anderson & Marder, 2001;
Bamford et al., 1995; Kirkwood et al., 2001; Ross et al., 2014; Ross & Tabrizi, 2011; van der Burg
et al., 2009). The disease typically onsets in the 3™ to 4" decade of life, progresses over 15-20
years, and always leads to death (Ross et al., 2014). It is more common in individuals of European

ancestry, with an estimated prevalence of 5.70 per 100,000 (Pringsheim et al., 2012).
1.1 - HD Genetics and Pathology

Although HD had long been known to be a heritable disease, the gene that causes the
disease was not identified until 1993. Linkage analysis studies in the early 1980s first associated
the genetic mutation that causes HD to chromosome 4, although the exact locus remained unclear
(Gusella et al., 1983). Subsequent studies identified the IT15 locus as the disease causing gene,
which was subsequently named the Huntingtin gene (HTT) (Huntington Disease Collaborative
Research Group, 1993). HTT is a large 180kb gene consisting of 67 exons, and in turn codes for a
large 348kd Huntingtin protein (Huntington Disease Collaborative Research Group, 1993). These
authors (1993) further demonstrated that a mutation in exon 1 of the HTT gene, consisting of an
expansion of the naturally occurring DNA bases cytosine-adenine-guanine (CAG) triplet region, is
causal to the HD phenotype (Huntington Disease Collaborative Research Group, 1993). The

mutated allele shows typical Mendelian inheritance and is autosomal dominant - thus a single



mutated copy is sufficient to cause disease. Average CAG repeat length for the wild-type
Huntingtin allele in humans is between 17-20 (Kremer et al., 1994). Alleles with 40 or more
repeats result in a fully penetrant HD phenotype (ACMG/ASHG, 1998). A CAG repeat length of 36-
39 results in incomplete penetrance, with some individuals (but not all) developing mild HD
symptoms later in life (ACMG/ASHG, 1998). Age of onset is inversely proportional to the length of
the CAG repeat, with extremely large expansions resulting in childhood onset (Andrew et al.,
1993). Characterizing the genetics of the disease was a turning point in HD research. It enabled
genetic testing for individuals at risk for carrying the gene (ACMG/ASHG, 1998). It also enabled
the development of transgenic animal models of HD (Chan et al., 2015; Chang et al., 2015;
Mangiarini et al., 1996), which have been indispensable for characterizing the mechanisms that

underlie HD pathology and symptomology, as well as for the development of novel therapeutics.

The HTT gene is expressed ubiquitously, throughout the brain and peripheral tissues,
although it is expressed at highest levels in the brain and testes (Moffitt et al., 2009; Sharp et al.,
1995; Trottier et al., 1995). The function of the wild-type allele is less characterized than the
mutant allele, as developing a better understanding HD pathology has been of particular interest
for researchers. However, the wild-type allele appears to be important for development, as full
knockout of the wild-type allele is embryonic lethal in rodents (Nasir et al., 1995). In adults, the
wild-type allele appears to play an important role in intracellular transport and scaffolding
(Caviston & Holzbaur, 2009; Caviston et al., 2007), synaptic terminal integrity (Sun et al., 2001),
and gene expression (Cattaneo et al., 2005). While there has been interest in whether the HD
mutation leads to disease through a loss of function of the wild-type allele, this seems to largely
not be the case (Ross & Tabrizi, 2011). In fact, the mutated HTT allele does retain some healthy
endogenous function, as individuals that are homozygous for the mHTT allele develop normally

and do not show an earlier age of disease onset relative to heterozygotes (Wexler et al., 1987),



although they do show some worsening of symptomology once the disease onsets (Squitieri et

al., 2003).

Although there isn’t much empirical support for loss of function mechanisms mediating
HD symptomology, there is considerable evidence that the HD mutation leads to disease through
a toxic gain of function (Miller et al., 2010; Ross & Tabrizi, 2011). The polyglutamine expansion in
mHTT protein causes alterations in protein folding and conformation, which results in mHTT
existing in different forms: as soluble misfolded monomers, soluble intermediate sized oligomers,
and large aggregated inclusion bodies (Ross & Tabrizi, 2011). There remains uncertainty over
which species is the most toxic (Todd & Lim, 2013), with particular disagreement over the nature
of inclusion bodies: whether they represent a neuroprotective mechanism by which the cell
inactivates the more toxic soluble species (Arrasate et al., 2004; Miller et al., 2010), or whether
they represent a more toxic mHTT form themselves. Although inclusion formation may offer some
neuroprotective effects for the cell early in the disease process (Arrasate et al., 2004), mHTT-
positive inclusion bodies are indeed toxic — polyglutamine containing aggregates grown in vitro
and introduced into the nucleus of cultured cells, but not the cytosol, leads to dramatic cell death
(Yangetal., 2002). However, consensus in the field seems to be moving more towards the concept
that soluble oligomer species are even more toxic than aggregates or soluble monomers (Arrasate
et al., 2004; Miller et al., 2010; Takahashi et al., 2008), without precluding the idea that aggregates
and monomers still confer a certain amount of toxicity (Nagai et al., 2007; Ross & Tabrizi, 2011;
Todd & Lim, 2013). mHTT protein is altered in many other ways than simply its conformation and
tendency to aggregate. It is proteolytically cleaved into smaller n-terminal fragments of varying
sizes, which contain the mutated polyglutamine expansion, and are also considered to be more
toxic than full length mHTT (Landles et al., 2010; Ratovitski et al., 2009; Schilling et al., 1999;

Schilling et al., 2007). mHTT also undergoes numerous post-translational modifications, including



phosphorylation, acetylation, ubiquitination, and sumolyation, which can have varying effects on
mHTT toxicity, depending on the type and locus of peptide modification (Gu et al., 2009;
Rockabrand et al., 2007; Schilling et al., 2006). Wild-type HTT undergoes palmitoylation, which
enhances membrane association, while mHTT protein loses the capacity for this modification
which in turn results in increased unbound cytosolic levels and increased toxicity (Yanai et al.,
2006). Although many different mechanisms of toxicity have been identified on a molecular level,
the sequence and progression of toxic events have yet to be clearly elucidated (Ross & Tabrizi,
2011). Regardless, there is a clear dose-response relationship between intracellular mHTT levels
and mHTT toxicity (Arrasate et al., 2004; Miller et al., 2010), and this toxicity is further augmented
by the fact that mHTT protein is degradation resistant, which further increases intracellular levels

(Fuetal., 2017; Tsvetkov et al., 2013).

The toxic gain of function of mHTT protein leads to a progressive disruption in numerous
cellular processes, and can eventually lead to cell death. mHTT impairs transcription, broadly (Cui
et al., 2006; Hodges et al., 2006), both through direct interaction with DNA (Benn et al., 2008),
and indirectly by impairing the function of other transcription factors (Nucifora et al., 2001;
Schaffar et al., 2004). One particularly important consequence is the downregulation of the anti-
apoptotic neurotrophic factor BDNF (Zuccato et al., 2001). Mitochondria are also negatively
impacted by mHTT in many ways, including reduced mitochondrial biogenesis (Shirendeb et al.,
2012), direct inhibition of Complex Il and IV of the electron transport chain leading to reduced
ATP levels and impaired cellular metabolism (Benchoua et al., 2006; Damiano et al., 2010; Tabrizi
et al., 2000), and impaired CA++ buffering leading to increased cytosolic levels which in turn
upregulate calpains and thus increase the likelihood of excitotoxic cell death (Milakovic &
Johnson, 2005; Milakovic et al., 2006). Reactive oxygen species are also increased in HD cells, and

thus likely further exacerbate cellular toxicity, elevate CA++ levels, and increase the likelihood of



apoptosis (Damiano et al., 2010; Tabrizi et al., 2000). Cellular trafficking is disrupted by mHTT,
including trafficking of mitochondria to nerve terminals (Shirendeb et al., 2012). There are also
many impairments in proteostasis, including reduced expression of chaperones (Hay et al., 2004),
as well as impairments in the ubiquitin-proteasome system and autophagy (Bence et al., 2001),
leading to increased levels and aberrant folding of mHTT, as well as impaired processing and

degradation of other peptides (Ross & Tabrizi, 2011).

As mHTT expression levels are uniquely high in brain, both neurons and other non-
neuronal cell types are particularly impacted by mHTT toxicity. In living neurons, mHTT toxicity
results in abnormalities in resting membrane potential and capacitance (Cummings et al., 2009;
Klapstein et al., 2001), altered spontaneous currents (EPSCs and IPSCs), increased firing rates
(Cummings et al., 2009; Klapstein et al.,, 2001; Rebec et al., 2006), and alterations in
neurotransmitter synthesis and release (Cepeda et al., 2014) — all of which lead to impaired
neuronal communication (Cepeda et al., 2010). There are also high rates of neuronal cell death
(Vonsattel et al., 1985), for which particular neuronal cell-types are selectively vulnerable (Cowan
& Raymond, 2006; Graveland et al., 1985; Richfield et al., 1995), and which further disrupts
functional circuitry. The medium spiny neurons (MSN) of the striatum are particularly vulnerable
(Ehrlich, 2012), with some patients showing a loss of 95% or more of these neurons by end stages
of disease (Vonsattel et al., 1985). MSNs appear to be more vulnerable than other cell types to
cell-autonomous mHTT toxicity (de Almeida et al., 2002; Desplats et al., 2006; Zala et al., 2005),
outlined above, while at the same time these cells are also at high risk of excitotoxic cell death by
non-cell autonomous mechanisms. These two possible processes have been figuratively described
as either MSN suicide (cell-autonomous mechanisms) or murder (non-cell autonomous
mechanisms) (Ehrlich, 2012) — however it’s likely that these processes work synergistically. MSNs

are highly innervated by cortical glutamatergic projections, as well as dopaminergic projections



from the substantia nigra pars compacta, and in HD there is an increase in release of both
neurotransmitters onto MSNs in HD (Andre et al., 2010; Cepeda et al., 2014; Garrett & Soares-da-
Silva, 1992; Li et al., 2004; Milnerwood et al., 2010). Persistent elevations in glutamate and
dopamine can result in excitotoxicity (Buisson et al., 1992; Garside et al., 1996; Hastings, 2009;
Linden et al., 1987), even in healthy neurons, and mHTT+ cells are even more vulnerable given
their widespread cellular pathology (Andre et al., 2010; Ehrlich, 2012; Jakel & Maragos, 2000; Wu
et al., 2016). Additionally, BDNF, which is released by the cortex to provide neurotrophic support
for MSNs, is downregulated in HD and thus renders these cells even more vulnerable (Canals et
al., 2004; Xie et al., 2010). In addition to direct mHTT induced pathology in neurons and neuronal
circuits, mHTT is also expressed in astrocytes and other non-neuronal cell types, further disturbing

cellular homeostasis throughout the brain (J. Bradford et al., 2010; J. W. Bradford et al., 2010).

Gross neuropathological analysis of the HD brain indicates that there are regional
reductions in brain volume, dramatic neuronal cell loss, the presence of mHTT inclusion bodies,
as well as markers of inflammation such as astrogliosis and microglial activation and proliferation
(Rub et al., 2015; Sapp et al., 2001; Vonsattel et al., 1985). In addition to dramatic reductions in
striatal volume related to MSN cell loss, the rest of the basal ganglia also show particularly severe
degeneration (Glass et al., 2000; Vonsattel et al., 1985). The cortex also shows loss of pyramidal
cells and GABAergic interneurons, although there is heterogeneity in patients with respect to
specific cortical regions that are affected (Heinsen et al., 1994; Kim et al., 2014; Thu et al., 2010).
While the basal ganglia and cortex are most affected, many other regions show significant
pathology and cell loss, including the hypothalamus (Gabery et al., 2010; Soneson et al., 2010;
Timmers et al., 1996), cerebellum (Rodda, 1981; Rub et al., 2013), hippocampus (Rosas et al.,
2003; Spargo et al., 1993), amygdala (Kipps et al., 2007; Rosas et al., 2003), and brainstem nuclei

(Zweig et al., 1992). Patients also show neuroendocrine changes (Saleh et al., 2009) and



autonomic nervous system hyperactivity (Andrich et al., 2002; Aziz et al., 2010; Bar et al., 2008).
Although lower than in brain, mHTT is also expressed in peripheral cells and tissues leading to
significant pathology in muscle, bone, the digestive system, and other tissues (Goodman & Barker,
2011; Luthi-Carter et al., 2002; Magnusson-Lind et al., 2014; Moffitt et al., 2009; Phan et al., 2009;

van der Burg et al., 2009).
1.2 - HD Clinical Symptomology

HD symptoms are an emergent property of widespread mHTT induced impairment in
neuronal and non-neuronal cell types, including progressive cell loss throughout the brain and
periphery. As cellular level pathology varies widely between different cell types and tissues, some
systems are more affected than others. The net result is a variety of progressive and severe
symptoms, which can be somewhat idiosyncratic to individual patients (Kim et al., 2014; Thu et
al., 2010), and that largely fall into four domains: motor, cognitive, psychiatric, and
metabolic/peripheral (Anderson & Marder, 2001; Harrington et al., 2014; Huntington Study
Group, 1996; Kirkwood et al., 2001; Nehl & Paulsen, 2004; Petersen & Bjorkqvist, 2006; Ross et
al., 2014; van der Burg et al., 2009). While HD is often characterized primarily as a movement
disorder, other non-motor symptom domains are also quite severe and may have an even more
deleterious impact on quality of life (Anderson & Marder, 2001; Ho et al., 2009). Disease onset is
clinically defined as the onset of motor symptoms (Huntington Study Group, 1996), which tends
to occur in the 4" decade of life (Aziz et al., 2012; Ross et al., 2014). Disease progression is typically
characterized as five disease stages, reflecting increasing loss of function and symptom severity
(See Figure 1.1) (Huntington Study Group, 1996; Ross et al., 2014; Shoulson & Fahn, 1979),
although some non-motor ‘premanifest symptoms’ are present before the onset of motor

symptoms (Duff et al., 2007; Kirkwood et al., 2001; Paulsen et al., 2008). Systems-level
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Figure 1.1 — Timecourse of Symptom Progression in Huntington’s Disease. Clinical onset of
Huntington’s disease (HD) is defined by the onset of chorea in midlife (average age of onset
is 45). Symptomology across all domains is progressive and increasing clinical stages are
defined by increasing symptom severity, decreasing functional capacity, and ultimately
death. Both cognitive and mood (depression/anxiety) symptoms first appear in the
prodromal stage, before the onset of chorea. Mood symptom prevalence and severity
increase into clinical stages 1 and 2, then attenuate slightly. Cognitive symptoms are
progressive throughout disease progression. Weight loss and a progressive increase in
cortisol begins in mid-stages and worsens through end stage. Adapted and modified from
Ross et al., 2014; Kirkwood et al., 2001; and Bjorkquist et al. 2006a.



mechanisms that underlie motor symptoms are rather well characterized, while those that

underlie HD cognitive, psychiatric, and metabolic symptom domains are less understood.

HD patients show a variety of severe motor symptoms, initially involving hyperkinetic and
uncontrollable motor movements called chorea (Berardelli et al., 1999; Thompson et al., 1988),
which worsen with time. Patients also suffer from other motor symptoms including a loss of fine
motor skills, postural changes, irregular gait and difficulty walking, muscle weakness, difficulty
chewing and swallowing, and respiratory difficulties (Berardelli et al., 1999; Kirkwood et al., 2001;
Reyes et al., 2014; Ross et al., 2014; Thompson et al., 1988; Trejo et al., 2004). Towards late stages
of the disease, hyperkinetic movements attenuate, and patients instead begin to show a
hypokinetic phenotype, which includes dystonia, rigidity, bradykinesia, and a difficulty in initiating
movement (Berardelli et al., 1999; Hefter et al., 1987; Kirkwood et al., 2001; van Vugt et al., 1996).
Pathophysiological mechanisms that underlie these motor symptoms are well described.
Hyperkinetic choreiform movements likely reflect a disinhibited striatum, mediated by
preferential early loss of D2+ striatal indirect pathway MSNs (Albin et al., 1992; Deng et al., 2004;
Galvan et al., 2012). Elevated dopaminergic input into the striatum also contributes, and
medications that reduce dopaminergic input (e.g. Tetrabenazine, a VMAT2 inhibitor) reduce
chorea (Cepeda et al., 2014; Garrett & Soares-da-Silva, 1992). The motor cortex is also impacted
in HD, and more severe pathology there is associated with more severe motor symptoms (Thu et
al., 2010). In later stages, loss of D1+ direct pathway becomes more severe, and likely contributes

to the hypokinetic phenotype (Deng et al., 2004; Galvan et al., 2012).

HD patients show a variety of severe and progressive cognitive deficits, often before the
onset of motor symptoms (Snowden et al., 2002; Stout et al., 2011; Tabrizi et al., 2011). During
the premanifest stages a variety of deficits emerge, including impairments in emotional
recognition, psychomotor speed, and executive function (Snowden et al., 2002; Snowden et al.,

10



2015; Unmack Larsen et al., 2015). Executive function is particularly impaired, with patients
showing deficits in working memory, complex cognitive set-shifting tasks, as well as difficulty in
everyday cognitive abilities such as goal planning, decision making, and sustaining attention
(Dumas et al., 2013; Lawrence et al., 1996; Snowden et al., 2002; You et al., 2014). Patients often
become cognitively disinhibited as the disease progresses, another type of executive function
impairment, resulting in a variety of impulsive and unwanted behavioral actions (Johnson et al.,
2017). Executive function is largely mediated by interconnected frontal cortex and basal ganglia
circuitry, and thus it is no surprise that these deficits are so severe in HD (Elliott, 2003; Heyder et
al., 2004; Joel, 2001). Indeed, many imaging studies have confirmed that frontal-corticostriatal
abnormalities in HD corresponds to the severity of executive function deficits for patients
(Bamford et al., 1995; Joel, 2001; Lawrence et al., 1998; Tabrizi et al., 2011). In later disease stages,
patients also show more global cognitive deficits, sometimes described as dementia, including
general deficits in memory and reduced measures of intelligence (Dumas et al., 2013; Peavy et

al., 2010; Snowden et al., 2015).

The most deleterious symptoms for many HD patients, with respect to quality of life, are
psychiatric symptoms and personality changes (Anderson & Marder, 2001; Ho et al., 2009). Of the
four HD symptom clusters, the mechanisms that underlie psychiatric symptoms in HD are the
most poorly understood. Patients show increased levels of aggression and irritability, and
paradoxically, feelings of apathy are also quite common (Anderson & Marder, 2001; Paulsen et
al., 2001; van Duijn et al., 2010). Depression and anxiety are particularly prevalent in HD
populations (See section 1.4 below for a more comprehensive review) (Paulsen et al., 2005;
Paulsen et al., 2001; van Duijn et al., 2010), and lead to a significant reduction in quality of life (Ho
et al., 2009). Suicide rates are particularly high in HD: approximately 27% attempt suicide, and 3-

7% complete it (Anderson & Marder, 2001; Farrer, 1986). There is overlap with some cognitive
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domains here, as increased impulsivity and emotional recognition can also interact with other
aspects of psychopathology. For instance, it is postulated that increases in impulsivity may
contribute to high rates of suicide in HD, in combination with depressive symptoms (Novak &
Tabrizi, 2010). Some patients also show obsessive or compulsive symptoms, although they don’t
necessarily meet full DSM criteria for Obsessive Compulsive Disorder (Anderson & Marder, 2001;
Marder et al., 2000). Although rare, some HD patients also show psychotic symptoms (Paulsen et

al., 2001).

The fourth HD symptom domain is a heterogeneous grouping of symptomology relating
to peripheral tissue pathology and whole body metabolic disturbance (Reviewed by van der Burg
et al., 2009). The best characterized of these symptoms is a metabolic phenotype, in which
patients show progressive weight loss. Patients are in a state of negative energy balance (Gaba et
al., 2005; Goodman et al., 2008), showing weight loss in spite of spontaneously increased hunger
and caloric intake (Trejo et al., 2004), although further caloric supplementation can help to slow
weight-loss (Trejo et al., 2005). There is an increase in sedentary energy expenditure in patients
(Pratley et al., 2000), suggesting that this state of negative energy balance is not simply due to the
hyperkinetic movement phenotype, but perhaps due to a generalizable metabolic defect such as
MHTT induced mitochondrial dysfunction (Damiano et al., 2010). However, there is evidence
energy expenditure can be further worsened by hyperkinetic movements (Gaba et al., 2005). In
addition to weight loss, patients also show severe skeletal muscle wasting. Cardiac muscle also
shows pathology (Mihm et al., 2007), and there appears to be an increased incidence of heart
disease in patients (Lanska et al., 1988; van der Burg et al., 2009). Patients have reduced bone
mineral density (osteoporosis) (Goodman & Barker, 2011), and also have higher rates of Type-lI
diabetes. Pathology has been documented throughout the digestive system, including the

stomach, pancreas, and liver, although the consequences of that pathology on healthy function
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(e.g. nutrient breakdown, absorption, and metabolic regulation) is poorly characterized in human

patients.

Many of these metabolic/peripheral symptoms are likely multifactorial, resulting from a
mixture of mHTT mediated pathological mechanisms, including: CNS pathology, neuroendocrine
disturbance, and the direct consequences of mHTT expression and toxicity in peripheral tissues
themselves. With respect to central (CNS) mechanisms of metabolic dysfunction, the
hypothalamus is a key suspect (Petersen & Bjorkqvist, 2006). Hypothalamic pathology is severe
and occurs early in HD, with volumetric reductions detectible up to 10 years before the onset of
motor symptoms (Soneson et al., 2010), and involving the loss of several neuropeptide cell
populations (Gabery et al., 2010). In particular, there is a dramatic loss of orexin+ neurons, key
central regulators of metabolism (Petersen et al.,, 2005). Additionally, HD patients show
neuroendocrine disturbance — cortisol, growth hormone, and IGF-1 levels are elevated (Saleh et
al., 2009), which are regulated by separate corticotropic and somatotropic hypothalamic-pituitary
axes. Both cortisol and GH levels are negatively correlated with body mass index in HD (Saleh et
al., 2009), suggesting that these hormonal abnormalities may mediate and/or further exacerbate
HD metabolic symptoms. HD patients also have autonomic nervous system abnormalities,
including both sympathetic and parasympathetic nervous system dysfunction (Andrich et al.,
2002; Bar et al., 2008). Although likely driven by central mechanisms, possibly by locus coeruleus
or hypothalamic pathology (Bar et al., 2008; Zweig et al., 1992), autonomic dysfunction could have
dramatic downstream effects on innervated visceral targets and metabolism. However, some
peripheral abnormalities may be driven by endogenous mHTT expression and toxicity alone.
Testicular pathology in HD is a good example: there is severe and progressive degeneration of the
testes leading to a reduction in testosterone levels in late stage male patients (Saleh et al., 2009;

Van Raamsdonk et al., 2007). Testicular pathology does not seem to be due to reductions in
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gonadotropic hormones, as these levels remain normal throughout life (Saleh et al., 2009). Since
mHTT expression levels is particularly high in the testes, comparable to brain expression levels
(Strong et al., 1993), it is likely that endogenous toxicity is severe and leads to widespread

degeneration.

1.3 - Glucocorticoids and Huntington’s disease

Elevated cortisol is a well-documented symptom in HD patients (Bjorkqvist et al., 2006a;
Heuser et al., 1991; Saleh et al., 2009; Shirbin, Chua, Churchyard, Hannan, et al., 2013). However,
the mechanisms that underlie this elevation, as well as the consequences of this elevation on HD
symptomology, remain poorly characterized. Given the well characterized roles of glucocorticoids
in health and disease, it has long been suspected that elevated glucocorticoid levels in HD
contribute to symptomology, particularly with respect to cognitive, psychiatric, and metabolic

symptom domains (Petersen & Bjorkqvist, 2006; Saleh et al., 2009; Shirbin et al. 2013).

Cortisol is a steroid hormone produced in the zona fasciculata of the adrenal cortex and
released into the blood stream in response to circulating levels of adrenocorticotropic hormone
(ACTH). ACTH is released by the pituitary gland into the general circulation, and its release is in
turn regulated by the upstream release of corticotropin releasing hormone (CRH) from the
paraventricular nucleus of the hypothalamus into the pituitary (Whitnall, 1993). This system is
referred to as the Hypothalamic-Pituitary-Adrenal (HPA) axis and is outlined in Figure 1.2. Like
other steroid hormones, it is lipid soluble and thus able to diffuse through lipid based membranes
easily, including the plasma membranes of cells as well as more complex multicellular membranes
such as the blood brain barrier (Pardridge & Mietus, 1979). Cortisol is the main glucocorticoid
hormone in humans and is the natural ligand of the glucocorticoid receptor (GR). However,

cortisol is a somewhat promiscuous ligand and also has a high affinity for the mineralocorticoid
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Figure 1.2 — Hypothalamic-Pituitary-Adrenal (HPA)Axis. Cortisol release is regulated by the
HPA-axis, which is outlined here. Corticotropin Releasing Factor (CRF) is released by the
paraventricular nucleus (PVN) of the hypothalamus into the hypophyseal portal vein, where
it stimulates adrenocorticotropin hormone (ACTH) release from the anterior pituitary gland
into systemic circulation. ACTH in-turn stimulates the release of the steroid hormone cortisol
from the cortex of the Adrenal Gland into systemic circulation, whereby it exerts it numerous
effects by signaling at the glucocorticoid receptor, which is expressed throughout the brain
and body. Cortisol is released in a diurnal pattern, which is mediated by the suprachiasmatic
nucleus (SCN) of the hypothalamus, which regulates a circadian pattern of CRF release.
Cortisol is also released in response to acute stressors, which is caused by stress signals
transduced by numerous limbic brain regions (including limbic cortex, locus coeruleus,
amygdala, hippocampus, and others) which activate the HPA-axis by stimulating an acute
release of CRF. Other hormones are also produced by the adrenal gland (indicated in gray),
including epinephrine and aldosterone, but are not a part of the HPA-axis.

15



receptor (MR), the primary receptor for aldosterone (Arriza et al., 1988; Gomez-Sanchez &
Gomez-Sanchez, 2014). However, many cells expressing MRs also express 11 B-hydroxysteroid
dehydrogenase type 2 (11-B-HSD2), and enzyme that inactivates cortisol by converting it to
cortisone, and thus blocking its ability to signal at MRs in these cells (Tomlinson & Stewart, 2001).
As with other steroid hormone receptors, the GR is a cytosolic peptide that is a transcription
factor, with both a ligand binding domain and a DNA binding domain (Mangelsdorf et al., 1995).
GRs are bound to heat shock proteins (Hsp70 and Hsp90), which alter the conformation of the
protein to expose the ligand binding domain and thus enable signaling by cortisol (Pratt, 1993).
Once bound to ligand, GRs dimerize, translocate to the nucleus, form a complex with
transcriptional co-regulators, and bind to glucocorticoid response elements (GREs - DNA
sequences in the promoter regions of genes that bind the activated ligand-GR complex) to alter

the expression of target genes (Mangelsdorf et al., 1995; Weikum et al., 2017).

Cortisol is released in a diurnal pattern, with levels increasing in the early morning in
humans (shortly before waking), peaking at mid-day, and then returning to low levels in the
evening/overnight (Engeland & Arnhold, 2005). This pattern of release is regulated by the
suprachiasmatic nucleus (SCN) of the hypothalamus (Engeland & Arnhold, 2005). Acute stressors
of any type, physiological or psychological, stimulate an acute release of cortisol, which slowly
returns back to basal levels over a few hours. This is mediated by negative feedback of cortisol
acting on GR receptors at the level of the hypothalamus and pituitary (Dallman et al., 1992;
Dallman & Jones, 1973), as well as more complex feedback at GRs and MRs in the hippocampus,
amygdala, and locus coeruleus (Makino et al., 2002). While cortisol is often conceptualized
exclusively as a ‘stress hormone’, since it is released in response to stress and is often used as an
unbiased indicator of stress response activation, it is actually a potent modulator of whole-

organism metabolism, which occurs in the absence of stressors (i.e. normal diurnal oscillations),

16



but can be further upregulated in response to stress (Adams, 2007; Bass & Takahashi, 2010;
Sapolsky et al., 2000). Diurnal oscillations in cortisol levels modulate metabolism, putting an
organism in a catabolic state when cortisol levels are high (active, daytime) and shifting the
individual to an anabolic state when levels are low (inactive, nighttime) (Adams, 2007; Bass &
Takahashi, 2010). More specifically, acute activation of the GR mobilizes nutrient stores so that
they are readily available for use during a time of increased activity and metabolic demand.
Glucocorticoid signaling increases blood glucose levels by stimulating glycogen breakdown
(glycolysis), increasing glucose synthesis (gluconeogenesis), and decreasing insulin receptor
sensitivity (Black et al., 1982; Exton, 1979; Sapolsky et al., 2000; Weinstein et al., 1995). Amino
acid and fatty acid utilization by tissues is reduced, and shunted towards the liver as a fuel for
gluconeogenesis (Sapolsky et al., 2000). When glucocorticoid levels are particularly high, they can
lead to breakdown of fat stores and protein to further liberate fatty acids and amino acids for
glucose production through gluconeogenesis (Lee et al., 2005; Lofberg et al., 2002; Sapolsky et
al., 2000; Xu et al., 2009). It is theorized that these elevated glucose levels reflect a ready available
energy store for increased metabolic demand, particularly for brain and muscle during active
waking hours (Sapolsky et al., 2000). In addition to this shift in nutrient form and utilization,
processes that are of high metabolic demand but that are not of immediate need are suppressed
by glucocorticoids. For instance, cell division and proliferation is reduced by acute glucocorticoid
signaling (Moutsatsou et al., 2012; Yu et al., 2004). During non-waking hours and sleep, as
glucocorticoids are low, the organism returns to an anabolic state, whereby glycogen and fatty
acid stores can be replenished, amino acids can again be utilized predominately for protein
synthesis, and cell division/proliferation can again proceed (Adams, 2007; Bass & Takahashi, 2010;
Boden et al., 1996; Sapolsky et al., 2000). In addition to its potent regulatory role in metabolism

and energy homeostasis, glucocorticoids also have profound anti-inflammatory and immune-
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suppressant effects (Elenkov & Chrousos, 2002; Franchimont, 2004) — and synthetic
glucocorticoids are one of the front line treatments to reduce inflammation and suppress the

immune system across a variety of medical conditions.

While this glucocorticoid mediated oscillation between anabolic and catabolic states is

adaptive, chronic elevations in glucocorticoids lead to a profound disturbance in homeostasis and

can have severely deleterious effects on health. Cushing’s syndrome describes the constellation
of symptoms that occurs in individuals who have chronically elevated levels of circulating
glucocorticoids (hypercortisolinemia), regardless of the mechanism that leads to this elevation
(Orth, 1995; Valassi et al., 2012). This hypercortisolinemia is typically caused by hypersecretion of
ACTH due to pituitary tumors, or by chronic treatment with synthetic glucocorticoids, which are
typically prescribed for their potent anti-inflammatory and immunosuppressive effects. Cushing’s
patients show widespread metabolic abnormalities, which lead to profound muscle wasting, a
simultaneous accumulation of abdominal fat, and reduced bone mineral density (Braun et al.,
2013; Toth & Grossman, 2013; Valassi et al., 2012). Chronically elevated glucocorticoids also lead
to a variety of neuropathological symptoms, including regional reductions in brain volume,
neuronal cell loss, and reduced dentate gyrus neurogenesis (Bourdeau et al., 2005; Bourdeau et
al., 2002; Crochemore et al., 2005; Gruver-Yates & Cidlowski, 2013). Symptomology in part
reflects the cumulative effects of an organism being in a persistent state of catabolism, reducing
essential and adaptive anabolic processes. Protein breakdown leading to muscle wasting is a likely
example (Lofberg et al., 2002). However, some Cushing’s symptoms are paradoxical to the normal
effects of acute GR signaling, including increased inflammation and immune-dysfunction
(Barahona et al., 2009; Shah et al., 2017). These paradoxical symptoms are not surprising, given

that chronically elevated glucocorticoids lead to profound receptor downregulation and
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desensitization (Burnstein et al., 1991), thus blocking the normal adaptive effects of

glucocorticoids and in turn leading to these paradoxical symptoms.

There is tremendous overlap between the effects of chronically elevated glucocorticoids
(Cushing’s symptoms) and many HD symptoms (Outlined in Figure 1.3), including metabolic
abnormalities (weight-loss, and muscle wasting), cognitive deficits, psychiatric symptoms, as well
as neuropathological features such as reduced regional brain volume, neuronal cell loss,
reductions in neurogenesis, and increased inflammation (Bourdeau et al., 2005; Bourdeau et al.,
2002; Burt et al., 2006; Cameron & Gould, 1994; Shah et al., 2017; Toth & Grossman, 2013; Valassi
et al., 2012). While the effects of mHTT toxicity alone could be sufficient to result in these
symptoms in HD, it is has long been suspected that elevated cortisol levels contribute to, and
further worsen, cognitive, psychiatric, and metabolic symptoms (Bjorkqvist et al., 2006a; Petersen
& Bjorkqvist, 2006; Shirbin, Chua, Churchyard, Lowndes, et al., 2013; Trejo et al., 2004). Although
quite plausible, direct evidence of a causal relationship between elevated glucocorticoids and
worsened HD symptoms is lacking - the data supporting this suspicion are mostly circumstantial
and correlational. For instance, Saleh et al. (2009) demonstrated that there is an inverse
relationship of cortisol levels with body mass index (BMlI) in HD patients, suggesting that elevated
cortisol could be contributing to weight loss. Shirbin et al. (2013) also demonstrated an inverse
correlation between cortisol levels and cognitive function in HD patients, suggesting that elevated
cortisol levels could be exacerbating cognitive decline. Similarly, the R6/2 transgenic mouse HD
model shows a progressive elevation in circulating corticosterone levels, the rodent homolog of
cortisol, which worsens in parallel with the development of motor, cognitive, and metabolic
symptoms (Bjorkqvist et al., 2006a). While these clinical and rodent data are consistent with the
suspicion that elevated cortisol worsens symptoms, they are not conclusive. It is also possible that

glucocorticoid dysregulation simply worsens as a part of disease progression broadly, in parallel
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Figure 1.3 — Overlap in Huntington’s Disease and Cushing’s Syndrome Symptomology.
Huntington’s disease (HD) symptomology is largely caused by the deleterious effects of
mutant huntingtin toxicity, leading to robust motor, cognitive, psychiatric, metabolic, and
neuropathological symptoms (outlined in the right sides of boxes). Mutant huntingtin
toxicity also leads to chronic elevations in the steroid hormone cortisol (a type of
glucocorticoid). In non-HD populations, chronically elevated cortisol results in a spectrum
of symptoms (outlined on left side of boxes) which is called Cushing’s syndrome (CS). CS is
typically caused by pituitary or adrenal tumors, or chronic administration of glucocorticoid
medications. There is tremendous symptom overlap between HD and CS, as shown in
parallel (in black) in the two sets of boxes. Given this overlap, it has long been speculated,
but largely unexplored experimentally, that elevated cortisol in HD contributes to and/or
worsens HD symptomology. The main focus of the experiments presented in Chapters 2
and 3 were to further assess empirically whether or not chronically elevated glucocorticoids
do worsen HD symptomology, and whether normalizing glucocorticoid levels could be used
as a therapeutic strategy for the disease.
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with worsening metabolic and cognitive symptoms, without necessarily mediating them.

Although limited, there is direct evidence of a relationship between elevated glucocorticoids and

HD symptomology, which come from a handful of studies assessing the effects of experimentally
elevated glucocorticoids in rodent HD models. In the R6/1 HD mouse model, experimentally
elevated corticosterone slows weight gain and worsens cognitive symptoms (Mo, Pang, et al.,
2014), and acute stress in R6/1 mice can also worsen cognitive symptoms (Mo et al., 2013). There
are limitations to the experiments: R6/1 mice do not show an endogenous elevation in
corticosterone and treatments in these mice were applied at early ages, before the typical onset
of robust HD-like symptomology. Furthermore, while these findings indicate that experimental
elevations in glucocorticoids can worsen symptoms, they do not demonstrate that typical

elevations in glucocorticoids, inherent to the HD phenotype, further worsen symptoms.

The mechanisms that underlie elevated cortisol levels in HD are not clear - while there is
robust hypothalamic pathology in HD, there is not an elevation in upstream tropic hormones
(CRH, ACTH) that stimulate cortisol release (Saleh et al., 2009), suggesting that adrenal pathology
may be driving glucocorticoid elevations. Indeed, rodent models of HD show adrenal pathology,
including hypertrophy and inclusion formation (Bjorkqvist et al., 2006a; Moffitt et al., 2009). The
adrenal gland is also innervated by the autonomic nervous system through the splanchnic nerve,
which can sensitize glucocorticoid producing cells of the adrenal cortex to ACTH (Ulrich-Lai et al.,
2006). Thus, autonomic hyperactivity is another possible mediator of elevated cortisol levels. If
elevated glucocorticoids do in fact worsen HD symptomology, a better understanding of how
mHTT toxicity leads to this elevation could serve as important point of therapeutic intervention
for HD. It would also help with adapting current experimental therapeutics, such as gene silencing

approaches, to include treating the mechanisms and consequences of hypercortisolinemia in HD.
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1.4 - HD mood symptoms and the role of the anterior cingulate cortex

Mood symptoms are particularly prevalent in HD, including high rates of depression (30-
70%), anxiety (30-60%), and suicide (3-7%) (Anderson & Marder, 2001; van Duijn et al., 2008; van
Duijn et al., 2007). Although they are particularly deleterious for HD patients with respect to
quality of life (Anderson & Marder, 2001; Ho et al., 2009), the neurobiological mechanisms that
underlie these symptoms remain poorly understood. While psychological factors likely contribute
to mood symptoms for some patients (e.g. stress/worry about diagnosis, prodromal gene positive
individuals stressed from caregiving of symptomatic parents and relatives with HD), there is good
evidence that mood symptoms in HD have a biological basis. In at-risk individuals that do not know
their HD gene status (offspring of HD patients, before disease onset) — HD gene carriers show a
two-fold increase in rates of depression and anxiety compared to non-carriers, who had a similar
rates to the general population (Julien et al., 2007; van Duijn et al., 2008). Thus, although both
populations are at equal risk of developing HD and under similar psychological stress, the HD gene
carriers show increased depression rates. Depression rates further increase from the prodromal
stage and peak in the early stages (I/11) of the disease (Epping et al., 2013; Epping & Paulsen, 2011;
Paulsen et al., 2005). While there is good evidence that mood symptoms have a biological origin
in HD, the neurobiological mechanisms that underlie these symptoms are poorly characterized,
particularly in contrast to HD motor and cognitive symptoms for which the neuropathological

basis is better understood.

Many different limbic brain regions associated with anxiety and depression also show
pathology in HD, including brain monoamine systems (dopamine, norepinephrine, and serotonin),
the amygdala, hypothalamus, hippocampus, and limbic cortex (Rosas et al., 2003; Soneson et al.,
2010; Thu et al., 2010; Zweig et al., 1992). It remains unclear whether pathology in a single brain
region or a specific neurochemical disturbance (e.g. reduced serotonin signaling) is responsible
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for the development of mood symptoms, or if these symptoms are mediated by simultaneous
dysfunction in multiple limbic regions/systems. Many rodent models of HD also demonstrate
depressive- and anxiety-like behavior (Hult Lundh et al., 2013; Pouladi et al., 2009; Wang et al.,
2014), as well as reduced dentate gyrus neurogenesis (Gil et al., 2005) which is a biomarker for
depression. However, while there have been numerous studies on HD mood symptoms in these
rodent models, these findings are often inconclusive and contradictory, and have yet to lead to a
consensus on putative mechanism. For instance, reducing striatal mHTT expression in the striatum
leads to full rescue of depressive-like behavior in the YAC128 mouse HD model (Stanek et al.,
2014), but fails to improve depressive-like behavior in the BACHD model (Wang et al., 2014). It’s
not clear why these two findings disagree - both models have similar genetics (artificial
chromosome models carrying a full length mutant huntingtin transgene, with similar repeat
lengths — 128 or 97, under the control of the human huntingtin promoter (Gray et al., 2008; Slow
et al., 2003)) and both show similar depressive- and anxiety-like behavioral profiles (both strains
show increased immobility in the forced swim test, which was used as a measure of depressive-
like behavior for both of these studies). It is not due to the inability of the BACHD experimenters
to detect improvements in depressive-like behavior — in the same study, Wang et al. (2014)
demonstrated that silencing mHTT throughout the cortex in BACHD mice fully rescues both
depressive- and anxiety-like behavior, as measured by the forced swim test and the light-dark
test, respectively. In yet another study, silencing mHTT in the hypothalamus in BACHD mice led to
a substantial improvement in depressive-like behavior in the forced swim test, although it had no
effect on anxiety-like behavior in the elevated plus maze (Hult Lundh et al., 2013). It is unclear
which model and findings show good construct and predictive validity, with respect to human HD
mood symptoms. Assessment of HD rodent model validity is further hampered by the limited

understanding of the neuropathological basis HD mood symptoms in human cases. Identifying a
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valid rodent HD model, with demonstrable construct validity is essential for further studies, which
will involve showing a relationship between region specific neuropathology and mood symptoms

that is shared between that particular rodent model and human clinical HD.

While the mechanisms that underlie mood symptoms in human HD are not well
characterized, recent human clinical imaging studies and neuropathological assessments have
identified pathology in the anterior cingulate cortex (ACC) as one possible contributor. The ACC is
implicated in typical (i.e. non-HD) human cases of depression and anxiety. For instance, imaging
studies show that individuals with either bipolar or unipolar depression show reduced grey matter
volume and hypoactivity in the ACC (Drevets et al., 1998; Drevets et al., 1997; Drevets et al., 2008).
Similarly, individuals with generalized anxiety disorder show impaired activation of the ACC during
emotional conflict (Etkin et al., 2010). In HD, structural MRI studies show volumetric reductions
in ACC grey matter and demonstrate that the severity of this reduction is inversely correlated with
mood symptoms (Hobbs et al., 2011). Additionally, HD patients with mood symptoms show
reduced fractional anisotropy in the ACC, indicative of microstructural abnormalities, relative to
both HD patients and healthy controls without mood symptoms (Sprengelmeyer et al., 2014).
fMRI studies also indicate alterations in brain networks related to depressive symptoms in HD,
including increased activation of the default mode network (which includes the ACC) and reduced
functional connectivity of the ACC with other cortical regions (McColgan et al., 2017). However,
while hypoactivity and volumetric reductions in the ACC correlate with mood symptoms in both
HD and non-HD, these data do not necessarily provide a causal link between HD neuropathology
and the development of mood symptoms - they simply show that ACC volume and activity is
altered in mood symptoms, regardless of etiology. However, neuropathological assessments in
postmortem HD cases provide a crucial link, suggesting that these abnormalities in ACC volume

and activation, shown by MRI, are likely due to HD-specific neuropathology in the ACC. Thu et al
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(2010) compared patterns of cortical degeneration in postmortem HD brains from individuals with
different clinical symptom profiles: 1) Individuals with predominant motor symptoms, 2)
Individuals with predominant mood symptoms, and 3) Individuals with both motor and mood
symptoms. Those with mood symptoms (either alone or with combined motor symptoms)
showed dramatic neuronal cell loss in the ACC, including a loss of pyramidal neurons, while those
with motor symptoms did not show cell loss in the ACC (Kim et al., 2014; Thu et al., 2010). Further
studies indicated that there is also a dramatic loss of GABAergic interneurons in the ACC that is
specific to HD patients with mood symptoms (Kim et al., 2014). In contrast, HD patients with
motor symptoms (either alone or in combination with mood symptoms) showed similar
degeneration in the motor cortex, including a loss of pyramidal neurons and to a lesser degree
GABAergic interneurons (Kim et al., 2014; Thu et al., 2010). Those with mood symptoms only did
not show any cell loss in the motor cortex (Kim et al., 2014; Thu et al., 2010). Thus, while cortical
pathology had been long known to occur in HD, in addition to more robust striatal pathology,
these studies demonstrated for the first time that heterogeneity in HD symptom profile may be
related to heterogeneity in region-specific neurodegeneration. However, while all of these studies
indicate that ACC pathology is associated with HD mood symptoms, including HD-characteristic

neurodegeneration, they do not necessarily preclude the involvement of other brain regions.

1.5 — Characterizing the roles of glucocorticoids and the anterior cingulate cortex in

Huntington’s disease symptomology and therapeutics

The prognosis is incredibly poor for patients — HD is invariably fatal and no known
treatments can slow or halt progression of the disease. Tetrabenazine and Deutetrabenazine are
the only FDA approved medications for HD, which reduced chorea (Huntington Study Group,
2006; Huntington Study Group et al., 2016). Separate from these medications, therapeutics for
the disease largely consist of off-label pharmacotherapies utilized to treat specific symptoms (e.g.
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SSRI’s for depressive symptoms, neuroleptics for irritability (Ross & Tabrizi, 2011)), other types of
non-pharmacological therapies to attenuate symptoms (e.g. high calorie nutritional
supplementation to reduce weight loss (Trejo et al., 2005)), and palliative care at end stages. Thus,
there is tremendous need to develop novel therapeutics for these patients that can slow or halt
the progression of the disease, instead of simply treating symptoms, and in turn result in sustained
improvement in quality of life for patients. Inherent to this goal is to develop a better
understanding of how mHTT toxicity leads to systems-level pathology, which in turn leads to
symptomology. By doing so, therapeutics can be developed and tailored to target specific disease

causing mechanisms and thus improve outcomes for patients.

In order to better characterize disease causing pathways, as well as novel therapeutic
approaches for disease, rodent models are often utilized as they enable controlled
experimentation that is not feasible in human clinical experiments. Many different transgenic
mouse models of HD have been generated, which carry modified versions of the human mutant
huntingtin gene (Genetics of HD rodent models utilized/addressed in this dissertation are outlined
in Table 1.1), and model many of the symptoms of the disease (Symptoms of HD rodent models
utilized/addressed in this dissertation are outlined in Table 1.2). No model is perfect and some of
these transgenic lines model particular HD symptomology better than others. Thus, in the studies
presented here, | utilized two different transgenic mouse models of HD to further characterize
disease mechanisms and novel therapeutics for HD relating to neuroendocrine disturbance and
HD psychiatric symptomology. For the first series of experiments, | utilized the R6/2 mouse model
of HD which carries a fragment of the human mHTT gene (exon 1 only) which contains the CAG
repeat expansion (160 repeats) that confers toxicity on encoded mutant huntingtin protein
(Mangiarini et al., 1996). R6/2 HD mice recapitulate many human HD symptoms including robust

motor, cognitive, metabolic, and neuropathological symptomology, as well as a severely

26



shortened lifespan (Mangiarini et al., 1996; Menalled et al., 2009). Since R6/2 mice show such a
severe and rapidly progressing phenotype they are sometimes considered a model of late stage
HD. This model was chosen in particular in the studies presented here (Chapters 2 and 3), to assess
the role of glucocorticoid dysregulation in HD symptomology and therapeutics, as it is the only HD
mouse model that shows chronically elevated glucocorticoid levels (Bjorkqvist et al., 2006a). One
limitation to this strain is that R6/2 mice are poor models of HD psychiatric symptoms — they only
show modest and transient depressive-like behavior (Ciamei et al., 2015, and unpublished data)
and they show a paradoxical decrease in anxiety-like behavior (File et al., 1998; Hickey et al.,
2005), unlike HD patients who show increased anxiety as a part of their phenotype (Anderson &
Marder, 2001). In a second set of studies (Chapter 4) | utilized the BACHD transgenic mouse model
of HD, which carries a copy of the full length human mutant huntingtin gene bearing 97 CAG/CAA
repeats (both CAG and CAA code for glutamine, but CAA repeats were used to increase stability
of the repeat length) (Gray et al., 2008). As with R6/2 mice, BACHD mice also show motor and
cognitive symptomology. However, BACHD mice were utilized in these experiments as they are
much better models of HD psychiatric symptoms, with mice showing robust depressive-like and
anxiety-like behaviors (Hult Lundh et al., 2013; Menalled et al., 2009; Wang et al., 2014). Unlike
R6/2 mice, BACHD mice have a normal lifespan and only show very modest HD neuropathology
(Gray et al., 2008; Menalled et al., 2009) — accordingly, they are sometimes considered a model
of the early stages of HD for which motor and psychiatric symptoms predominate and

neuropathology is less severe.

In the studies presented here in this dissertation, | characterized the roles of
glucocorticoids and the anterior cingulate cortex in HD symptomology. The overarching goal of
these experiments was to further assess the suitability of these two systems as possible points of

therapeutic intervention for HD. In a series of experiments presented in Chapters 2 and 3, |

27



assessed whether elevated glucocorticoids in HD worsen symptomology. In Chapter 2, |
characterized alterations in glucocorticoid homeostasis in the R6/2 mouse model, which provides
some possible insights into the mechanisms that underlie the mHTT mediated elevation in
corticosterone in HD. In both Chapters 2 and 3, | tested the hypothesis that normalizing
glucocorticoids to wild-type levels in R6/2 mice would improve HD metabolic and
neuropathological symptoms. The data from these studies do in fact support this hypothesis, and
thus provide some of the first direct evidence that elevated glucocorticoids do in fact worsen HD
symptoms. Furthermore, these data provides an initial characterization of which HD symptoms
are worsened by this elevation, and which symptoms are unaffected. In Chapter 4, | assessed the
role of the anterior cingulate cortex (ACC) in HD mood symptoms. Here, | tested the hypothesis
that reducing mHTT expression in the ACC in the BACHD mouse model of HD would reduce
depressive- and anxiety-like behavior. These data show that reducing mHTT expression in the ACC
leads to a reduction in depressive-like symptomology but has no effect on anxiety-like symptoms,
thus confirming that mHTT toxicity in the ACC is causal to some HD mood symptomology.
Accordingly, the findings from this dissertation confirm that both of these pathophysiological
systems, elevated glucocorticoids and mHTT toxicity in the ACC, do directly contribute to HD
symptomology and that ameliorating pathology in these systems could possibly lead to symptom

improvement for patients.
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Chapter 2: Corticosterone Dysregulation Exacerbates Disease Progression
in the R6/2 Transgenic Mouse Model of Huntington’s Disease!

2.1 - Introduction

Huntington’s disease (HD) is an autosomal dominantly inherited neurological disorder
that is caused by an expansion in the CAG region of the human HTT gene (Huntington Disease
Collaborative Research Group, 1993). This expansion confers a toxic gain of function on the
encoded protein, mutant huntingtin (mHTT). mHTT is expressed ubiquitously, but in particularly
high levels in the brain, leading to widespread neurodegeneration. The striatum, cortex,
hippocampus and hypothalamus are particularly affected and show inclusion body formation, cell
loss, and gliosis (Gourfinkel-An et al., 1998; Heinsen et al., 1994; Vonsattel et al., 1985). The
hallmark symptom of HD is chorea, with patients showing uncontrollable hyperkinetic
movements. However, patients also show particularly severe psychiatric, cognitive, and metabolic
symptoms (Anderson & Marder, 2001 ; Lawrence et al., 1996; Tabrizi et al., 2009). Psychiatric
symptoms are particularly prevalent, including high rates of depression and anxiety (Anderson &
Marder, 2001; Levy et al., 1998; Pflanz et al., 1991). Cognitive symptoms include deficits in
memory, executive function, and impulse control (Lawrence et al., 1996; Tabrizi et al., 2009).
Patients also show metabolic symptoms, including severe weight loss and diabetes (Aziz et al.,
2008; Petersen & Bjorkqvist, 2006; Trejo et al., 2004; van der Burg et al., 2009). HD typically onsets
in midlife, and symptoms become increasingly severe over 10-15 years, ultimately leading to

death.

1This chapter was published previously and has been included in its entirety as Chapter 2.

Dufour BD & McBride JL. Corticosterone dysregulation exacerbates disease progression in the R6/2
transgenic mouse model of Huntington’s disease. Experimental Neurology 2016; 283: 308-317.
doi: 10.1016/j.expneurol.2016.06.028.
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HD patients show a two-fold increase in circulating basal levels of the glucocorticoid
cortisol (Heuser et al., 1991; Saleh et al., 2009). Likewise, R6/2 transgenic HD mice show a three-
fold elevation in corticosterone, the rodent homolog of cortisol (both now abbreviated CORT),
and these levels increase in parallel with HD symptom progression (Bjorkqvist et al., 2006a). R6/2
mice also show hypertrophy of the adrenal gland, consistent with HPA-axis hyperactivity
(Bjorkqvist et al., 2006a). However, the consequences of elevated CORT on HD symptoms, as well
as the mechanisms that underlie it, are largely unexplored. Because chronic high levels of
circulating CORT in the non-HD population leads to Cushing’s disease, a disorder characterized by
neuropathological changes and cognitive, psychiatric and metabolic disturbance (Orth, 1995;
Valassi et al., 2012), | postulated that elevated CORT in HD may be exacerbating HD symptom
development and/or accelerating disease progression. There is recent empirical support that
elevated CORT can exacerbate HD symptoms; Mo and colleagues (2014) showed that increasing
CORT levels in R6/1 transgenic mice, a model wherein CORT is not naturally elevated, exacerbates
cognitive deficits and reduces hippocampal neurogenesis (Mo, Pang, et al., 2014). Additionally,
female R6/1 mice, show an aberrant, persistent elevation in CORT following restraint stress (Du
et al., 2012). Thus, in the current chapter, | investigated the role of chronic, elevated CORT in
metabolic symptom progression (weight loss), as well as broad HD symptom progression (motor
dysfunction and lifespan) in the R6/2 mouse model, which more accurately mirrors the
spontaneous elevation in CORT shown by HD patients. Additionally, | characterized the circadian
pattern of plasma CORT release, as well as the stress induced CORT response, in the R6/2

transgenic mouse model of HD.
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2.2 - Methods

Animals. All animals were group housed with littermates (3-5 mice per cage) under controlled
conditions of temperature and light (12 hour light/dark cycle). Food and water were provided ad
libitum. R6/2 mice (stock # 002810, carrying 160+5 CAG repeats) were obtained from Jackson
Laboratories (Bar Harbor, ME) and bred in the vivarium at the Oregon National Primate Research
Center (ONPRC). Wild-type males were mated with ovary transplanted wild-type females.
Transgenic mice were genotyped using primers specific for the mutant human HTT transgene
(forward  primer 5° TCATCAGCTTTTCCAGGGTCGCCAT and reverse primer 5
CGCAGGCTAGGGCTGTCAATCATGCT), and age-matched wild-type littermates were used for the
indicated experiments. A subset of mice from the colony that participated in the current studies
were used to assess CAG repeat length (n=12), showing a mean length of 165 + 5 (SD) repeats
(Laragen Sequencing and Genotyping, Los Angeles, CA). Body weights of all animals were recorded
weekly. All experimental procedures were performed according to ONPRC and OHSU Institutional

Animal Care and Use Committee.

Adrenalectomy Surgery. Mice were anesthetized with 3% isoflurane. A 2cm x 2cm square was
shaved on their lower dorsal surface and an incision was made in the skin at the animal's dorsal
midline (this opening was used for the removal of both adrenal glands). Next, a small (3-5mm)
incision in the muscular wall was made, directly above the kidney. Small tweezers were used to
grasp and gently remove the adrenal gland. This procedure was repeated for the animal's
contralateral side (bilateral adrenalectomy). The muscle incisions were closed using suture and

the dorsal skin was closed with wound clips.

Corticosterone Replacement. Corticosterone replacement was provided in the animals’ drinking

water, which was available ad-libitum. Corticosterone (Sigma, cat. #27840) was dissolved in a
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small volume of ethanol (0.6%), and then added to dH,0. Since the aldosterone producing cells of
the adrenal gland are lost to adrenalectomy, NaCl (0.9%) was also added to replace salt loss.
Sucrose (2.0%) was also added to increase palatability of the solution. A dose of 10ug/ml
corticosterone was used for the physiological/WT level replacement group and 60ug/ml of
corticosterone was used for the high/HD level replacement group. Vehicle alone (2% sucrose,
0.9% NaCl, and 0.6% ethanol in dH,0) was given to the sham surgery animals. All treatments were
balanced for sex and genotype, with 2 WT and 2 HD age-matched mice randomized and caged
together from the colony, into each male and female cage. A total of 48 mice were used in this
study, with n=16 (4 HD males, 4 HD females, 4 WT males, and 4 WT females) for each of the three
treatments. The experimenter was blind to the three different experimental conditions and
genotypes. Replacement solution intake (volume) was monitored daily for each cage, and
averaged over the week (and mathematically adjusted for all 4 mice in a weekly

intake/mouse/week score — this was further adjusted with the loss of mice due to early death).

Restraint Stress. Mice were restrained for 30 minutes in modified 50mL conical tubes (Bale et al.,
2002). Several air-holes were drilled into the bottom of each tube, tubes were shortened to
restrict forward and backward movement and were closed at the end. Tube lengths were 7.3cm
(for mice <20g), 8.1cm (mice between 20g — 25g), and 9.0cm (for mice >25g). Mice underwent

restraint stress at 4, 7, and 10 weeks of age.

Behavioral Measures — Open Field. Mice were placed singly in a dimly lit, automated infra-red
activity arenas (40.64 x 40.64 cm) for 15 minutes (Med Associates, St. Albans, VT). Each open field
arena was enclosed in a sound attenuating chamber. Mice were habituated to the room for 1 hour
before testing, and all testing occurred in the afternoon between 4-6pm. Distance traveled during
the 15 minute test period was measured. Mice were assayed in the open field at weeks 6, 8, and
10.
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Blood Collection and processing. Blood was collected by saphenous venipuncture in the dose
response and adrenalectomy studies. Mice were gently restrained, their left hind-limb extended
and wiped with antibiotic ointment (to visualize the vein), the vein was punctured using a 30g
needle, and whole blood was collected into heparinized collection tubes and processed for
plasma. The tail clip method was utilized for serial blood measurements in the circadian CORT and
stress-induced CORT studies. The tip of the tail was clipped (0.5mm), and approximately 20ul of
whole blood was collected from the tip and collected into heparinized capillary tubes, and
processed for plasma. The incision site was disrupted for subsequent sampling within the same
week. Handling of mice during tail-clip method blood collection was minimized, and typically
lasted approximately 30 seconds. All plasma was assayed for corticosterone by the ONPRC
Endocrine Technology CORE using an in-house radio-immuno assay. For the circadian CORT
experiment, blood was collected every 20 hours over 5 days for a total of 6 collections (6pm, 2pm,
10am, 6am, 2am, and 10pm). Blood was collected every 20 hours, versus every 4, to avoid
artificially elevating plasma corticosterone levels due to frequent repeated handling stress. This
procedure was repeated for each mouse included in the study, at each age (4, 7, and 10 weeks);
thus, each mouse had a total of 18 blood collections. A total of 28 mice were used for the circadian
CORT experiment, including 6 WT females, 5 WT males, 6 HD females, and 11 HD males. More HD
than WT mice were included to account for possible premature deaths before the end of the
experiment. For the stress-induced CORT experiment, blood was collected every 30 minutes,
starting immediately before the mice were placed into restrainer tubes. Blood was collected 5
times (0, 30, 60, 90, 120min) for each mouse at 3 ages (4, 7, and 10 weeks of age), which was
carried out between 11am and 2pm. A total of 30 mice were used in this experiment, including 4

WT females, 8 WT males, 12 HD females, and 6 HD males. For both the circadian and the stress-
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induced CORT studies, the experimenter was blind to genotype at the time of blood collection

and assay.

Statistical analysis. All statistical analyses were performed by using JMP Version 11 (SAS Institute
Inc.). A repeated measures mixed-model was used for all repeated measures (dependent
variables: bodyweight, open field, circadian corticosterone, stress-induced corticosterone;
independent variables: genotype, sex, treatment, time-point and/or age). A proportional hazards
model was used to analyze the survivorship data, which allows for post-hoc multiple pairwise
comparisons between groups. A three-way ANOVA was used to assess the effects of genotype,
sex, and treatment group on plasma corticosterone levels in the adrenalectomy experiment. Post-
hoc contrasts were used to assess differences between WT and HD mice in the circadian CORT
experiment at each possible age/time combination (i.e. HD vs WT mice at 10pm at 10 weeks of
age), and alpha level was Bonferroni adjusted to 0.002 (.05/18 comparisons — p<.002 was
considered statistically significant). For all other analyses, Tukey’s post-hoc comparisons were
performed when statistically significant fixed effects were detected (p < 0.05 was considered

statistically significant).

36



2.3 - Results

Corticosterone Replacement Dose Response

Prior to assessing the effect of differing levels of corticosterone (CORT) on HD symptom
progression, | performed an initial dose response study to establish CORT replacement doses that
would achieve WT and HD-levels of plasma CORT following adrenalectomy surgery in R6/2 mice.
Animals received CORT replacement in their drinking water. Target levels were based on
previously published data demonstrating that basal CORT levels of 50-100ng/ml for WT R6/2 mice
and 600ng/ml for transgenic R6/2 mice (Bjorkqvist et al., 2006a). Additionally, | added low levels
of sucrose to the CORT replacement solution to increase palatability and thus increase our
likelihood of achieving target HD-levels of circulating CORT. Two concentrations of sucrose
supplementation were tested (2% and 5%) in addition to four concentrations of CORT
replacement (10, 20, 60, and 80ug/ml). CORT replacement solutions also contained sodium
chloride (at 0.9%) to prevent salt-loss due to the removal aldosterone producing cells following

the adrenalectomy.

Transgenic and wild-type R6/2 Mice were adrenalectomized at 8-9 weeks of age, and
allocated to one of four CORT-replacement groups: 10, 20, 60, or 80ug/ml dose replacement.
These solutions were first supplemented with 2% sucrose for the first week, then 5% for the
second week. Blood was collected at midnight on the last night of supplementation and analyzed
for plasma CORT. Replacement with 2% sucrose supplementation achieved the following plasma
CORT levels: 65.1+14.7ng/ml for 10ug/ml dose, 145.1%47.1ng/ml for the 20ug/ml dose,
458.1+100.0ng/ml for the 60ug/ml dose, and 404.2+198.7ng/ml for the 80ug/ml dose.
Replacement with 5% sucrose achieved the following plasma CORT levels: 63.4+19.5ng/ml for

10ug/ml dose, 147.5£83.5ng/ml for the 20ug/ml dose, 674.6£193.0ng/ml for the 60ug/ml dose,
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and 1240.3+441.5ng/ml for the 80ug/ml dose (Supplemental Fig. 2.1). The 10ug/ml and 60ug/ml
doses supplemented with 2% sucrose were selected for subsequent studies as they achieved
plasma CORT within or near the desired range. 2% instead of 5% sucrose supplementation was
selected with the goal of avoiding elevating plasma CORT above the levels described previously

(Bjorkqvist et al., 2006a).

Effect of adrenalectomy and corticosterone replacement on HD symptoms

R6/2 and wild-type mice underwent adrenalectomy surgery (ADX) at 6 weeks of age,
followed by CORT replacement in water at physiological/WT levels (10ug/ml) or high/HD levels
(60ug/ml). An additional group of R6/2 and WT mice underwent sham surgery at 6 weeks of age,
and vehicle only (water, 2% sucrose and 0.9% NaCl) was provided instead of CORT replacement.
Given that chronically elevated levels of glucocorticoids lead to metabolic abnormalities and
muscle wasting in healthy individuals, | hypothesized that high level CORT replacement would
exacerbate weight loss in HD mice. Indeed, R6/2 mice on the 60ug/ml CORT replacement showed
a significant reduction in bodyweight (Fig. 2.1b) relative to sham mice starting at week 8, and
continuing through the end of the study (p<.05 for each time-point); By week 11, HD mice on
60ug/ml CORT replacement showed a 15.4% reduction in bodyweight, while sham HD mice had
yet to lose weight (4.1% increase over baseline level). Mice on HD-level (60ug/ml) replacement
showed significantly reduced bodyweight relative to those on WT-level (10ug/ml) replacement at
weeks 10 and 11 (p<.05), at which point they showed a 2.5% reduction from baseline. There was
no difference in bodyweight between sham R6/2 mice and those on WT-level (10ug/ml)
replacement (p>.05). In contrast to the R6/2 mice, all WT controls gained weight throughout the
study, regardless of treatment. At the 11 week timepoint, there was a small but significant

reduction in weight-gain in those WT mice on low-dose CORT, relative to those WT mice treated
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with HD-level CORT replacement or sham surgery (Supplemental Fig. 2.2, p<.05 for both pairwise

comparisons).

Changes in motor behavior were assessed in the open field, both before (baseline at 6
weeks of age) and following surgery/treatment at 8 and 10 weeks of age. R6/2 mice show a clear
motor phenotype, as indicated by reductions in ambulatory activity in the open field. While the
characteristic reduction in distance travelled was detected in the R6/2 mice here (894.17 + 181.57
cm for R6/2 mice and 1609.05 + 140.64 cm for WT, p<.05), there was no effect of CORT treatment
on motor performance (i.e. no genotype*treatment interaction, p>.05, Fig. 2.1d). Thus, the
progressive motor symptoms shown in R6/2 mice are not affected by changes in circulating

glucocorticoid levels.

In addition to weight loss, | hypothesized that increased CORT levels would hasten the
latency to death. R6/2 transgenic mice have a shortened lifespan compared to WT mice, typically
dying between the ages of 12-14 weeks. | found a dramatic increase in mortality in the HD-level
replacement group, with 100% of mice (8/8) dying before the pre-determined endpoint of the
study at 12 weeks of age (Fig. 2.1c). In contrast, only 37% (3/8) of the HD mice on WT-level
replacement and 13% (1/8) of the sham treated HD mice died before the study’s endpoint. Using
a proportional hazards survivorship analysis, which allows between group comparisons, there was
a significant reduction in survivorship in the HD-level replacement group relative to the sham
operated (p<.001) and the WT-level replacement (p<.01) groups. There was no difference in
survivorship between the WT-level replacement and the sham groups (p>.05). Together these
data demonstrate that high levels of CORT can exacerbate the weight-loss and early death

phenotype of transgenic R6/2 mice, but does not affect their motor phenotype.
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To confirm that CORT replacement doses achieved the desired target plasma levels, blood
was collected from all mice at 10 weeks of age (Fig. 2.1e). Since mice drink water in a diurnal
pattern, with most drinking occurring during the night/dark, blood was collected at midnight - the
expected time of peak plasma CORT from drinking. | also measured CORT replacement solution
intake in this experiment (See Supplemental Fig. 2.3), which showed that there was an increase
in intake in the high-CORT replacement mice at the 10 week timepoint (Tukey’s p<.05 for both
comparisons). Although this likely elevated the plasma CORT levels in the high-dose group, there
was still a very clear difference between low and high-dose treatment plasma levels, similar to
the values expected. Mean plasma CORT values for mice on high/HD-level (60ug/ml) replacement
was 768.9 £ 310.1 ng/ml for WT and 922.9 = 239.5 ng/ml for R6/2, which were not statistically
different between genotypes (p>.05). Mean plasma CORT values for mice on physiological/WT
(10ug/ml) replacement was 96.2 + 18.6 ng/ml for WT and 119.8 + 30.5 ng/ml for R6/2, which was
also not statistically different between genotypes (p>.05). | found that mice on high/HD-level
replacement showed significantly higher plasma CORT levels relative to those on
physiological/WT replacement (p>.05) and sham treated mice (p<.05). Interestingly, | found no
genotype differences in the sham treatment group: WT mice had a mean of 116.3 + 34.7 ng/ml,
while R6/2 mice had a mean of 53.6 + 28.0 ng/ml. | hypothesized that the lack of elevated CORT
seen in the HD sham treated mouse, which was predicted to be elevated based on previously
published data, resulted from the time of day that | chose for blood collection. Therefore, |

performed a follow-up study to characterize the circadian pattern of CORT release in R6/2 mice.

Circadian corticosterone release
CORT is released from the adrenal gland in a circadian pattern, with peak levels occurring

at the time an organism wakes (morning for humans, evening/lights-out for rodents). This pattern
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Figure 2.1 - Adrenalectomy and corticosterone replacement. (a) Timeline for experiment (b) HD
mice on high/HD level replacement showed a progressive reduction in bodyweight starting at 8
weeks of age relative to sham HD mice (Tukey’s post-hoc p<.05, indicated by #) and starting at
week 10 relative to physiological/WT level replacement in adrenalectomized HD mice (Tukey’s
post-hoc, p<.05, indicated by *). (c) HD mice on high/HD level CORT replacement showed a
significant reduction in survival relative to sham treated HD mice (p<.001) and HD mice on
physiological/WT-level corticosterone replacement (p<.01). (d) Although R6/2 showed a
reduction in distance traveled relative to WT mice, there was no effect of treatment on either
R6/2 or WT mice (p>.05). (e) As expected, plasma CORT was higher in mice on the high/HD-level
corticosterone replacement than the sham treated mice and physiological/WT-level
corticosterone replacement groups. There was no difference in plasma corticosterone levels
between R6/2 and WT mice in any of the treatment groups (p>.05). Values represent Mean + SE.
*#S - Represent significant Tukey’s posthoc comparisons.
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of release is regulated by the suprachiasmatic nucleus (SCN), which regulates the HPA-axis at the
level of the paraventricular nucleus of the hypothalamus. While R6/2 mice have been previously
shown to have a progressive increase in plasma CORT levels at a single clock-time, it is unclear
whether there is a change in the circadian pattern of CORT release. Given that R6/2 mice also
have a progressive disruption in the SCN, and in circadian behavior (Morton et al., 2005), |
hypothesized that the circadian pattern of CORT release would likewise show a progressive
disruption. Therefore, | characterized the circadian pattern of CORT release in R6/2 mice at 4, 7,
and 10 weeks of age. Blood was collected at 6am, 10am, 2pm, 6pm, 10pm, and 2am at each age
(Fig. 2.2a) from transgenic R6/2 mice and WT controls. Area under the curve (AUC) values were
generated from the circadian profile for each mouse at each age, detailing the total amount of
CORT that each mouse produces over a 24 hour period. | found that male WT mice had mean
CORT AUC values of 1421 +154, 1277 + 130, and 1398 + 245 at 4, 7, and 10 weeks of age,
respectively, while male R6/2 mice had mean CORT AUC values of 1584 + 170, 1156 + 67 and 2575
+ 365 at 4, 7, and 10 weeks of age. Female WT mice had CORT AUC values of 3424 + 642, 2182 +
317 and 2117 + 152 at 4, 7, and 10 weeks of age and female R6/2 mice had CORT AUC values of
2727 +440,2327 278 and 3230 £ 1057 at 4, 7, and 10 weeks of age, respectively. Percent change
in CORT AUC values from week 4 were calculated and analyzed statistically. Relative to week 4,
HD mice showed a significant 159.5 + 24.3% increase in CORT AUC levels at week 10 (Fig. 2.2b,
Tukey’s p<.05), although there was no change at week 7 (p>.05). As expected, WT mice showed
consistent AUC CORT levels across all ages (no significant difference in % change AUC CORT at 7
or 10 weeks, p>.05). Male and female mice did not show any differences in AUC CORT % change,
regardless of age or genotype (Sex: p=.78; sex*genotype: p=.51; sex*age*genotype: p=.15).

The light-cycle for all mice was 12:12 (lights on at 6am and lights out at 6pm) and circadian

CORT levels are expected to peak at 6pm when lights go out. | found no difference in the circadian
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Figure 2.2 - Circadian corticosterone. (a) Timeline for data collection - mice underwent repeated
blood collection at 4, 7, and 10 weeks of age. At each age, blood was collected from each mouse
at 2am, 6am, 10am, 2pm (14hrs), 6pm (18hrs), and 10pm (22hrs). (b) R6/2 mice show an increase
in area under the curve (AUC) corticosterone at 10 weeks of age relative to WT mice (p<.05). (c)
R6/2 mice showed abnormalities in their circadian profile of plasma corticosterone at week 10
only. R6/2 mice showed elevated CORT levels at 6am, 10am, and 2pm (14hrs) relative to WT mice
of the same age (Bonferroni adjusted alpha = 0.0028, significant contrasts all p<.001). At all other
timepoints, within each age, there was no difference in plasma corticosterone between R6/2 and
WT mice. There was no effect of sex (p>.05), and thus the data are collapsed across sex. Mice
were on a 12:12 light cycle, with gray shading reflecting clock times with lights out (from 6pm to
6am). Values represent Mean + SE. * Represents significant Tukey’s posthoc comparisons.
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CORT profile of WT and HD mice at 4 or 7 weeks of age, with both genotypes showing the expected
peak level occurring at 6pm (18hrs) (Fig. 2c). However, at 10 weeks there is a clear and significant
disruption in the circadian CORT profile in R6/2 mice — the peak mean level no longer occurs at
18hrs, but instead occurs at 10hrs (10am). Also at 10 weeks of age, R6/2 mice also showed
significantly elevated CORT at 6, 10, and 14hrs (p<.001 for each pairwise contrast) relative to WT
mice (Genotype*Age*Timepoint interaction: p<.05) (Fig. 2.2C). There was no significant effect of
sex, or any of its interactions (all p>.05), and thus the data presented are collapsed across sex
(values for males and females are presented separately in Supplemental Fig. 2.4). Although there
is not a fragmentation of the circadian pattern of CORT release, the peak is clearly shifted to an
earlier clock time and widened, with R6/2 mice showing a sustained elevation. Together, the
circadian data demonstrate that there is indeed an alteration in the circadian pattern of CORT
release in late-stage R6/2 mice, and that R6/2 mice do show an elevation in overall plasma CORT

levels across a 24 hour period even when accounting for the disruption in circadian release.

Stress induced corticosterone release

In addition to the basal circadian pattern of CORT release, all types of stressors
(psychological, physiological, etc.) also activate the HPA-axis, leading to a short-term release of
CORT. Although R6/2 mice show an elevation in basal CORT release, it is unclear whether or not
they show an exaggerated stress-induced activation of the HPA-axis leading to increased secretion
of CORT. Thus, in a third experiment, | assessed whether restraint stress would lead to an acute
increase in CORT release in R6/2 mice relative to WT mice and whether there is a disease-
associated delay returning back to basal levels.

To address this, R6/2 and WT mice were subjected to 30 minutes of restraint stress at 4,
7, and 10 weeks of age (Fig. 2.3a). Blood was collected at baseline (prior to the stressor — Omin)

and four subsequent times following the stressor (30, 60, 90, and 120min. — see Fig. 2.3b). There
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Figure 2.3 - Stress induced corticosterone release. (a) Mice underwent restraint stress and blood
collection protocol at 4, 7, and 10 weeks of age. (b) Mice were placed in restrainer tubes for 30
minutes, with blood collected at baseline (time = Omin), immediately following restraint stress
(30min), and for the next 90 minutes at 30 minute intervals (time 60, 90, 120min). There was not
a significant effect of age (all p>.05), and thus data are collapsed across the three different ages.
(c) Male R6/2 mice showed elevated CORT levels at time 0, 90, and 120 (Tukey’s post-hoc, p<.05),
relative to WT males. (d) Absolute difference from baseline to peak (30min) plasma CORT values
shows that male R6/2 mice have a blunted CORT response to stress, when baseline differences
are accounted for (p<.05). Absolute difference from baseline to end (0 to 120min) shows a small
persistent elevation in CORT, that is not different between WT and R6/2 males (p>.05). (e) Female
R6/2 mice showed lower plasma CORT values at time 30 and 60min, relative to WT females
(Tukey’s post-hoc, p<.05). (f) Absolute difference from baseline to peak (0 to 30min) plasma CORT
values shows that female R6/2 mice have a blunted CORT response to stress (p<.05). Absolute
difference from baseline to end (0 to 120min) shows a small persistent elevation in CORT at the
end of the time-course, that is not different between WT and R6/2 females (p>.05). Light green
shading in (c) and (d) reflects the time that the mice were undergoing restraint stress. Values
represent Mean * SE. * Represent significant Tukey’s posthoc comparisons.
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was no significant effect of age, or any of its interactions, on plasma CORT levels (all p>.05), and
thus the data presented in Fig. 2.3 are collapsed across age (data for both sexes at all ages and
timepoints are provided in Supplemental Fig. 2.5). Relative to male WT mice, male R6/2 mice
showed elevated plasma CORT levels at baseline (Omin.), and at the 90min. and 120min. time-
points (Fig. 3¢, Tukey’s p<.05 for all). Conversely, female R6/2 mice showed lower plasma CORT
levels relative to WT females at the 30min. and 60min. time points (Fig. 2.3f, Tukey’s p<.05 for
both). To test my hypothesis that R6/2 mice show an augmented stress-induced CORT response,
| accounted for the baseline difference shown between R6/2 and WT mice by calculating the
absolute difference between baseline (Omin) and peak (30min) plasma CORT levels. Contrary to
my hypothesis, both male and female R6/2 mice have a blunted stress-induced CORT response
relative to WT mice (Fig. 2.3d and 2.3f, p<.05). | also found that CORT values similarly returned to
baseline for both WT and R6/2 mice, regardless of sex (difference between Omin. and 120min.,
Fig. 2.3d and 2.3f, p>.05). As with the males, female R6/2 and WT mice had a similar reduction
towards baseline at the 120min. time point (Fig. 2.3f, p>.05). These data demonstrate that
elevated CORT in R6/2 mice isn’t simply due to general hyperactivity of the HPA-axis. If it were, |
would expect there to be both an increase in resting CORT levels (which there is at 10 weeks), as
well as stress-induced CORT release. In fact, these data demonstrate that R6/2 mice have an
attenuated CORT response to restraint stress, and suggests that they have intact negative
feedback of the HPA-axis as their levels normalized similarly to WT mice.

Adrenal gland weights

| collected adrenal glands from mice in both the circadian and stress induced CORT
experiments to assess whether there is a change in adrenal gland weight due to genotype
(circadian experiment) and whether this weight could be affected by exposure to repeated

restraint stress (stress-induced CORT experiment). Previous studies have shown that R6/2 mice
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demonstrate adrenal gland hypertrophy, as measured by an increase in adrenal gland weight. It
is also well established that WT female mice have larger adrenal glands than males (Bielohuby et
al., 2007). Here, mice were sacrificed at 12 weeks of age and adrenal gland weights were
measured at necropsy. The effect of experiment (circadian and stress), sex (male and female), and
genotype (WT and HD), and their interactions on adrenal gland weight were assessed. There were
no differences in adrenal gland weight between the two studies (p>.05 for experiment and all of
its interactions), suggesting that repeated restraint stress did not have an effect on adrenal gland
weight in either WT or HD mice. Since there was no difference between experiments, data were
collapsed across the two studies (Fig. 2.4). | did, however, find that both sex and genotype
influenced adrenal gland weight (p<.05 sex*genotype interaction). R6/2 male mice showed
significantly larger adrenal gland weight relative to WT males (2.90+0.1mg for R6/2 and
2.35+0.12mg for WT; Tukey’s post-hoc p<.05). Conversely, R6/2 females had significantly smaller
adrenal weights than WT females (3.16+0.12mg for R6/2 and 3.92+0.14mg for WT; Tukey’s post-
hoc p<.05). As has been shown previously, female WT mice had significantly larger adrenal glands
compared to male WT mice (Tukey’s post-hoc p<.05). There was no statistical difference in
adrenal gland weight between male and female R6/2 mice (Tukey’s post-hoc p>.05). Together,
these data show that there is a sex-specific difference in adrenal gland weight, with female HD

mice showing adrenal atrophy and male HD mice showing adrenal hypertrophy.
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Figure 2.4 - Adrenal Gland Weights. Mice were sacrificed at 12 weeks of age in the Circadian and
Stress-induced CORT experiments, and wet adrenal gland weights were measured. Female R6/2
mice had significantly smaller adrenal glands than did WT females, while male R6/2 mice had
significantly larger adrenal glands compared to WT males (p<.05). There was no difference in
adrenal gland weight between R6/2 males and females (p>.05), while WT females had larger
adrenal glands than WT males (p<.05). There was no difference in adrenal gland weight between
the two experiments, and thus data are collapsed across experiments. Values represent Mean %
SE. *Represent significant Tukey’s posthoc comparisons.
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2.4 - Discussion

Although numerous studies have shown that HD patients have elevated plasma cortisol
(Aziz et al., 2009; Bjorkqvist et al., 2006a; Heuser et al., 1991; Saleh et al., 2009), the causes and
consequences of this elevation remain largely unknown. Given that persistent
hypercortisolinemia in otherwise healthy individuals can cause metabolic, cognitive, and
psychiatric symptoms, it is possible that hypercortisolinemia is contributing to some of the same
symptoms in HD patients. Abnormalities in corticosterone (CORT) homeostasis, the rodent
homolog of cortisol, have been demonstrated in the R6/2 (Bjorkqvist et al., 2006a) and the R6/1
(Du et al., 2012) transgenic HD mouse models of HD. Experimental elevation of CORT in the male
R6/1 HD mouse exacerbates cognitive symptoms, reduces hippocampal neurogenesis, and slows
weight gain (Mo, Pang, et al., 2014). Similarly, short-term stress in the R6/1 model exacerbates
memory impairment in female HD mice (Mo et al., 2013), while long term stress reduces weight
gain in male and female HD mice, reduces saccharine preference in female HD mice (a depressive-
like measure of anhedonia), and reduces olfactory sensitivity (Mo, Renoir, et al., 2014). In the
series of experiments presented here, | extend these findings and demonstrate that elevated
CORT in the R6/2 model dramatically exacerbates the weight loss phenotype in these mice and
also shortens lifespan. Additionally, | extended previous findings that CORT homeostasis is altered
in R6/2 HD mice, confirming that CORT levels are elevated at end stage of disease. Further, |
demonstrate that there is a clear disruption in the circadian pattern of CORT release and an

attenuated CORT response to restraint stress in R6/2 HD mice.

One of the most significant findings from these experiments is that experimentally
elevated CORT dramatically reduced bodyweight in transgenic R6/2 mice. Elevated CORT in
human HD patients is significantly correlated with reduced BMI (Aziz et al., 2008). Although this

human study was correlational, our finding in R6/2 mice demonstrates causality — that artificially
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elevated CORT has the ability to exacerbate the weight loss phenotype associated with the HD
gene. HD patients, like R6/2 mice, are in a state of negative energy balance, showing increased
hunger and food intake and simultaneous weight loss (Farrer & Yu, 1985; Trejo et al., 2004; van
der Burg et al., 2008). Weight loss is progressive in patients, typically starting before the onset of
motor symptoms, and by end stage leads to severe cachexia (Djousse et al., 2002; Farrer & Yu,
1985; Kosinski et al., 2007; van der Burg et al., 2009). Although the weight loss phenotype is well
documented in HD, the mechanisms by which mutant huntingtin toxicity leads to weight loss in
patients is still poorly understood (van der Burg et al., 2009). It is not caused by energy
expenditure due to chorea, nor is it due to insufficient nutritional intake (Mochel et al., 2007,
Sanberg et al., 1981). In fact, HD patients have significantly higher caloric intake than controls
(Farrer & Yu, 1985; Trejo et al., 2004). It has been speculated that mutant huntingtin toxicity in
peripheral tissues, such as muscle, pancreas and adipose tissue may be the source of weight loss
in HD (Bjorkgvist et al., 2005; Phan et al., 2009; van der Burg et al., 2008; van der Burg et al., 2009;
van der Burg et al., 2011). It has also been postulated that hypothalamic pathology may be causal
to metabolic changes in patients (Hult et al., 2011; Petersen et al., 2005). As a steroid hormone,
CORT reaches virtually all tissues in the brain and body, and has potent metabolic effects on an
organism. In individuals with chronically elevated CORT there is a dramatic shift in whole body
metabolism and composition, with a decrease in skeletal muscle mass (wasting), a simultaneous
increase in body fat, and robust insulin resistance (Orth, 1995; Valassi et al., 2012). Although it is
likely that mutant huntingtin toxicity in the periphery and/or the hypothalamus is sufficient to
cause a metabolic phenotype in HD, this phenotype is probably multifactorial and elevated CORT

may play an important role.

Another key finding is that high dose CORT treatment significantly shortened lifespan in

R6/2 mice. This transgenic mouse model of HD is one of the most severe - mice typically die
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between 13-16 weeks of age, after developing a progressive motor, cognitive, and metabolic
phenotype. Although lifespan is severely truncated, the immediate cause of death is unclear for
these mice, as it has never been systematically evaluated (Li et al., 2005). Considering that
increased BMlI is correlated with a slower progression of disease in human patients (Myers et al.,
1991), it may be possible that the converse is true — that elevated CORT hastens the progression

to death in R6/2 mice by exacerbating the weight-loss phenotype.

One surprising finding from the adrenalectomy experiments was that | failed to detect an
elevation in CORT in 10 week old sham treated (intact) R6/2 mice (Fig. 2.1e). It has been previously
shown that R6/2 mice show a progressive elevation in circulating CORT, starting at approximately
6 weeks of age and resulting in approximately a three-fold increase by end stage (Bjorkqvist et al.,
2006a). In the same study, the authors found that late-stage human HD patients also show a
progressive increase in urinary CORT, starting at clinical stage Il and further worsening at clinical
stage IV (Bjorkqvist et al., 2006a). | hypothesized that our failure to detect an increase in our
adrenalectomy experiment was due to the time that | collected blood (midnight). However, it
remained unclear whether or not R6/2 mice simply show an increase in blood CORT only at the
time it peaks (lights off), whether there is a persistent elevation in CORT at all clock times, or
whether there is a dysregulation in the time of CORT peak in this transgenic line that has a
progressive disturbance in circadian rhythms (Morton, 2013; Morton et al., 2005). Thus, | decided
to further characterize the circadian pattern of CORT release in R6/2 mice at three different ages:

4,7, and 10 weeks of age.

| found a clear alteration in the circadian pattern of release of CORT in R6/2 mice at 10
weeks of age. This is a novel finding in HD mice, and may represent a generalized disruption in
circadian rhythms which becomes pronounced in late stage R6/2 mice. In early stage human HD
patients, the 24 hour profile of CORT release also shows an increase in AUC levels (Aziz et al.,
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2009). While there was no difference in peak levels between human patients and controls, CORT
levels became elevated earlier than expected and persisted at a level until later in the day (Aziz et
al., 2009). Our finding is similar, with R6/2 mice showing a persistent, significant elevation in CORT
which starts at a much earlier clock time (6am) and lasting throughout most the day (until 2pm).
At 6pm, the expected time of peak CORT levels, plasma levels in R6/2 mice lowered to the peak
WT levels. As with the human studies, this early elevation and persistence in high CORT levels
accumulates to an overall AUC increase in 24 hour CORT. From a practical point of view, these
data demonstrate that measuring blood levels of CORT in individuals with HD may be more
complicated than taking a single measure at a single clock time. Although there is an overall
increase in CORT, as indicated by the AUC analysis, no differences would have been detected from
samples taken at 6pm (lights-out) or 10pm alone. This likely explains our failure to detect a
difference in the midnight CORT measure from sham treated mice in the adrenalectomy. Since
the circadian rhythm of CORT release is altered, it might be more ideal to take a more long-term
measure of the hormone, such as CORT from hair samples (Thomson et al., 2010), which is not
sensitive to diurnal variation. Although there are numerous human studies showing that HD
patients show an elevation in CORT, there are also some that fail to detect an increase. It is
possible that abnormalities in the circadian pattern of CORT release may have obscured what the
true differences are between human HD subjects and controls in these studies. More studies
investigating the circadian pattern of CORT release in human subjects across disease stages could
provide great insight into the discrepancies in these studies, as well as offer a better

understanding of how CORT may influence symptom progression in HD.

In contrast with the circadian CORT findings, | found that R6/2 mice show a reduction in
stress-induced CORT release, and that they similarly return to baseline levels following the

stressor (Fig. 2.3d and 2.3f). Unlike the circadian experiment, the pattern of stress-induced CORT
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release was stable and did not change with age. Both of these findings were unexpected. Although
stress-induced CORT release had never been previously investigated in R6/2 mice, | hypothesized
that previous reports of elevated CORT in R6/2 mice reflected a general hyperactivity of the HPA-
axis. | therefore expected to see an increase in both basal and stress-induced CORT release in
these mice, as well as longer time for CORT levels to normalize in mice undergoing stress. The
restraint-stress paradigm has been utilized in R6/1 studies investigating CORT homeostasis at an
early (pre-motor dysfunction) stage (Du et al., 2012). These studies demonstrated that there was
not a different response in stress-induced peak CORT levels between WT and HD R6/1 mice,
although female HD mice failed to normalize to pre-stress CORT levels following the stressor (Du
et al., 2012). While there is no clear explanation for the divergent findings between the two
strains, it is possible that the R6/2 is simply a better model of CORT disruption in the human
disease, as they show a spontaneous increase in CORT levels, similar to human HD patients. It is
also possible that alterations in CORT homeostasis may simply occur at a later stage in R6/1 mice
than have been previously investigated. One unexpected finding was that female mice showed
high basal CORT (approximately 200ng/ml), which was not different between genotypes.
Although it is possible that this elevation is associated with stress at handling, | purposefully used
a blood collection method that is rapid (blood collection from tail tip, which takes less than 30
seconds) and doesn’t require anesthesia. This method is similar, if not quicker, to the tail-incision
method described by Sadler and Bailey (2013), which is designed to reduce the possibility of
elevating CORT levels through handling. Interestingly, | did not find a sex difference in adrenal
gland weight between male and female HD mice, although there was a clear and expected
difference in WT mice with females showing significantly larger adrenal glands than males.

Although the reason for this sex effect is unclear, it confirms that sex can be an important factor
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and should be accounted for in HD neuroendocrine studies, as has been previously shown in

stress-induced CORT release in R6/1 mice (Du et al., 2012).

While CORT release and HPA-axis function have been assessed in multiple rodent models
of HD, all have failed to recapitulate the basal elevation in CORT shown in human patients (Du et
al., 2012; Hult Lundh et al., 2013). As this phenomena may be occurring during late stages of
disease, and may show abnormal circadian patterns of release, further assessment of CORT in
other mouse models at later time-points are warranted. Considering that the mechanism that
underlies these changes in HPA-axis activity is poorly understood, particularly in human patients,
the R6/2 mouse may provide insights. | found that male R6/2 mice show hypertrophy of the
adrenal gland, consistent with a previous study showing adrenal hypertrophy and increased ACTH
immune-reactivity in the pituitary gland (Bjorkqvist et al., 2006a). While these changes may be
directly causal to an elevation in CORT, it is also possible that these changes are simply a
consequence of hyper-activation of the HPA-axis by upstream brain regions that regulate it. One
candidate is the SCN, the circadian pacemaker in the brain. The SCN shows clear pathology in HD
(Fahrenkrug et al., 2007; Morton et al., 2005; van Wamelen et al., 2013), and regulates the
circadian rhythm of HPA-axis activation which leads to a diurnal pattern of CORT release. Although
speculative, it is possible that changes in the SCN could lead to overstimulation of the HPA-axis,
leading to the increased blood levels of ACTH and adrenal hypertrophy shown in (male) R6/2 mice
(Bjorkqvist et al., 2006a). This is consistent with our data showing that elevated CORT co-occurs
with disruption in the circadian pattern of release, and that it occurs at a later stage of disease
when SCN and circadian abnormalities are more pronounced. This is also consistent with our
stress-induced CORT data, which showed a hypoactive HPA-axis response to restraint in HD mice,
further suggesting that the HPA-axis is not just simply overactive. However, further complicating

the matter is that stress-induced activation of the HPA-axis is mediated by a variety of brain
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regions, including the amygdala, limbic cortex, and hippocampus (Ulrich-Lai & Herman, 2009) —
all of which show pathology in R6/2 mice. It is possible that pathology in these upstream regions

may impair stress-induced HPA-axis activation, leading to a blunted CORT response.

Although numerous studies have shown alterations in cortisol in clinical HD, there is not
a clear consensus in the field over the magnitude and timing of that change. Heuser (1991) was
the first to show abnormal levels of CORT in HD, with symptomatic patients showing a two-fold
increase in basal plasma levels relative to healthy controls. Subsequent studies also showed an
elevation in plasma and urinary CORT (Aziz et al., 2009; Bjorkqvist et al., 2006a; Leblhuber et al.,
1995; Saleh et al., 2009), ranging from a small 10% increase (Leblhuber et al., 1995) to a 3-fold
increase in late stage patients (Bjorkqvist et al., 2006a). Bjorkqvist (2006a) showed a clear
progressive phenotype of elevated urinary cortisol in a large clinical sample (n=68 for controls,
n=82 for HD), with pre-symptomatic patients showing a mild decrease in CORT levels, clinical stage
I/1l patients showing no difference from controls, stage Ill patients showing a 2-fold increase, and
stage IV patients with a 3-fold increase. Saleh et al. (2009) conducted the largest neuroendocrine
study in HD to date and showed a 50% increase in serum cortisol levels in HD patients (n=217)
relative to age and sex matched WT controls. This study included subjects from all clinical stages,
but failed to detect any association between disease progression and the magnitude of the
elevation of CORT. Aziz (2009) has run the most detailed analysis of basal HPA-axis activity in a
clinical HD sample, collecting blood samples from patients over 24-hours in 10 minute intervals.
As expected, healthy controls showed an elevation in plasma CORT in the early morning (starting
at approximately 5am), which return to nadir levels by noon. HD patients showed an early rise in
plasma CORT (approximately 1am) and a delayed return to basal levels (approximately 5pm).
Accordingly, they found a significant 50% elevation in 24 hour area-under-the-curve cortisol in

patients. The limitations to this study is that it was a very small sample of early stage HD patients
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(n=8) and healthy controls (n=8). Although these early studies were largely consistent, more
recent studies have failed to replicate these findings. Two recent studies have shown the same
finding - a small increase in post-waking salivary cortisol in pre-symptomatic HD-mutation
carriers, but not in symptomatic HD patients (Hubers et al., 2015; van Duijn et al., 2010). Another
two studies have shown either no difference (Shirbin, Chua, Churchyard, Hannan, et al., 2013) or
a small decrease in cortisol in early symptomatic patients (Shirbin, Chua, Churchyard, Lowndes,
et al., 2013). One possible difference in methodology that may account for these inconsistent in
findings is that the earlier studies measured blood levels of CORT, which seem to be more
consistently elevated, while the studies showing null or small increases in cortisol rely on salivary
measures of the hormone. However, it would be surprising that this would explain the differences,
as salivary and blood levels of cortisol are typically in agreement (Vining et al., 1983). Although
purely speculative, perhaps salivary levels of cortisol aren’t as indicative of plasma levels of the
hormone in the clinical HD population due to pathophysiological mechanisms germane to the
disease. Additionally, another recent study failed to show an elevation in plasma or urinary
cortisol in a clinical HD population (Kalliolia et al., 2014). One limitation in these studies is that
they largely represent earlier stages in the progression of the disease — and perhaps aren’t
detecting hypercortisolinemia that may develop at later stages. Another limitation is that many
of the patients are medicated in many of these studies, which also may influence cortisol (Saleh
et al., 2009). Hopefully future clinical studies will clarify these inconsistencies, and better take into
account disease stage, 24-hour pattern of release, as well as methodology for cortisol

measurement.

HD patients have a devastating course of disease and the dopamine antagonist
Tetrabenazine, which reduces motor symptoms, is currently the only FDA-approved treatment.

There are currently no treatments which slow the disease progression. Although helpful,
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treatments for weight-loss are largely limited to increasing caloric intake through nutritional
supplementation (Trejo et al., 2005). The key findings here, that elevated CORT exacerbates the
metabolic phenotype and hastens time to death in R6/2 mice, highlight that the HPA-axis may be
a novel therapeutic target for HD. More specifically, these data suggest that normalizing CORT
levels may be of therapeutic benefit in HD patients, potentially slowing weight loss, increasing
BMI, and potentially slowing the course of disease. Ongoing studies in our laboratory are assessing
whether lowering CORT to WT levels in HD mice can prevent or slow the development of the

myriad motor, cognitive and metabolic phenotypes that are germane to HD.
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Supplemental Figure 2.1 - Dose Response Pilot. Mice were adrenalectomized and given one of 4
levels of CORT replacement (10ug/ml, 20ug/ml, 60ug/ml, and 80ug/ml). The goal of this study was
to identify the CORT replacement doses that would reach the target plasma CORT levels —
100ng/ml for WT-levels (dotted blue line) and 600ng/ml for HD-levels (dotted red line).
Replacement solutions were either supplemented with 2% or 5% sucrose, to increase palatability
and thus increase solution intake and plasma CORT level. Replacement solution also contained
0.9% saline. Target WT-levels were achieved with 10ug/ml and HD-levels with 60pug/ml (both with
2% sucrose supplementation, which were the doses chosen for the larger adrenalectomy and
CORT replacement study.
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Supplemental Figure 2.2 — Body weight in wild-type mice. WT mice showed a consistent but
small increase in bodyweight throughout the study, regardless of treatment. At the 11 week
timepoint, mice on low-dose CORT showed a small but significant decrease in the amount of
weight-gain relative to both the high dose CORT (* Tukey’s post-hoc p<.05) and sham treated
groups ($ Tukey’s post-hoc p<.05).
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Supplemental Figure 2.3 — Corticosterone solution intake. Cage scores were taken daily for
consumption of corticosterone solution, and averaged across the number of mice per cage.
Weekly averages are presented here. There is a significant elevation of intake in the high dose
(60ug/ml) group at 9 weeks of age, relative to the low dose (* Tukey’s p<.05) for both and
vehicle control groups (#Tukey’s p<.05).
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Supplemental Figure 2.4. - Circadian CORT release in males and females. Since there wasn’t a
statistically significant effect of sex (or its interactions) on plasma CORT levels in the circadian
study, data were collapsed across sex for Fig 2. For qualitative purposes, circadian CORT profiles
of (a) male and (b) female mice are presented here, separately.
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Supplemental Figure 2.5 - Stress induced CORT release at 4, 7, and 10 weeks of age. Since there
wasn’t a statistically significant effect of age (nor age*genotype) on stress induced CORT release
in this study, data were collapsed across age for Fig 3. However, stress-induced CORT release
profiles for male and female mice at 4, 7, and 10 weeks of age are also included here for qualitative
purposes.
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Chapter 3 — Normalizing Glucocorticoids Improves Metabolic and
Neuropathological Symptoms in the R6/2 Transgenic Mouse Model of
Huntington’s disease

3.1 - Introduction

Glucocorticoids, which are chronically elevated in Huntington’s disease (HD), have long
been suspected as a contributor to the metabolic phenotype shown by patients (Aziz et al., 2009;
Bjorkqvist et al., 2006a; Goodman et al., 2008). This suspicion is logical, given that chronically
elevated glucocorticoids lead to widespread metabolic dysfunction, including muscle wasting
(Braun et al., 2013; Grossberg et al., 2010; Lee et al., 2005), altered fat and protein metabolism
(Lofberg et al., 2002), insulin resistance (Black et al., 1982), and osteoporosis (Moutsatsou et al.,
2012; Toth & Grossman, 2013) — all of which are symptoms of HD. However, while these findings
from the Cushing’s literature provide abundant circumstantial evidence for a role for
glucocorticoids in HD symptomology, there has been little direct evidence to support this
speculation. Data from the previous chapter provide some of the first direct evidence that
elevated glucocorticoids do have a causal role in HD metabolic dysfunction. | confirmed that R6/2
mice show an elevation in circulating glucocorticoid levels and demonstrated that chronically
elevated glucocorticoids exacerbate HD symptomology (Dufour & McBride, 2016) by leading to
dramatic weight loss and significantly shortening lifespan (Dufour & McBride, 2016). Given the
robust effects on weight loss in this previous experiment, | further characterized the effects of
glucocorticoids on HD metabolism in a more comprehensive experiment presented here. In
addition to playing a role in the HD metabolic phenotype, there is also abundant circumstantial
evidence that elevated glucocorticoids may be exacerbating a variety of neuropathological

changes that are inherent to HD, including regional reductions in brain volume (Andela et al.,
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2013; Bourdeau et al., 2002), reduced adult neurogenesis in the dentate gyrus (Brummelte &
Galea, 2010; Cameron & Gould, 1994), and exacerbated mutant huntingtin inclusion body
formation (Baglietto-Vargas et al., 2013; Diamond et al., 2000; Maheshwari et al., 2014). Thus, in
the experiments presented here in Chapter 3, | further assessed the role of glucocorticoids in the
HD neuropathological and metabolic phenotypes, again utilizing the R6/2 HD transgenic mouse

model.

Human HD patients show a variety of severe and progressive metabolic symptoms that
include weight loss, muscle wasting, and insulin resistance (Aziz et al., 2008; van der Burg et al.,
2009; van der Burg et al., 2011). Calorimetry data suggest that patients are in a chronic catabolic
state, and thus in negative energy balance (Goodman et al., 2008). R6/2 transgenic mice
recapitulate many of these human metabolic symptoms, with mice also showing progressive
weight-loss, muscle wasting, and insulin resistance (Bjorkqvist et al., 2005; Luthi-Carter et al.,
2002; van der Burg et al., 2009). R6/2 mice are also in negative energy balance (Goodman et al.,
2008), with indirect calorimetry measures showing that this may be driven by a chronic increase
in metabolic rate, as indicated by an increase in oxygen consumption (Bjorkqvist et al., 2006b;
Goodman et al., 2008). In Cushing’s disease, chronically elevated glucocorticoids lead to severe
alterations in metabolism including weight loss, increased adiposity, muscle wasting, and insulin
resistance (Braun et al., 2013; Burt et al., 2006; Grossberg et al., 2010; Nieuwenhuizen & Rutters,
2008; Valassi et al., 2012). Given that HD patients (and transgenic HD mice) simultaneously show
a progressive increase in glucocorticoids along with a worsening metabolic profile, | postulated
that this elevation may in fact be either mediating or contributing to the HD metabolic profile,

similar to what is seen in Cushing’s patients.

In addition to metabolic symptoms, there are abundant data that chronically elevated
glucocorticoids in Cushing’s disease can induce HD-like neuropathological changes. In Cushing’s,
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the chronic elevation of glucocorticoids similarly leads to whole brain atrophy (Bourdeau et al.,
2002), as well as regional reductions in cortical and hippocampal volume (Andela et al., 2013;
Lupien et al., 1998), and a reduction in bi-caudate diameter (Bourdeau et al., 2002). In human HD
and in R6/2 HD mice there is striking reduction in whole brain and regional volume, with the
striatum, cortex, and hippocampus being particularly affected (Kim et al., 2014; Rosas et al., 2003;
Spargo et al., 1993; Tabrizi et al., 2009; Vonsattel et al., 1985; Zhang et al., 2010). While mutant
huntingtin is likely the main driver of regional reductions in brain volume in HD, it is possible that

chronically elevated glucocorticoids may be significantly exacerbating the phenotype.

R6/2 mice also show a progressive and robust reduction in dentate gyrus neurogenesis
that onsets early in life, detectable from 3.5 weeks of age (Gil et al., 2005). Dentate gyrus
neurogenesis is known to be particularly sensitive to alterations in glucocorticoid levels, with high
levels of corticosterone suppressing the proliferation of progenitor cells, and low levels
stimulating proliferation (Wong & Herbert, 2004). R6/1 mice, another transgenic HD strain with
similar genetics and slightly slower phenotypic progression to R6/2s, also show a significant
reduction in dentate gyrus neurogenesis, which can be exacerbated by elevations in
glucocorticoids (Mo, Pang, et al., 2014). However, unlike R6/1 mice, R6/2 mice show a
spontaneous and progressive elevation in glucocorticoid levels (see chapter 2) as a part of their

HD phenotype, which could potentially exacerbate this HD related reduction in neurogenesis.

A hallmark of HD neuropathology is the formation of inclusion bodies, made up of
aggregated mHTT protein (Landles et al., 2010). There is evidence that glucocorticoid receptor
signaling can have a potent effect on mHTT inclusion body formation — Diamond et al. (2000)
showed that acute stimulation of mutant huntingtin expressing cells in vitro with dexamethasone,
a potent glucocorticoid receptor agonist, causes mHTT protein to exist predominately in soluble
form. Conversely, in cells that were not treated with dexamethasone, mHTT protein tended to be
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in insoluble aggregated form (Diamond et al., 2000). However, given that chronic elevations in
glucocorticoids lead to robust downregulation of glucocorticoid receptors (Burnstein et al., 1991),
it is possible that chronically elevated corticosterone in R6/2 mice could paradoxically lead to an
increase in inclusion formation. This also appears to be the case in Alzheimer’s disease, another
neurodegenerative disease associated with chronically elevated cortisol (Davis et al., 1986; Swaab
et al., 1994) - elevated glucocorticoids in rodent models of Alzheimer’s disease cause an increase
in both amyloid beta plaques and Tau inclusion bodies (Green et al., 2006), and blocking

glucocorticoid receptors results in a reduction in both (Baglietto-Vargas et al., 2013).

Thus, in the series of experiments presented in this chapter, | assessed the effects of
glucocorticoids on HD metabolic and neuropathological symptoms, utilizing the same
experimental approach as described in Chapter 2 (adrenalectomy with WT-level or HD-level
corticosterone replacement, and sham surgery controls). Here, | tested the hypothesis that
normalized glucocorticoids (low-dose / WT-level) would improve metabolic symptoms in R6/2 HD
mice — that it would attenuate weight loss, increase food consumption, reduce VO, levels, and
increase skeletal muscle and brain mass, which are likely associated with the chronically high
metabolic state associated with the R6/2 phenotype. Additionally, | tested the hypothesis that
normalized glucocorticoids would attenuate HD neuropathology that could possibly be affected
by chronically elevated corticosterone — that it would increase regional brain volume and dentate

gyrus neurogenesis towards wild-type levels and that it would reduce mHTT inclusion burden.

66



3.2 - Methods

Animals. All animals were group housed with littermates (3-5 mice per cage) under controlled
conditions of temperature and light (12 hour light/dark cycle). Food (Laboratory Rodent Diet
5001, LabDiet, St. Louis, MO) and water were provided ad libitum. R6/2 mice (stock # 002810,
carrying 16045 cag repeats) were obtained from Jackson Laboratories (Bar Harbor, ME) and bred
in the vivarium at the ONPRC. Wild-type males were mated with ovary transplanted wild-type
females. Transgenic mice were genotyped using primers specific for the mutant human HTT
transgene (forward primer 5 TCATCAGCTTTTCCAGGGTCGCCAT and reverse primer 5’
CGCAGGCTAGGGCTGTCAATCATGCT), and age-matched wild-type littermates were used for the
indicated experiments. Average CAG repeat length for the colony was assessed from a subset of
animals by sequencing, with mice from the colony showing an average of 165 + 5 (SD) CAG repeats
(Laragen Sequencing and Genotyping, Los Angeles, CA). Body weights of all animals were recorded
weekly. All experimental procedures were performed according to ONPRC and OHSU Institutional

Animal Care and Use Committee.

Adrenalectomy Surgery. Mice were anesthetized with 3% isoflurane. A 2cm x 2cm square was
shaved on their lower dorsal surface and an incision was made in the skin at the animal's dorsal
midline (this opening was used for the removal of both adrenal glands). Next, a small (3-5mm)
incision in the muscular wall was made, directly above the kidney. Small tweezers were used to
grasp and gently remove the adrenal gland. This procedure was repeated for the animal's
contralateral side (bilateral adrenalectomy). The muscle incisions were closed using absorbable

suture and the dorsal skin was closed with wound clips.

Corticosterone Replacement. Corticosterone replacement was provided in the animals’ drinking

water, which was available ad-libitum. Corticosterone (Sigma, cat. #27840) was dissolved in a
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small volume of ethanol (0.6%), and then added to dH,0. Since the aldosterone producing cells of
the adrenal gland are lost to adrenalectomy, NaCl (0.9%) was also added to replace salt loss.
Sucrose (2.0%) was also added to increase palatability of the solution. A dose of 10ug/ml
corticosterone was used for the physiological/WT level replacement group and 35ug/ml of
corticosterone was used for the high/HD level replacement group. Vehicle alone (2% sucrose,

0.9% NaCl, and 0.6% ethanol in dH,0) was given to the sham surgery animals.

Plasma Corticosterone Analysis. The tail clip method was utilized to collect blood for assessing
peak blood corticosterone levels. The tip of the tail was clipped (0.5mm), and approximately 20ul
of whole blood was collected from the tip and collected into heparinized capillary tubes,
processed for plasma, and stored at -80°C until analysis. Handling of mice during tail-clip method
blood collection was minimized, and typically lasted approximately 30 seconds. Blood was
collected from all adrenalectomized mice on corticosterone replacement (10ug/ml and 35ug/ml)
at 10 weeks of age at midnight, to better assess peak levels of corticosterone due to mainly dark-
cycle intake of replacement solution. For sham WT mice, blood was collected at the start of the
dark cycle (6pm) at which time these mice should show peak corticosterone levels. For sham HD
mice, blood was collected at 10am, which should reflect peak corticosterone levels which is phase
shifted forwarded (estimated peak time determined in previous experiment, see chapter 2). All
plasma was assayed for corticosterone by the ONPRC Endocrine Technology CORE using an in-

house radio-immuno assay.

Indirect Calorimetry. The comprehensive lab animal monitoring system (CLAMS Oxymax system,
Columbus Instruments, Columbus, OH) was used to assess alterations in metabolic rate (indirect
calorimetry) and food intake in subjects. Mice were measured at 5 and 10 weeks of age, and 24-
hours of data were analyzed (6pm — 6pm). Mice were acclimated to the sealed chambers (3.5”)
for 4 hours before the dark cycle (2pm-6pm), and these acclimation data were omitted from
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analysis. As there are diurnal variations in indirect calorimetry measures, dark cycle and light cycle
data were analyzed separately. Mice had ad lib access to food and water (water at 5 weeks of age,
before surgery, and corticosterone replacement solution at 10 weeks) throughout their time in
the chambers. Standard rodent chow was finely ground (required for accurate measurement of
food intake) and placed in a specialized feeder at the base of the chambers, and food consumption
was automatically measured by the CLAMS apparatus. Fluid intake was manually measured over
the 24 hour period. Measures of oxygen intake (VO,) and carbon dioxide production (VCO,) were
automatically collected by the software for each chamber every 18 minutes throughout the 24-
hour period, and the respiratory exchange ratio (RER, Ratio VCO,:VO,;) was automatically
calculated by the software for each interval. There was a malfunction of the oxygen sensors during
some of the indirect calorimetry runs (up to 8 mice are run at a time, 3 runs were affected, leading
to exclusion of 21 mice), and thus a portion of the animals from this experiment were specifically
excluded from the calorimetry analysis. Although the malfunction only affected a single timepoint
for these animals, both timepoints were omitted to ensure that repeated measures were

complete and reliable.

Necropsy. At 11 weeks of age, mice were deeply anesthetized with ketamine/xylazine and
perfused with 15mLs of 0.9% saline. Brains and gastrocnemius muscle were carefully dissected
and weighed. Brains were post-fixed in 4% paraformaldehyde for 24 hours, then stored in a 30%

sucrose solution until they were sectioned.

Immunohistochemistry. Brains were cut into 40um sections with a freezing sliding microtome
and stored in cryoprotectant solution (30% sucrose, 30% ethylene glycol, in PBS) until stained.
Serial sections from 48 mice (balanced for sex, genotype, and treatment) were stained using
standard DAB immunohistochemistry using the following primary antibodies: 1) NeuN (1:750,
Millipore ABN78) - a pan neuronal marker used here for volumetric analysis, 2) ki67 (1:150,
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ThermoFisher MA5-14520) — a mitosis marker that is used to identify proliferating cells in the
adult brain as a marker of neurogenesis, and 3) em48 (1:250, Millipore MAB5374) — an antibody
that preferentially binds to aggregated mutant huntingtin protein. Sections were blocked (for
endogenous peroxidases) in sodium-m-periodate for 20 minutes, then blocked (for non-specific
antibody binding) in 5% goat serum for 1 hour, incubated in primary antibodies overnight (in 3%
goat serum), washed and incubated in secondary antibody for 1 hour, amplified with VectaStain
ABC kit, and developed with DAB (Nickel intensification was also used for the ki67 stain, to

intensify the signal).

Neuropathology Quantification. NeuN stained sections were used to analyze regional volume of
striatum, cortex, and hippocampus using the Cavalieri method in Microbrightfield Stereo
Investigator software (MBF Bioscience, Milliston VT). The following parameters were used for the
Cavalieri estimations from each region: 1) Striatum — 6 matched serial sections (every 12" section,
from +1.70 to -1.94) were assessed with a grid size of 75um, 2) Cortex — 9 matched serial sections
(every 12" section, from +2.10 to -2.92) were assessed with a grid size of 150um, and 3)
Hippocampus — 5 matched serial sections (every 12" section, from -1.46 to -3.88) were assessed
with a grid size of 75um. Parameters for analysis were optimized with pilots, aimed at minimizing
Gunderson Coefficients of Error (m=0) to <0.100 (Average values: Striatum = 0.049, Cortex =
0.054, Hippocampus = 0.096). Ki67+ cells in the dentate gyrus were counted manually at 40x
magnification in 5-6 serial sections (every 6™ section) from -1.58 to -2.80. Counts were taken for
both hemispheres, for a total of 10-14 counts per mouse and averaged. Em48 stained sections
were assessed for inclusion number and size using imagel software (National Institutes of Health,
Bethesda MD), following the method outlined in Gharami et al. (2008). Images were acquired at
100x in three serial sections, with an image taken from both the left and right hemispheres, for a

total of 6 images per mouse for each region of interest: hippocampus (CA1 and dentate gyrus: -
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1.70 to -3.16), hypothalamus (lateral hypothalamus: -0.82 to -2.18), striatum (dorsomedial: +0.86
to -0.46), and cortex (layer 5 motor cortex: +1.42 to +0.02). The acquired images were converted
to 8-bit greyscale and the threshold was adjusted to a set level in each ROl to remove background
staining. The number and size of EM48+ inclusion bodies were quantified using the particle

analysis tool and averaged for each mouse across all 6 acquired images per ROI.

Statistical analysis. All statistical analyses were performed by using JMP Version 11 (SAS Institute
Inc.). A repeated measures mixed-model analysis was used for all repeated measures (Dependent
variables: bodyweight, VO,, VCO,, RER, food intake, and fluid intake; Independent variables:
genotype, treatment, time-point). A two-way ANOVA was used to assess the effects of genotype
and treatment group on: Organ mass (brain and gastrocnemius), Regional brain volume (striatum,
cortex, hippocampus), and Neurogenesis. A one-way ANOVA was used to assess the effects of
treatment on inclusion burden (inclusion size and number) across the 6 regions of interest
(striatum, motor cortex, cingulate cortex, CA1 hippocampus, dentate gyrus, and lateral
hypothalamus) in R6/2 mice. All analyses were carried out separately for males and females, as
there were sexually dimorphic patterns of treatment effects. Pre-planned post-hoc contrasts
were used to assess within genotype and within treatment pairwise comparisons in bodyweight
at each time-point assessed. The alpha level for contrasts were Bonferroni adjusted (total of 48
comparisons - .05/48 = .0011) to avoid Type | error. Contrasts were utilized for the bodyweight
analysis instead of Tukey’s post-hoc comparisons to avoid Type Il error (excessive alpha
suppression) due to a high number of possible pairwise comparisons (435), most of which were
not relevant to the hypotheses being tested. For all other analyses, Tukey’s post-hoc comparisons
were used if there was a significant fixed effect for the independent variables of interest. In all

cases, a p<0.05 was considered significant.
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3.3 - Results

Timeline, experimental design, and rationale

In order to assess the role of glucocorticoids in HD metabolic symptomology and
neuropathology, WT and R6/2 HD mice were adrenalectomized at 6 weeks of age, and treated
with either low dose (10ug/ml, WT level, n=20-25 per genotype) or high dose (35ug/ml, HD level,
n=17 per genotype) corticosterone replacement, provided in their drinking water (See Fig. 3.1A
for experimental timeline). Another cohort of WT and HD mice were given sham surgeries, and
provided with vehicle only (no corticosterone replacement) for their drinking water. Dosing was
determined in pilot experiments, and adjusted from a previous study (Chapter 2, Dufour &
McBride, 2016) to reduce the HD-level replacement to a dose that is closer to the levels of

hypercortisolinemia normally seen in transgenic R6/2 mice (35ug/ml instead of 60mg/ml).

Plasma corticosterone levels

Blood was collected from subjects at 9.5 weeks of age to identify peak plasma
corticosterone levels due to corticosterone treatment or due to endogenous circadian
corticosterone release in sham surgery controls (Fig. 3.1), and analyzed in a subset of mice.
Accordingly, blood was collected at midnight for adrenalectomized mice on corticosterone
replacement (middle of dark cycle, when water intake is highest), 6pm for sham treated WT mice
(start of the dark cycle, normal circadian peak time), and at 10am for sham treated R6/2 mice
(peak time determined in previous experiment in Chapter 2, although perhaps not ideal). There
was a trend for a sex effect (Fie0 = 3.96, p=.0512), and thus the two sexes were analyzed
independently for the final analysis. As expected, treatment affected plasma corticosterone levels
in both males (F130= 17.16, p<.001) and females (F1,30= 5.32, p<.05). In males, Tukey’s post-hoc

comparisons indicate that high dose corticosterone replacement resulted in significantly elevated
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Figure 3.1 — Experimental timeline and plasma corticosterone levels. (A) Experimental
timeline - WT and R6/2 HD mice underwent adrenalectomy surgery at 6 weeks of age and were
given either low/WT dose corticosterone replacement (10ug/ml, blue) or high/HD dose
corticosterone replacement (35ug/ml, red) in their drinking water from 6 to 11 weeks of age,
at which time mice were sacrificed. A group of sham surgery controls were also included
(black), and only received vehicle. All subjects were measured for indirect calorimetry at 5 and
10 weeks of age, body weight weekly, and blood was collected at 9.5 weeks of age for plasma
corticosterone levels. (B) Plasma corticosterone analysis (N=36 per sex, 6 per
genotype/treatment group) indicates that high dose treatment led (35ug/ml) to increased
plasma levels in females relative to those on low dose treatment (10ug/ml), although they
were not different from sham controls. For males, plasma levels from the high dose (35ug/ml)
group were significantly higher than both those on low dose treatment (10ug/ml) and sham
controls. Values represent Mean + SE. *Indicate significant differences as indicated by Tukey’s
posthoc comparisons.
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plasma corticosterone levels (WT: 367.5 + 43.0 ng/ml, HD: 454.9 + 62.4 ng/ml) relative to those
on low dose replacement (WT: 187.6 £ 21.7 ng/ml, HD: 137.7 = 25.9 ng/ml) and sham controls
(WT: 181.4 + 70.5 ng/ml, HD: 162.9 + 44.8 ng/ml). For males, plasma corticosterone levels were
not affected by genotype (F1,30 = 0.03, p=.87) nor was there a treatment*genotype interaction
(F230 = 1.12, p=.34). In females, Tukey’s post-hoc comparisons indicate that high dose
corticosterone replacement resulted in significantly elevated plasma corticosterone levels (WT:
355.5+135.9 ng/ml, HD: 228.9 + 50.3 ng/ml) relative to those on low dose replacement (WT: 86.3
+31.0 ng/ml, HD: 100.1 % 16.0 ng/ml), but were not different from sham controls (WT: 272.0
68.4 ng/ml, HD: 68.5 + 20.9 ng/ml). In females there was an effect of genotype (F130=4.41, p<.05)
on plasma corticosterone levels, which reflects an overall elevation in plasma corticosterone
levels in WT females, regardless of treatment, but not a treatment*genotype interaction (Fy30=
1.60, p=.22). While the effect high dose versus low dose corticosterone replacement is clear, the
data from the sham controls are less straight forward. The interpretation of these data is
complicated by two factors: 1) There isn’t an ideal time to measure plasma corticosterone levels
in intact transgenic R6/2 mice, as there is circadian dysregulation and tremendous individual
differences in terms of the time of peak corticosterone (See Fig. 2.2); and 2) There are plasma
corticosterone values for two WT females and one WT males that are outside of the circadian

range and in the stress-induced corticosterone range (>250 ng/ml - See Supp. Figs. 2.4 and 2.5).

Bodyweight analysis

| first tested the hypothesis that normalized glucocorticoid levels (10ug/ml - low dose WT-
level treatment) would slow the progression of weight loss in R6/2 mice relative to those on high
dose (35ug/ml — HD level) treatment and sham surgery controls. In a previous experiment
(chapter 2), high dose corticosterone (60ug/ml) was associated with precipitous weight loss in
transgenic R6/2 mice, although here a lower (35ug/ml) dose was used here for the high dose (HD
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Figure 3.2 — Effect of glucocorticoid replacement on percent change in bodyweight. All WT mice gained
weight following surgery/treatment at week 6, while HD mice lost weight, although the degree of weight
loss varied according to treatment and genotype (Treatment*Genotype*Timepoint. Males: p<.0001;
Females: p<.005). Within-genotype post-hoc comparisons (indicated by symbols in green: at top for
wildtype, below for HD) indicate that HD males on high dose CORT (35ug/ml) show significantly more
weight loss than HD sham males from weeks 8-11 and low dose (10ug/ml) HD males from weeks 10-11
(B). High dose HD females show significantly more weight loss at week 11 only, relative to the other
treatments. Sham male WT mice showed increased weight gain relative to WT males on high dose (weeks
8-11) and low dose corticosterone treatment (week 10 only). Within treatment comparisons (e.g. low
dose. WT vs HD) indicate that low dose CORT delayed weight loss in male R6/2 mice, which only becomes
significant at 11 weeks of age (B, blue arrow), while sham (B, black arrow) and high dose (B, red arrow)
treated males show significant weight loss from weeks 9-11. Low dose treatment also delays weight loss
in HD females (A, blue arrow) to week 11, while weight loss begins at week 9 for high dose (A, red arrow)
and week 10 for sham controls (A, black arrow). Alpha level was Bonferoni adjusted for 45 post-hoc
comparisons (.05/45 = .0011 critical alpha). Overall N=52 for females (n= 7-11 per group) and N=60 for
males (n=9-14 per group). Values represent Mean + SE.
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level) group, as it better matches the level of hypercortisolinemia normally seen in transgenic
R6/2 mice. Change in bodyweight from 6 weeks of age, at which point mice underwent
adrenalectomy or sham surgery, was calculated weekly until 11 weeks of age and analyzed using
a 2-way repeated measures ANOVA. Pre-planned post-hoc orthogonal contrasts were used to
make pairwise comparisons (both within treatment, and within genotype) and accordingly the
alpha-level was Bonferoni adjusted to avoid type | error (ot =.0011 = .05/45 comparisons). As there
are numerous sex effects across metabolic and neuropathological markers throughout these
experiments, males and females were assessed separately for all analyses. There was a significant
divergence in bodyweight change between genotypes (Females: Genotype*timepoint -
F4,192=70.70 p<.0001 / Males: Genotype*timepoint - F420=156.27 p<.0001), with wild-type mice
showing normal weight gain following surgery at 6 weeks, and transgenic mice showing a
progressive decline in bodyweight (Fig. 3.2). Bodyweight was further influenced by an interaction
of both treatment and genotype across the span of the experiment
(Treatment*Genotype*Timepoint interaction) for both males (Fs220=7.54 p<.0001) and females
(Fs,192=3.25 p<.005). By the end of the experiment, at 11 weeks of age, all male transgenics had all
lost significant weight relative to their 6 week baseline: 8.9% * 2.6% for those on low dose
corticosterone, 24.0% * 1.5% for high dose, and 12.5% * 2.0% for sham controls. As expected,
wildtype males on all treatments gained weight relative to their 6 week baseline: an increase of
7.8% + 1.1% for low dose, 10.7% + 2.7% for high dose, and an 18.6% + 2.5% for sham by week 11.
For female transgenics, high dose corticosterone resulted in a loss of 13.7% + 3.4% of bodyweight,
while those on low dose (2.0% + 1.9% loss) and sham controls (2.7% * 1.8%loss) had only started
to lose weight at this time-point. Treatment did not significantly affect bodyweight in wildtype
females, with all treatment groups showing an increase ranging from 13.4% to 17.2%. Given that

treatment affected bodyweight for the wildtype animals differently, both within-treatment post-
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hoc comparisons (e.g. transgenic R6/2 on low dose compared with wildtype on low dose) and
within-genotype post-hoc comparisons (e.g. low dose transgenics compared to high dose and
sham treated transgenics) were utilized to better assess how treatment affected the R6/2 weight

loss phenotype.

Within-treatment comparisons (Fig. 3.2, indicated by blue, red, and black arrows below
the x-axis) illustrate the timepoint at which transgenic R6/2 mice show significant weight loss
relative to WT control mice on the same treatment. This within-treatment comparison is
important statistically, since treatment had subtle but significant effects on WT controls
(described above), and thus should be accounted for when assessing the effect of treatment on
the onset of the R6/2 weight-loss phenotype. These comparisons show that low dose
corticosterone delayed the onset of weight loss in transgenic male and female R6/2 mice, which
did not become significantly different from low-dose WT controls until 11 weeks (Fig. 3.2A and
3.2B, blue arrows, p<.0011). In contrast, male and female transgenic mice on high dose
corticosterone showed significant weight loss earlier, starting at 9 weeks and continuing through
week 11, relative to wild-type controls on the same treatment (High dose CORT, red arrows,
p<.0011 for each of those 3 timepoints for both sexes). As expected, male R6/2 sham controls also
showed significant weight loss relative to wild-type male sham controls from weeks 9 through 11
(black arrows, p<.0011 for all). There was a slight delay in female sham control, with transgenics
showing significant weight loss in weeks 10 and 11 (black arrow, p<.0011), one week earlier than

low dose transgenics and one week later than high dose transgenics.

Within-genotype post-hoc comparisons (Fig. 3.2, indicated by $,#,* in green, below data
lines for transgenics, above data lines for wild-type mice) revealed that R6/2 mice on high dose
corticosterone show significantly more weight loss, particularly in males, relative to low-dose
treated and sham control R6/2 mice. This is consistent with the previous study (chapter 2), even
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with the reduced dosing for the high corticosterone group (35ug/ml instead of 60ug/ml). For male
transgenics, those on high dose corticosterone showed significantly more weight loss than sham
controls from weeks 8-11 (# p<.0011) and low dose treated mice from weeks 10-11 (*p<.0011).
High dose corticosterone also exacerbated weight loss in female transgenics, relative to those on
low dose treatment (*p<.0011) and sham controls (# p<.0011), although this didn’t become
significant until the last time point at 11 weeks of age. Contrary to my hypothesis, within-genotype
comparisons indicated that bodyweights were not significantly different between low-dose and

sham control R6/2 mice, for either sex (p>.0011 for all timepoints).

Overall, within-treatment comparisons reveal that low dose treatment delays weight loss
R6/2 mice, which accounts for how the same treatment affected matched WT mice controls. This
may be in part accounted for the poorer recovery for adrenalectomized mice (low and high dose,
WT and HD), who typically show more weight loss at week 7. Indeed, male wildtype sham mice
did show increased weight gain compared to the two adrenalectomized groups. However, within-
treatment comparisons suggest that the normalization of glucocorticoids did not delay the onset
of weight-loss in R6/2 mice relative to sham controls, although it indicates that high dose
treatment did result in dramatic weight-loss relative to the other two groups. Within-genotype
comparisons also reveals that sham treated male HD mice lost weight earlier and more severely
than females, which is expected for R6/2 mice (Hockly et al.,, 2003), and that high dose
corticosterone treatment here (35ug/ml) has a particularly strong effect on weight loss, even
more severe than the endogenously high levels in sham control HD mice. As the within-genotype
and within-treatment comparisons do not entirely agree, it is difficult to reconcile these two
analyses. However, regardless of the type of posthoc analysis, it appears as though high dose
CORT led to an exacerbation of the R6/2 weight loss phenotype much more robustly than low

dose CORT may have attenuated it, relative to sham controls.
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Indirect Calorimetry

To better assess the effect of glucocorticoid treatment on metabolism in R6/2 HD mice,
24-hour indirect calorimetry measures were taken from the subjects at 5 weeks of age (prior to
surgery/treatment at week 6), and again at 10 weeks of age following 4 weeks of chronic
treatment with corticosterone replacement (vehicle for sham controls). Gas exchange is
measured with indirect calorimetry, including oxygen consumption (VO,) and carbon dioxide
production (VCO;). From these values, the respiratory exchange ratio (RER) is calculated (Ratio of
VCO0,:V0O;) for each individual, which indicates on a cellular level what nutrient source is
preferentially used for fuel (Frayn, 1983). Mice were provided with ad-libitum food and water
(water at baseline/5 weeks, corticosterone replacement solution or vehicle at 10 weeks of age),
which was measured for the 24 hours of measurement. As indirect calorimetry measures shift
between the light and dark cycles, these two 12 hour periods were analyzed separately, as well
as the two sexes as there are sex differences in these measures. Previous studies with R6/2 mice
have shown an increased in oxygen consumption relative to WT mice, an indicator of elevated
metabolic rate (Goodman et al., 2008; van der Burg et al., 2008). Accordingly, here | tested the
hypothesis that normalizing glucocorticoid levels would ameliorate the metabolic deficit shown

by R6/2 mice, as measured by indirect calorimetry.

Genotype had a strong and consistent impact on all indirect calorimetry measures here,
with R6/2 HD mice showing significantly elevated VO, and VCO, levels and a reduction in RER
(Statistical tests outlined in Table 3.1). Although both VO, and VCO; levels are elevated, VO; is
elevated to a larger degree than VCO, in R6/2 mice here, which is what drives the reduction in
RER. Treatment also had strong impact on calorimetry measures in transgenic R6/2 male mice

(Reflected by significant Treatment*Genoptype*Timepoint fixed effects for dark and light cycle
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VO; and RER, and for light cycle VCO,, p<.05 for all) with few significant effects on wildtype male

mice or on females of either genotype.

Tukey’s posthoc tests indicate that in male R6/2s, elevated (high dose, HD-level)
corticosterone drives a strong and significant elevation in indirect calorimetry measures relative
to baseline: a 15.6% increase in dark cycle VO, (15.6% increase over baseline, Fig. 3.4A), light cycle
VO, (37.9%, Fig. 3.4D), and light cycle VCO; (33.6%, Fig. 3.4E). Similarly, sham male R6/2s also
show a significant elevation over baseline in light cycle VO (17.2%, Fig. 3.4D) and light cycle VCO,
(12.4%, Fig. 3.4E). Normalizing glucocorticoids partially prevents these elevations in VO, and VCO;
from baseline shown in sham and high dose males, as male R6/2 mice treated with low dose
corticosterone do not show any significant changes from baseline in dark cycle VO, (3.4%
decrease, Fig. 3.4A), light cycle VO, (10.8% increase, Fig. 3.4B), dark cycle VCO; (3.1% decrease,

Fig. 3.4D), or light cycle VCO; (11.2% increase, Fig. 3.4D).

Normalizing glucocorticoids also prevents the reduction in the respiratory exchange ratio
(RER) in males that is characteristic of R6/2 mice. RER reflects the preferential utilization of
macronutrients in energy production, with a value of 1.00 reflecting exclusive utilization of
carbohydrates, a value of 0.70 reflecting an exclusive utilization of fatty acids for energy, and
intermediate values representing a mixture of both carbohydrates and fats (Frayn, 1983). R6/2
males on low dose treatment showed a non-significant 0.1% reduction in dark cycle RER (Fig 3.4C)
and a non-significant 0.8% increase in light cycle RER (Fig. 3.4F), relative to baseline. Additionally,
low dose treated R6/2 mice were not significantly different from low dose treated WT controls
for either dark cycle RER (3.9% decrease, Fig. 3.4C) or light cycle RER (3.4% decrease, Fig. 3.4F). In
contrast, male R6/2 mice on high dose corticosterone showed a significant 8.0% reduction in dark

cycle RER (Fig. 3.4C) and a significant 6.2% reduction in light cycle RER (Fig. 3.4F), reflecting an
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Figure 3.3 — Effect of glucocorticoid replacement on indirect calorimetry (CLAMS) in females. Mice were
measured for indirect calorimetry at 5 weeks (baseline) and 10 weeks of age, following surgery and
corticosterone treatment at 6 weeks of age. Unlike males (see figure 4), treatment effects were rare and
small for female mice. R6/2 mice showed elevated night cycle Vo, (A) and vCo, (B) (Treatment: p<.05), and

also showed an elevation in light-cycle VO, (D) and VCO, (E) at 10 weeks (Genotype*timepoint: p<.05).

Female R6/2 mice also showed a reduction in dark cycle RER at 10 weeks (C, Genotype*Timepoint: p<.05)
and light cycle RER at baseline and 10 weeks (F, Genotype: p<.05). Both low dose and high dose treatment is
associated with an increase in dark cycle VO, (*Tukey’s posthoc), but not for sham R6/2 mice (A). High dose

CORT (35ug/ml) is associated with a reduction in VCO; in WT females, while sham treatment is associated
with a reduction in R6/2 females (B, *Tukey’s posthocs). High dose CORT treated R6/2 females also showed
an elevation in VCO, at 10 weeks, relative to WT females on the same treatment. Overall N=44, with n=7-9
per group. Values represent Mean + SE. *Indicate significant differences as indicated by Tukey’s posthoc
comparisons.
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Figure 3.4 — Effect of glucocorticoid replacement on indirect calorimetry (CLAMS) in males. Mice were
measured for indirect calorimetry at 5 weeks (baseline) and 10 weeks of age, following surgery and
corticosterone treatment at 6 weeks of age. High dose corticosterone (35ug/ml) treatment resulted in a
robust elevation in light (A) and dark cycle VO, (B), as well as light cycle VCO, (E) (Signficant

Treatment*Genotype*Timepoint: p<.05 for all 3). Both dark cycle (C) and light cycle RER (F) was reduced in
sham and high dose R6/2 mice following treatment at 10 weeks (Significant Treatment*Genotype*Timepoint,
p<.05 for both), which was normalized by low dose (10ug/ml) corticosterone treatment. *Indicates
significantly different Tukey’s posthoc pairwise comparisons. Overall N=47 (n=7-9 per group). Values
represent Mean * SE. *Indicate significant differences as indicated by Tukey’s posthoc comparisons.
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increase in the utilization of fatty acids for energy relative to carbohydrates. Sham control male
R6/2 mice showed a significant 9.3% reduction in dark cycle RER and a non-significant 5.6%
reduction in light cycle RER, showing a similar preferential utilization of fatty acids. Additionally,
male R6/2 mice on high dose treatment and sham controls were both significantly lower than
wildtype controls on the same treatment for both dark cycle (7.4% decrease for high dose and
10.4% decrease for sham) and light cycle RER (5.8% decrease for high dose and 8.6% decrease for

sham).

Although there were clear genotype effects in females, with transgenics showing
increased VO, and VCO; and decreased RER, there was only a few small and inconsistent effects
of treatment. This is reflected only in dark cycle VO, (Treatment*Genotype*Timepoint: F,33=4.64
p<.05) and dark cycle VCO, (Treatment*Genotype*Timepoint: F; 3= 8.68 p<.05). Tukey’s post-hoc
comparisons indicate that for dark cycle VO,, low dose and high dose corticosterone treated R6/2
females show a significant 17.7% and 26.5% elevation in dark cycle VO, at 10 weeks, respectively,
relative to WT controls on the same treatment (Fig. 3.3A). Tukey’s post-hoc comparisons indicate
that R6/2 sham controls show a significant 4.8% reduction from baseline for dark cycle VCO, (Fig.
3.3B). R6/2 females on high dose corticosterone show 26.5% higher dark cycle VCO; levels relative
to high dose WT at 10 weeks (Fig 3.3B). In spite of some of these small treatment induced
differences in VO, and VCO; levels, the RER values for female transgenics were unaffected by
treatment (Fig. 3.3C and 3.3D), suggesting similar patterns of micronutrient utilization for cellular

metabolism.

Food and water intake

Food consumption and fluid intake (treatment or vehicle solution) was measured for all

mice while in the CLAMS metabolic chambers. Measures reflect intake over a full 24 hour period,
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after acclimation to the chambers. Although small reductions in food consumption in late stage
R6/2 mice have been previously documented (van der Burg et al., 2008), there was a much larger
reduction in food intake detected here for both female (Fig. 3.5A - Genotype*Timepoint:
F1,39=34.85 p<.05) and male (Fig. 3.5C - Genotype*Timepoint: F133=34.85 p<.0001) transgenic R6/2
mice at 10 weeks of age. There were no detectable differences in food intake between genotypes
at baseline (Tukey’s posthoc, p>.05 at 5 weeks), suggesting that late stage hypophagia may be a

significant contributor to precipitous weight loss that occurs at end stages of disease in R6/2 mice.

While treatment did not significantly affect food consumption in females at either time
point, there was a significant effect on male HD mice (Treatment*Genotype*Timepoint
F1,38=34.85 p<.05). Tukey’s posthoc comparisons indicate that all groups of male HD mice showed
a significant reduction in food intake relative to baseline (Fig. 3.5C): 27.5% for low dose (3.80 %
0.17g baseline vs 2.76 + 0.18g post), 58.5% for high dose (3.99 + 0.48g vs 1.65 + 0.37g), and 46.5%
for sham controls (3.48 + 0.29g vs 1.86 + 0.28). However, Tukey’s comparisons also indicate that
the normalization of glucocorticoids led to slight attenuation of hypophagia in R6/2 males, as food
intake levels at 10 weeks were not significantly different between male R6/2 and WT mice on low
dose corticosterone, although sham and high dose treated R6/2 males were significantly different

from WT controls.

As expected, there was a significant increase in fluid intake in both female (Fig. 3.5B -
Genotype*Timepoint: F139=8.38 p<.01) and male (Fig. 3.5D - Genotype*Timepoint: F;4:=17.53
p<.001) R6/2 HD mice at the 10 week time point — a phenotype that had been previously
characterized (Wood et al., 2008). Treatment did not affect intake levels in any way (p>.05 for all),

with all groups of HD mice showing a similar increase in consumption.
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Figure 3.5 — Effect of glucocorticoid replacement on food and water intake. 24-hour food and water
intake were measured in CLAMS metabolic chambers at 5 (baseline) and at 10 weeks of age, after
adrenalectomy and corticosterone treatment (or sham surgery and vehicle) starting at 6 weeks of age.
Female (A) and male (C) R6/2 mice showed a significant reduction in food intake at 10 weeks
(Genotype*Timepoint: p<.05 for both males and females), although intake levels were not different at
baseline (Tukey’s p>.05). Although food intake was reduced for males on all treatments, low dose CORT
(10ug/ml) attenuated the severity of hypophagia in R6/2 males. Female and male R6/2 mice also showed
a significant increase in fluid intake (water at baseline, corticosterone or vehicle at 10 weeks) at 10 weeks
(Genotype*Timepoint: p<.05 for both males and females). There was not an effect of treatment on fluid
intake (Treatment and treatment*genotype: p>05 for both sexes). Overall N=44 (n= 7-8 per group) for
females and N=47 for males (n=7-9 per group). Values represent Mean * SE. *Indicate significant
differences as indicated by Tukey’s posthoc comparisons.
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Organ weights

Both brain and skeletal muscle are known to be particularly sensitive to chronic
alterations in glucocorticoid levels, with chronically elevated glucocorticoids associated with
Cushing’s like reductions in brain (Bourdeau et al., 2002) and muscle mass (Braun et al., 2013).
Thus, to assess whether glucocorticoids contribute to overall reductions in brain and skeletal
muscle mass that is characteristic of R6/2 HD mice, wet weight of both tissues were assessed
during necropsy at 11 weeks of age. Here, | tested the hypotheses that normalizing glucocorticoid
levels (HD mice on low/WT-dose) in R6/2 HD mice would reduce the loss of gastrocnemius skeletal

muscle mass and brain mass.

Glucocorticoid levels significantly affected gastrocnemius mass (Fig. 3.6), although it did
so differently in wild-type and transgenic R6/2 HD mice (Males - Treatment*Genoptype:
F254=3.83, p<.05, Females - Treatment*Genoptype: F,46=7.25, p<.01). As hypothesized,
normalization of glucocorticoid levels significantly increased muscle mass in transgenic R6/2 mice,
as indicated by Tukey’s posthoc comparisons. In female R6/2 mice (Fig. 3.6A) low dose
corticosterone treatment led to a significant 27.0% increase in muscle mass (72.2 + 1.6mg) relative
to those on high dose treatment (55.9 + 2.4mg), and a non-significant 16.6% increase relative to
sham controls (62.0 + 2.5mg). In males, there was a significant 28.2% increase in gastrocnemius
muscle mass in those on low dose corticosterone (76.7 + 2.3mg) relative to those on high dose
treatment (59.8 + 3.5mg). Sham control R6/2 mice show an intermediate mass (66.4mg for males,
62.0mg for females), which were not significantly different from either treatment group. In
contrast, high dose glucocorticoids resulted in a Cushing’s like reduction in gastrocnemius muscle
mass in both female (Fig. 3.6A) and male wild-type mice (Fig. 3.6C), with those on high dose
corticosterone showing significantly reduced mass relative to those on low dose corticosterone
and sham controls (Tukey’s post-hoc comparisons). For males, this represents a 12.5% decrease
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in muscle mass for mice on high dose treatment (107.9 + 4.3mg) relative to those on low dose
treatment (123.3 + 2.6mg) and a 16.7% decrease relative to sham controls (129.6 + 3.4mg). For
females, this represents a 27.0% decrease for mice on high dose treatment (81.5 + 2.9mg) relative
to those on low dose treatment (111.3 + 2.8mg) and a 23.1% decrease relative to sham controls

(107.2 + 3.0mg).

As with muscle mass, treatment affected brain mass in female WT and R6/2 mice
differently (Treatment*Genoptype: F,46=4.65, p<.05). As hypothesized, normalization of
glucocorticoids improved brain mass in R6/2 female mice (Fig. 3.6B), with those on low dose
corticosterone showing a small but significant 7.0% increase in brain mass (412.4 + 3.9mg),
relative to those on high dose corticosterone (385.6 + 5.7mg). Tukey’s post-hoc comparisons also
indicated that there was a Cushing’s like reduction in brain mass in wild-type female mice on high
dose corticosterone (438.9 + 9.6mg), which were 9.7% smaller than those on low-dose
corticosterone (485.9 £ 3.1mg) and 8.8% lower than sham controls (481.3 + 5.6mg). Surprisingly,
there was not a similar interaction of genotype and treatment in male R6/2 mice (Fig. 3.6D,
Treatment*Genoptype: F,54=0.93, p=.40), although the transgenics did show a significantly
reduced brain mass relative to wild-type mice (Genotype: F15,=3.32, p<.01), and a Cushing’s like
reduction in brain mass for both R6/2 and wild-type males on high dose corticosterone

(Treatment: F;54=4.65, p<.05).

Although glucocorticoid normalization did not fully prevent a loss in brain and muscle
mass to wild-type levels, these data provide preliminary evidence that elevated glucocorticoids
exacerbate the phenotype, and that normalization of glucocorticoids could potentially attenuate

the reduction in skeletal muscle and brain mass that is a characteristic symptom of the disease.
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Figure 3.6 — Effect of glucocorticoid replacement on brain and muscle mass. High dose
glucocorticoid treatment (35-ug/ml) resulted in a significant Cushing’s like reduction in
gastrocnemius muscle mass in WT females (A) and males (C), and in brains for WT females (B).
Normalizing glucocorticoid levels in R6/2 mice resulted in a significant increase in gastrocnemius
mass in females (A) and males (C), and brain mass in females (B). Significant Genotype*Treatment
effect for female (p<.01) and male gastrocnemius muscle (p<.05), and female brain (p<.05) but not
male brain mass (p=.40). Overall N=52 for females (n= 7-11 per group) and N=60 for males (n=9-14
per group). Values represent Mean + SE. *Indicate significant differences as indicated by
Tukey’s posthoc comparisons.
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Regional Brain volume

One hallmark neuropathological symptom of HD, present in both human patients and in
the R6/2 mouse model, is regional brain atrophy. Cushing’s patients also show whole brain and
regional atrophy in many of the same areas, including the hippocampus and the striatum (Andela
et al., 2013; Bourdeau et al., 2002; Lupien et al., 1998). While mutant huntingtin is likely the main
driver of regional reductions in brain volume for HD, it is possible that chronically elevated
glucocorticoids are perhaps exacerbating this mHTT driven phenotype. Thus, | tested the
hypothesis that normalizing glucocorticoid levels would attenuate reductions in regional brain

volume that are characteristic of R6/2 mice.

As expected, both male and female R6/2 mice show reduced regional volume across all
regions assessed (p<.001 for all) relative to WT mice (Fig. 3.7). Although there was no effect of
treatment on striatal or hippocampal volume here (p>.05 for treatment and treatment*genotype
for both regions, for males and females), there was an effect of treatment (F,,1s=8.07, p<.005) on
cortical volume in females, with those on high dose corticosterone showing significantly reduced
brain volume relative to those on low dose treatment, as assessed with Tukey’s post-hoc
comparisons. However, the effect on both genotypes were similar (No genotype*treatment
interaction: F,15=1.58, p=.23) and thus elevated corticosterone induces a reduction in cortical
volume regardless of genotype. As there was no difference between HD sham and low dose mice,
normalizing glucocorticoids does not improve this phenotype beyond normal reduction in
regional volume. For males, there was a trend for the effect of treatment (F,18=2.97, p=.077),
likely reflecting a non-significant reduction for wild-type and transgenic mice on high dose
corticosterone treatment. As with females, there was not a differential effect of treatment on

cortical volume between genotypes for males (Treatment*genotype: F,,15=0.20, p=.82).
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Figure 3.7 — Effect of glucocorticoid replacement on regional brain volume. Regional brain volume was
estimated in the striatum (A, D), cortex (B,E), and hippocampus (C,F) using the Cavalieri stereological
method on NeuN stained serial sections for wild-type and transgenic R6/2 mice treated with either high
dose (35ug/ml) or low dose (10ug/ml) corticosterone, and sham surgery controls. Females are shown on
the top panel (A-C), and males on the bottom (D-F). There was a significant*genoptype fixed effect in all
regions (***p<.001), with transgenic mice showing reduced regional brain volume relative to wild-types.
There was also a treatment effect in the cortex for females (B, p<.01), with those on high dose replacement
showing reduced cortical volume relative to those on low dose treatment and sham controls (# p<.05
Tukey’s posthoc). Overall N=24 for each sex, n=4 per group. Values represent Mean + SE.
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Neurogenesis

Adult neurogenesis in the dentate gyrus is potently modulated by glucocorticoids, with
high levels associated with reduced neurogenesis and low levels associated with increased
neurogenesis (Wong & Herbert, 2004). R6/2 mice, which have elevations on glucocorticoids, also
show reduced dentate gyrus neurogenesis (Gil et al., 2005). Experimentally elevated levels of
glucocorticoids further reduce neurogenesis in the related transgenic R6/1 HD mouse (Mo, Pang,
et al., 2014). Thus, in another experiment, | tested the hypothesis that normalizing glucocorticoid
levels will improve neurogenesis in R6/2 mice, reflected by an increased number of proliferating
ki67+ cells, a marker for neurogenesis, in the dentate gyrus. Thus, serial coronal tissue sections
were stained for ki67 (Fig. 3.8A-L) and total counts of ki67+ cells in the hippocampus of each

section were quantified and analyzed statistically.

As expected, R6/2 mice show a significant reduction in ki67+ cells in the dentate relative
to WT mice (Fig. 3.8M and Fig. 3.8N, Genotype fixed effect, p<.0001 for males and females),
replicating the phenotype shown previously (Gil et al.,, 2005; Mo, Pang, et al., 2014).
Glucocorticoid treatment significantly affected the number of ki67+ cells in females (Treatment:
F2,18=5.62, p<.05), with those on high dose corticosterone showing significantly fewer ki67+ cells
than those on low dose, regardless of genotype (Tukey’s post-hoc). For male mice, although there
was a clear effect of genotype on the number of ki67+ cells, there was no effect of treatment on

either genotype (Treatment: F; 13=0.05 p>.05, Treatment*Genotype: F, 15=0.48 p>.05).

Although there wasn’t a significant treatment*genotype interaction for females
(Treatment*Genotype: F,18=2.05, p=.16), there appears to be a divergent pattern in how
corticosterone treatment affected neurogenesis between genotypes. As the sample size is quite
small here (n=4/group), this lack of significance may be related to insufficient power. In R6/2

females, mice on low dose corticosterone (20.3 + 1.9 ki67+ cells/section) show a 64.7% increase
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in the number of ki67+ cells relative to those on high dose (12.7 £ 1.9) and a 73.8% increase
relative to sham controls (12.0 + 1.2). The difference in the mean number of ki67+ cells in female
R6/2 mice on high dose and sham controls is minimal, a differences of means of only 0.7
cells/section (a 5.9% increase for those on high dose corticosterone). This suggests that the
difference in ki67+ cells between low dose and high dose reflects an increase in neurogenesis
induced by the normalization of glucocorticoids. For wild-type females, those on high dose
corticosterone (32.4 + 1.6 ki67+ cells/section) showed a 22.7% reduction in ki67+ cells relative to
those on low dose corticosterone (41.1 + 3.9) and a 20.6% reduction relative to sham controls
(40.8 + 3.2). Average number of ki67+ cells were quite similar between the low dose group and
sham controls in WT females, a difference of means of only 0.3 cells/section (a 0.7% increase in
the low dose group relative to sham controls), suggesting that high dose corticosterone was

sufficient to induce a Cushing’s like reduction in neurogenesis in WT females.

As with brain mass taken at necropsy, females were uniquely sensitive to variations in
glucocorticoid levels, while males were not affected here. While the genotype*treatment
interaction fixed effect wasn’t statistically significant, it appears as though high levels of
glucocorticoids are resulting in a Cushing’s like reduction in neurogenesis in WT females, and that

normalization of glucocorticoids results in an increase in neurogenesis in HD females.

EmA48+ inclusion bodies

Since there is evidence that acute glucocorticoid receptor signaling has a potent effect on
whether mutant huntingtin exists in aggregate or soluble form in vitro (Diamond et al., 2000), and
worsens inclusion formation in other neurodegenerative disorders (Baglietto-Vargas et al., 2013;
Green et al., 2006), | assessed the effect of different levels of glucocorticoids on inclusion burden

in R6/2 mice in vivo. Thus, | tested the hypothesis that normalized glucocorticoid levels result in
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Figure 3.8 — Effect of glucocorticoid replacement on neurogenesis in the dentate gyrus. Representative
images of Ki-67+ mitotic cells, a marker for neurogenesis, in the dentate gyrus of wild-type (females A-C,
males G-I) and transgenic R6/2 mice (females D-F, males J-L). R6/2 mice show fewer ki67+ cells than WT
(M,N - p<.05) and treatment with low dose CORT (10ug/ml) increases ki67+ cells in females relative to those
on high dose (35ug/ml) (M, Treatment: p<.05, Tukey’s posthoc 10 vs 35 #p<.05). Treatment had no effect on
males (p>.05). N=24 for each sex, n=4 per group. Values represent Mean + SE.
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reduced inclusion burden, as measured by reduced inclusion number and/or size, in vivo. Sections
from male and female R6/2 mice were stained with DAB immunohistochemistry with the em48
antibody, which is a specific marker for aggregated mutant huntingtin protein, and inclusion
number and size was quantified systematically in Imagel in a total of six brain regions. The
striatum and cortex (motor and cingulate) were assessed as they are most severely affected in
HD. The hippocampus (dentate gyrus and CA1 region) were also assessed, as they are both have
high expression of glucocorticoid receptors and might be particularly affected by variations in
glucocorticoid levels. The lateral hypothalamus was also assessed, to provide a preliminary
analysis of whether the effects of glucocorticoids on metabolism and body weight could be

explained, in part, by decreased neuropathology in this key metabolic regulatory region.

Again, as with neurogenesis and brain weight, there was a sexually dimorphic response
to glucocorticoid treatment on em48+ inclusions in R6/2 mice. In females, normalization of
glucocorticoid levels reduced em48+ inclusion burden resulting in a significant reduction in the
number of inclusions in the striatum (Fig. 3.9D, Treatment: F,9=4.68, p<.05) and the dentate gyrus
(Fig. 3.9X, Treatment: F,9=6.25, p<.05), and a significant reduction in inclusion size in motor cortex
(Fig. 3.9J, Treatment: F,4=14.34, p<.01) and cingulate cortex (Fig. 3.90, Treatment: F;¢=5.68,
p<.05). For females, there was no effect of treatment in either the CA1 region of the hippocampus,
or in the lateral hypothalamus (p>.05 for both). Unexpectedly, there was no effect of treatment

on inclusion burden (number or size) in male R6/2 mice in any region examined (p>.05 for all).

Tukey’s posthoc tests indicated that in the striatum (Fig. 3.9A-E), normalized
glucocorticoid levels was associated with a large and significant 54% reduction in inclusion
number (5.5 + 1.2) in female R6/2 mice relative to those on high dose replacement (12.0 + 0.9),
and a non-significant 50% reduction relative to sham controls (11.0 £ 2.3). In the dentate gyrus
(Fig. 3.9U-Y), normalized glucocorticoid levels led to a large and significant 70% reduction in
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inclusion number (11.0 + 2.9) relative to those on high-dose treatment (36.8 + 5.9), and a
significant 72% reduction relative to sham controls (39.3 + 8.6). In the motor cortex (Fig. 3.9F-J),
females on low dose corticosterone showed a significant 24% reduction in inclusion size (3.00um?
+ 0.09) relative to those on high dose corticosterone (3.96um? + 0.21), and a significant 27%
reduction relative to sham controls (4.11um? + 0.15). In the cingulate cortex (Fig 9K-0), females
on low dose corticosterone showed a significant 21% reduction in inclusion size (2.28um? + 0.14)
relative to high dose corticosterone (2.90um? + 0.14), and a non-significant 18% reduction relative

to sham controls (2.79um? + 0.13).

Taken together, these data show that normalizing glucocorticoids has the ability to reduce
inclusion burden in R6/2 mice, although the effect of treatment is strongly affected by sex
(females were responsive to treatment while males were not) and varies dramatically by brain

region.
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Figure 3.9 — Effect of glucocorticoid replacement on em48+ inclusion bodies in female R6/2 mice.
Representative images from Striatum (A-C), Motor Cortex (F-H), Cingulate Cortex (K-M), Hippocampus
(CA1: P-R and Dentate Gyrus: U-W), and Lateral Hypothalamus (Z-BB). Females on low dose CORT
(10ug/ml) showed significantly fewer em48+ inclusions in the striatum (D) and dentate gyrus (X), and
reduced inclusion size in the motor (J) and cingulate cortices (O) (Treatment: p<.05). Overall N=12, n=4
per group. Scale bar reflects 10um. Values represent Mean * SE. *Indicate significant differences as

indicated by Tukey’s posthoc comparisons.
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Figure 3.10 — Effect of glucocorticoid replacement on em48+ inclusion bodies in male R6/2 mice.
Representative images from Striatum (A-C), Motor Cortex (F-H), Cingulate Cortex (K-M), Hippocampus
(CA1: P-R and Dentate Gyrus: U-W), and Lateral Hypothalamus (Z-BB). For males, treatment did not
significantly affect inclusion burden (number or size) in any region assessed (Treatment: p>.05 for all).
Overall N=12, n=4 per group. Scale bar reflects 10um. Values represent Mean + SE. *Indicate significant
differences as indicated by Tukey’s posthoc comparisons.
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Table 3.1 - Statistical Analyses, Effect of Genotype on Indirect Calorimetry Measures.
Statistical analysis of genotype fixed-effects are presented here in this table (collapsed

across treatment and timepoint) — to illustrate the robust genotype associated alterations
in R6/2 mice of both sexes. % Change specifies the degree to which these measures are
altered between the two genotypes.

Measure  Sex Time Figure Fixed Effect F-Value P-value WT mean HD mean % Change
VO2 Female night 4A Genotype 38.94 <.0001 5062 5833 15.2%
VCO2 Female night 4B Genotype 22.47 <.0001 4567 5054 10.7%
RER Female night 4C Genotype 15.21 0.0004 0.901 0.868 -3.7%
VO2 Female day 4D Genotype 20.38 <.0001 4310 4759 10.4%
VCO: Female day 4E Genotype 8.08 0.0072 3700 3927 6.2%
RER Female  day 4F Genotype 11.6 0.0016  0.855 0.826 -3.4%
VO2 Male night 5A Genotype 4392 <.0001 4545 5209 14.6%
VCO2 Male night 5B Genotype 16.47 0.0002 4148 4479 8.0%
RER Male night 5C Genotype 31.88 <.0001 0.911 0.864 -5.1%
VO2 Male day 5D Genotype 39.37 <.0001 3845 4451 15.8%
VCO:2 Male day 5E Genotype 211 <.0001 3292 3652 10.9%
RER Male day 5F Genotype 15.21 0.0003 0.854 0.824 -3.5%
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Table 3.2 - Summary - Effect of Glucocorticoid Normalization on HD Symptomology

Effect of WT-level CORT replacement in

Measure Figure R6/2 phenotype Male R6/2 Female R6/2
Bodyweight 3.2 weight loss small increase small increase
Calorimetry

V02 33/34 increased decreased none

VCO2 33/34 increased decreased none

RER 33/34 decreased increased/rescued none
Muscle Mass 3.6 decreased increased increased
Brain Mass 3.6 decreased none increased
Regional Brain Volume

Striatum 3.7 decreased none none

Cortex 3.7 decreased none none

Hippocampus 3.7 decreased none none
Neurogenesis (ki67) 3.8 decreased none increased
Inclusion Burden

Striatum 3.9/3.10 present none reduced number

Motor Cortex 3.9/3.10 present none reduced size

Cingulate Cortex 3.9/3.10 present none reduced size

CAl - Hippocampus 3.9/3.10 present none none

DG - Hippocampus 3.9/3.10 present none reduced number

Hypothalamus 3.9/3.10 present none none
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3.4 - Discussion

It has long been speculated that neuroendocrine changes may contribute the metabolic
phenotype shown by HD patients — in particular, that chronically elevated glucocorticoids
contribute to increased metabolism, weight loss, and muscle wasting (Aziz et al., 2009; Bjorkgvist
et al., 2006a; Goodman et al., 2008; Petersen & Bjorkqvist, 2006; Saleh et al., 2009). There is also
indirect evidence that suggests chronically elevated glucocorticoids could possibly exacerbate HD
neuropathology, including regional changes in brain volume (Bourdeau et al., 2002), reductions
in neurogenesis (Brummelte & Galea, 2010; Cameron & Gould, 1994; McEwen, 1999), as well as
mutant huntingtin protein aggregation (Diamond et al., 2000; Labbadia et al., 2011; Maheshwari
et al., 2014). In previous experiments (Chapter 2), | demonstrated that significant elevations in
corticosterone do indeed impact the HD metabolic phenotype, by exacerbating weight-loss in the
transgenic R6/2 HD mouse model. Here, in Chapter 3, | extended these findings and demonstrated
that normalizing corticosterone to WT levels in R6/2 mice attenuates weight loss, muscle wasting,
reductions in brain mass, inclusion body formation, and deficits in neurogenesis (Outlined in Table
3.2). Although treatment did not fully rescue any of these metabolic or neuropathological
symptoms, these data provide proof of principle that normalizing glucocorticoid levels or blocking
the glucocorticoid receptor could possibly attenuate symptomology in clinical HD cases. My data
from Chapter 3 also further demonstrate that when glucocorticoids become elevated in HD mice,

and likely HD patients, it further exacerbates the disease phenotype.

Progressive weight loss is a well-documented symptom of HD (Aziz et al., 2008; Trejo et
al., 2004), which occurs simultaneously with a progressive increase in glucocorticoid levels
(Bjorkqvist et al., 2006a; Saleh et al., 2009) and a chronic elevation of metabolic rate (Gaba et al.,
2005; Pratley et al., 2000). All of these co-occurring symptoms are recapitulated in the R6/2

mouse model (Bjorkqvist et al., 2006a; She et al., 2011; van der Burg et al., 2008), and the
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relationship between glucocorticoids and specific metabolic abnormalities in HD are poorly
characterized. In this study, the normalization of glucocorticoids resulted in a delay in weight-loss
in both males and female R6/2 mice, as indicated by within treatment comparisons. This
compliments my previous data whereby experimentally increased glucocorticoid levels were
associated with precipitous weight loss (Dufour & McBride, 2016), and illustrates that while

glucocorticoids are not solely responsible for the weight loss HD phenotype, they do contribute.

It is postulated that weight loss in HD is driven by a chronic elevation in whole organism
metabolic rate (Gaba et al., 2005; Pratley et al., 2000), leading to a state of negative energy
balance (Goodman et al., 2008). R6/2 mice are in a state of elevated metabolism, as indicated by
indirect calorimetry, with mice showing increased oxygen consumption (VO3) (She et al., 2011,
van der Burg et al., 2008). This increase in metabolic rate precedes the onset of weight loss, which
is progressive and severe in R6/2 mice (She et al., 2011; van der Burg et al., 2008). | detected this
elevation in VO, in both male and female R6/2 mice here, as early as 5 weeks of age (during the
dark cycle). These data demonstrate, for the first time, that R6/2 mice also have an elevation in
dark cycle VCO, production, which is present early on at 5 weeks of age. These patterns persist
and worsen with time, with R6/2 mice showing even more significant elevations in VO, and VCO,
at 10 weeks of age. While both were elevated in R6/2 mice here, VO, is more elevated than VCO,,
leading to a reduction in the respiratory exchange ratio (RER, ratio VCO,:VO;). RER is an indirect
indicator of nutrient utilization, with higher values (near 1.00) reflecting preferential utilization of
carbohydrates for cellular metabolism and lower values (near 0.70) reflecting preferential
utilization of lipids. These calorimetry values are derived from biochemical expectations for the
full metabolism of glucose (6 mol O, utilized and 6 mol CO; produced per glucose molecule, ratio
= 1.0) and for fatty acids (78 mol O, utilized and 55 mol CO; produced per F.A. molecule, ratio =

0.70) (Frayn, 1983). They are ‘indirect’ in that this measure utilizes whole-animal oxygen intake
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and carbon dioxide output as a proxy for the amount of overall O, reactants and CO; products
utilized in the biochemical metabolism of different nutrients on a molecular level. Thus, this
reduction in RER in R6/2 mice likely reflects a shift to increased utilization of fatty acids as a

metabolic fuel source, rather than carbohydrates.

Treatment had a strong and consistent impact on indirect calorimetry measures in male
R6/2 mice. Here, normalization of glucocorticoids (low-dose WT-level replacement) leads to a
normalized metabolic rate, as indicated by improved measures of VO,, VCO,, and RER. In fact,
R6/2 males on wild-type level corticosterone replacement showed a full rescue in their dark cycle
RER values to wild-type levels (and a partial rescue for light cycle RER), demonstrating that the
normalization of glucocorticoids has the ability to improve whole organism metabolic rate and
nutrient utilization. Surprisingly, high dose corticosterone did not exacerbate metabolic rate in
R6/2 females, and the normalization of glucocorticoids also failed to normalize any metabolic
readout (VO,, VCO,, or RER) to WT levels. This was surprising, especially given that normalized
glucocorticoid levels resulted in an attenuation in the weight loss phenotype in female R6/2 mice.
This suggests that there might be another mechanism that is driving the weight loss improvement
seen here, other than simply a normalization in metabolic rate. Wildtype mice of both sexes were
also unresponsive to different glucocorticoid levels, with respect to indirect calorimetry. This is an
intriguing finding, which illustrates that R6/2 male mice are uniquely sensitive to alterations in

glucocorticoids, at least at the doses and time-points investigated here.

While chronically elevated glucocorticoids are known to be the key mediator of muscle
wasting in a variety of conditions, including Cushing’s syndrome and chemotherapy associated
cachexia (Braun et al., 2013; Grossberg et al., 2010), it was previously unclear if this elevation in
HD contributes to the muscle wasting phenotype. The data here show that it does contribute: the
normalization of glucocorticoids in R6/2 mice significantly reduced muscle wasting in both sexes.
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However, while there was significant improvement, muscle mass was only partially rescued in
these mice, suggesting that chronically elevated glucocorticoids are only partial contributors to
the HD cachexia phenotype. The lack of sexual dimorphism here is interesting, especially given
the robust sexual dimorphism in the calorimetry measures. This emphasizes that muscle wasting
in HD may not be simply due to chronic elevations in metabolic rate (e.g. leading to muscle
breakdown for nutrient utilization), as it still occurs in male R6/2 mice when there calorimetry
measures are fully normalized. Conversely, there was significant attenuation of muscle wasting in
female R6/2 mice without any treatment induced improvement in calorimetry measures. Instead
of elevated metabolism being the driver of cachexia, an alternative possibility is that mutant
huntingtin toxicity within skeletal muscle itself could be a main driver of cachexia in HD, which is
further exacerbated by chronically elevated glucocorticoid levels. Indeed, mutant huntingtin is
expressed in skeletal muscle, which shows significant pathology itself, including the presence of
inclusion bodies and increased markers of inflammation and apoptosis (Magnusson-Lind et al.,
2014; Moffitt et al., 2009). Glucocorticoids are also known to be modulators of apoptosis
pathways, with chronically high levels being associated with increased apoptosis in a variety of
tissues including muscle, brain, and bone (Gruver-Yates & Cidlowski, 2013; Lee et al., 2005;
Moutsatsou et al., 2012; Sapolsky et al., 1985). Similarly, high doses of glucocorticoids are
associated with an increase in protein breakdown and catabolism in skeletal muscle (Lofberg et
al., 2002). Thus, while not directly tested here, improvement in muscle mass here likely reflects
the normalization of this hormonal factor, which worsens cachexia at high levels by further
activating inflammatory and apoptotic pathways, and which are already activated by mutant
huntingtin toxicity. It is possible that the resulting increase in skeletal muscle mass could alone
explain the attenuation in weight loss shown here in male and female R6/2 mice, rather than a

treatment induced improvement in metabolic rate.
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One surprising finding from the calorimetry data is that R6/2 mice of both sexes here
showed a dramatic decrease in food intake at 10 weeks of age. In previous studies, the R6/2
weight loss phenotype has been demonstrated to occur in spite of maintaining normal levels of
food intake throughout disease progression (She et al., 2011), or with a very slight hypophagia
only at end stage (van der Burg et al., 2008). It is not clear what is responsible for this discrepancy
— it is possible that the mice had trouble obtaining and consuming food in the specialized feeders
at the bottom of the calorimetry chambers, due to motor impairment. Indeed, R6/2 mice have
previously been shown to have an increase in time spent feeding (van der Burg et al., 2008), which
suggests that they compensate for motor impairments in food consumption by spending more
time consuming food, and thereby normalize the amount of calories consumed to wild-type
levels. They have been shown to have a slight attenuation in caloric intake at very late stages (van
der Burg et al., 2008), which appears to be insufficient to mediate weight loss. If the hypophagia
detected here represents particular difficulty eating in the chambers, rather than a generalized
reduction in food intake, then hypophagia would be limited to only the 24 hours spent in the
chambers, and would likely have little impact on overall bodyweight or metabolic readouts.
However, if the R6/2mice here did show profound and chronic hypophagia, in contrast to previous
studies, this could be a significant contributor to the overall metabolic findings. There was a small
but significant treatment effect on food intake, with normalized glucocorticoids improving 24-
hour food intake in male R6/2 mice. Again, if this treatment effect was consistent across the
course of the experiment, it would possibly contribute to the attenuation of weight loss in males.
However, treatment did not affect food intake in females, in spite of slowed weight-loss and
improved skeletal muscle mass for the normalized glucocorticoid group. Accordingly, these
treatment effects are likely not mediated by alterations in food intake, at least for female R6/2

mice.
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In addition to improving some metabolic features in R6/2 mice, the normalization of
glucocorticoids significantly improved neuropathological readouts, leading to a significant
increase in brain mass, neurogenesis, and a decrease in mutant huntingtin inclusion burden in
female R6/2 mice. However, as with the metabolic findings, none of these neuropathological
symptoms were fully rescued, which again demonstrates that while elevated glucocorticoids
exacerbate many HD symptoms they do not exclusively mediate them. Unexpectedly,
neuropathological markers in male R6/2s were not affected by different levels of glucocorticoid

replacement, although they were more sensitive to the effects of glucocorticoids on metabolism.

Brain atrophy was reduced in female R6/2 mice with normalized glucocorticoid levels
here, and wild-type females on high dose corticosterone also showed a Cushing’s like reduction
in brain mass. Males of both genotypes were resistant to these effects on brain mass. Surprisingly,
treatment had no effect on striatal and hippocampal brain volume in either sex, in spite of
significant differences in female brain mass. There was a slight, but significant effect of treatment
on cortical volume in females of both genotypes, with those on high/HD dose corticosterone
showing reduced cortical volume relative to those on low/WT dose treatment. R6/2 mice, and
human HD patients, show alterations in neuronal volume and cell loss in the brain (Stack et al.,
2005), which are both likely contributors to reductions in brain mass and regional brain volume.
Glucocorticoids are known to be modulators of apoptosis pathways, with abnormally high levels
being associated with increased apoptosis in brain (Gruver-Yates & Cidlowski, 2013; Sapolsky et
al., 1985; Sapolsky et al., 1990). Although not directly measured here, it is likely that improvement
in brain mass in female R6/2 mice reflects an attenuation glucocorticoid induced apoptosis.
However, it is unclear why female R6/2 mice would be more sensitive than males to the
therapeutic effects of normalized glucocorticoids on apoptosis and brain mass. Interestingly, wild-

type females were also more sensitive to the effects of experimentally elevated glucocorticoids,
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showing a Cushing’s like reduction in brain mass and cortical volume, while wild-type males did

not demonstrate such changes here.

The normalization of glucocorticoids also appears to improve levels of neurogenesis in
the dentate gyrus of R6/2 females. Here, there was a significant effect of treatment for both wild-
type and HD females, with those on low/WT dose showing increased neurogenesis relative to
those on high dose corticosterone. Although the data did not indicate a treatment by genotype
interaction, neurogenesis levels in sham controls suggest that the finding in R6/2 females
represents a low/WT-dose induced improvement in neurogenesis (the mean number of ki67+
cells are increased relative to both high/HD dose treated mice and sham controls). Conversely, it
appears that the difference between high and low dose treatment in wild-type females represents
a Cushing’s like reduction in neurogenesis (the mean number of ki67+ cells in the high/HD dose
treated mice are lower than both the low/wt dose group and sham controls). The sample size is
small here (n=4 per group), and insufficient power may account for the lack of significance for a
more complex treatment*genoptype interaction. Thus, while this finding is preliminary and
should be followed up in a larger cohort to confirm the finding statistically, it isn’t surprising that
a chronic elevation in glucocorticoids, which is associated with the HD phenotype, worsen
neurogenesis in HD mice. The dentate gyrus has long been known to be particularly sensitive to
chronic elevations in glucocorticoids, which suppresses differentiation of dentate gyrus
progenitor cells (Brummelte & Galea, 2010; Cameron & Gould, 1994; Gould et al., 1992) and also
activates apoptosis in mature dentate gyrus neurons (Crochemore et al., 2005; Lu et al., 2003). It
is surprising that neurogenesis was unaffected by glucocorticoids in both wild-type and R6/2
males here, as it was for brain mass and regional volume. However, when contrasted with the
female findings of a treatment induced increase in neurogenesis, brain mass, and cortical volume,

it emphasizes that female brains are uniquely sensitive to glucocorticoids across all measures, and
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suggests that improvements in brain mass and cortical volume in female R6/2s may in part be
mediated by improved neurogenesis and the migration and differentiation of progenitor cells to
regions affected by disease. Again, while these improvements were significant, there was not full
rescue of any of these measures, which confirms that elevated glucocorticoids are exacerbating

this neuropathological phenotype, but not directly mediating any of them.

Normalizing glucocorticoid levels in female R6/2 mice here resulted in a marked reduction
in inclusion number in the striatum and dentate gyrus, as well as reduction in inclusion size the
motor and cingulate cortices. It is unclear why in certain brain regions there was a reduction in
aggregate number, in others a reduction in aggregate size, and in others no effect of treatment
whatsoever. While this may simply reflect region specific differences in glucocorticoid receptor
expression, or in other molecular cofactors and targets of the activated receptor, further
assessment of why these differences emerged are warranted. However, the key finding here of a
treatment induced reduction in inclusion burden is consistent with the Alzheimer’s disease (AD)
literature, where chronically elevated glucocorticoids are associated with increased amyloid-beta
and tau inclusion burden (Green et al., 2006) and blocking glucocorticoid receptors attenuates
inclusion burden in rodent models (Baglietto-Vargas et al., 2013). There is also good evidence in
that mHTT aggregation is particularly sensitive to glucocorticoids. Acute administration of
dexamethasone (a potent glucocorticoid receptor agonist) on cultured cells expressing mutant
huntingtin and glucocorticoid receptors (GRs) potently modulates inclusion burden: mHTT protein
is predominately in soluble form when dexamethasone is present, and predominately in insoluble
aggregate form when absent (Diamond et al., 2000). While this in-vitro study provides a strong
link between glucocorticoid signaling and mHTT aggregation, their findings represent the inverse
of what was found here and in the AD literature. This discrepancy is probably best explained by

the differences in administration here, as this study assessed the effects of chronic elevations of

107



corticosterone (and its normalization) on inclusion burden. Chronic elevations in glucocorticoids
lead to a compensatory downregulation in GR mRNA and protein levels and a reduction in
glucocorticoid binding (Burnstein et al., 1991). It’s possible that normalizing glucocorticoid levels
here to a more typical physiological range could help to maintain GR signaling mediated
suppression of aggregation (at peak levels), and that chronically high levels paradoxically impairs
this process by attenuating GR signal transduction. Thus, although plasma levels of corticosterone
are elevated, perhaps this elevation can no longer activate these downstream processes that

suppress aggregation.

GR signaling could possibly affect mutant huntingtin (mHTT) aggregate formation by: 1)
Reducing expression of mHTT protein resulting in slower/reduced aggregation of soluble mHTT,
2) Increasing degradation of aggregated and/or soluble mHTT, and/or 3) Impairing the
aggregation process itself. Activation of glucocorticoid receptors (GRs) activates two separate
molecular pathways that could independently achieve these changes in protein homeostasis.
When not bound to ligand (cortisol in humans, corticosterone in rodents, or dexamethasone in
pharmacological studies), GRs are bound to heat shock proteins (Hsp70 and Hsp90) which
maintain the GR in an open conformational state whereby the ligand binding domain is accessible
to glucocorticoids (Pratt, 1993). When ligand binds to the GR, the activated GR-ligand complex
will form homodimers and translocate to the nucleus, where they further bind either co-activator
or co-repressor complexes resulting in corresponding transcriptional changes in genes that
contain GR binding domains (Weikum et al., 2017). Wild-type Huntingtin gene expression does
not appear to be altered by GR mediated transcriptional changes (Reddy et al., 2009), thus
reduced inclusion burden is not mediated by a downregulation in mHTT protein levels, and is
instead likely mediated by indirect GR-mediated effects on protein turnover and/or aggregation

processes themselves. GR signaling does result in the activation of the Heat Shock response,
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including an upregulation in Heat Shock Factor 1 (HSF1) and Hsp70 (Maheshwari et al., 2014; Sun
et al., 2000), which would have the ability to alter mHTT aggregation. Heat shock chaperones
regulate protein folding, aggregation, ubiquitination, and degradation by the proteasome in
healthy cells (Luo et al., 2010; Pratt, 1993; Wacker et al., 2009), and are known to influence the
formation of protein aggregates in a variety of neurodegenerative diseases including HD,
Parkinson’s disease (Luk et al., 2008), and Alzheimer’s disease (Evans et al., 2006). Hsp70 and
Hsp90 have antagonistic influences on aggregation in neurodegenerative disease: Hsp70 activity
is associated with reduced protein aggregation and toxicity, while Hsp90 tends to stabilize toxic
aggregates in their misfolded conformation and block their degradation (Luo et al., 2010; Wacker
et al., 2009).

Interestingly, experimental manipulation of heat shock proteins in R6/2 mice directly
affects inclusion burden - Hsp70 knockout in R6/2 mice increases the size of cortical aggregates
(Wacker et al., 2009) while overexpression of Hsp70 leads to a delay in inclusion formation and
increases solubility of aggregates in slice culture (Hay et al., 2004), although it does not seem to
affect inclusion formation in vivo (Hansson et al., 2003; Hay et al., 2004). The possibility that
glucocorticoid signaling may affect this process is intriguing, as glucocorticoids are likely omitted
in the in-vitro preparations here but present in vivo. Chronic pharmacological inhibition of Hsp90
resulted in a significant reduction in aggregates in cortex, hippocampus, brain stem, and muscle
in R6/2 mice at 9 weeks of age; this reduction was transient though and was no longer detectible
at 14 weeks of age (Labbadia et al., 2011). Chronic Hsp90 inhibition also resulted in a small
transient increase in soluble mHTT protein in cortex at 9 weeks of age, which was no longer
detectable at 14 weeks (Labbadia et al., 2011). Interestingly, pharmacological inhibition of Hsp90
results in a heat shock response (HSR), including a dramatic upregulation in Hsp70 expression in

wildtype mice. R6/2 mice show a similar pharmacologically induced increase in Hsp70 at early
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ages, but lose this responsiveness to Hsp90 inhibition as the disease progresses, starting at 8
weeks of age (Labbadia et al., 2011). It's also interesting that R6/2 mice show a 50%
downregulation in Hsp70 as a part of their phenotype, roughly starting at 8 weeks of age (Hay et
al., 2004). It is unclear how expression and activation of these heat shock proteins are affected by
the chronic elevation in corticosterone that is a part of the R6/2 phenotype, beginning between
weeks 7-10 (Dufour & McBride, 2016), especially as it likely results in a downregulation of GR
expression and reactivity (Burnstein et al., 1991). Perhaps normalizing glucocorticoid levels helps
to retain normal GR receptor function, including its activation of HSP70, which clearly has anti-
aggregation properties. Conversely, it is not clear how Hsp70 downregulation in R6/2 mice may
impact GR activation, as this chaperone is required for GRs to be in a conformational state in
which glucocorticoids can activate them. It is quite striking that silencing Hsp70 in R6/2 mice
resulted in shortened survival time and increased weight loss (Wacker et al., 2009), similar to my
previous findings on the effects of high dose corticosterone (Dufour & McBride, 2016).

The relationship between glucocorticoid receptor signaling, heat shock response, and
inclusion formation is incredibly complex, as outlined above. A set of experiments from
Maheshwari et al. (2014) deserve particular attention, in that they provide further insight into the
complex relationships between these three factors, although their findings are hard to reconcile
with those presented here and in Chapter 2. In this experiment, intact R6/2 and wild-type mice
were given daily injections of dexamethasone, a potent and highly specific GR agonist, or vehicle
from 5-8 weeks of age. The authors found that chronic dexamethasone treatment induced a heat-
shock response (increased Hsp70 and HSF1), reduced ubiquitin-positive aggregates and improved
motor symptoms at the 8 week timepoint, although it failed to attenuate weight-loss or increase
lifespan (Maheshwari et al., 2014). In contrast, data from Chapter 2 show that high levels of

glucocorticoids levels potently exacerbate weight loss and shorten lifespan in R6/2 mice (Dufour
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& McBride, 2016). Also, data from this chapter show that normalizing glucocorticoids to wild-type
levels induces a potent, although region specific, reduction in inclusion burden (e.g. 70% reduction
in inclusion number in the dentate gyrus) at later stages of disease progression. There are three
key differences in experimental design that make these divergent findings difficult to reconcile.
First— only a single dose of dexamethasone was used by Maheshwari et al. (2014), and it is unclear
if this dose represents an increase or decrease in glucocorticoid signaling relative to the R6/2
phenotype. The second difference is in the pharmacological properties of ligand: dexamethasone
is a synthetic and highly selective GR agonist while the endogenous ligand (cortisol or
corticosterone) is much more promiscuous and achieves some of if its effects by signaling at the
mineralocorticoid receptor. This may lead to functional differences in the effect of ligand, for
example corticosterone can modulate cell proliferation and differentiation of progenitors in the
dentate gyrus, while dexamethasone only modulates proliferation and fails to affect
differentiation (Yu et al., 2004). The third key difference is in timeframe — the endpoint in the
dexamethasone study was 8 weeks of age, while the endpoint here was at 11 weeks, which
represents a later stage of disease. If dexamethasone treatment represents an increase in GR
signaling relative to basal R6/2 conditions, it is possible that short term high dose GR activation (3
weeks, by dexamethasone) results in reduced aggregation, while longer term GR activation (5
weeks, by spontaneous R6/2 and experimentally elevated corticosterone, here) worsens
aggregation, possibly through GR receptor downregulation.

Together, the data from the studies presented here in Chapter 3, further demonstrate
that the elevated glucocorticoid phenotype of HD does indeed exacerbate other HD
symptomology, including metabolic and neuropathological abnormalities. However, there was an
unexpected and robust sexually dimorphic response to treatment, with normalized

corticosterone improving in-vivo metabolic readouts predominately in male R6/2 mice and post-
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mortem neuropathology exclusively in female R6/2 mice. However, some metabolic effects of
treatment were shared by both sexes, including a therapeutically induced attenuation in weight
loss and improvement in skeletal muscle mass. Regardless, it is not immediately clear why this
sexual dimorphic response occurred. One possibility is that male R6/2 mice show a slightly faster
disease progression, losing weight and dying about a week earlier than females on average
(Cummings et al., 2012; Wood et al., 2010). Since the majority of the post-treatment measures
were taken at a single timepoint (muscle mass, brain mass, and neuropathology were assessed at
week 11 and calorimetry at 10 weeks of age) the findings represent the cumulative changes
induced by treatment at only that point in time. It is possible that the male R6/2 mice were already
entering late stage phenotype with a profound metabolic symptoms at 10 weeks of age, while
female R6/2s had only more subtle alterations in metabolism. It is possible that instead of
affecting calorimetry measures directly, perhaps normalized glucocorticoid treatment had a direct
effect on end-stage symptom progression broadly, but not necessarily on calorimetry directly.
Similarly, neuropathological readouts are perhaps attenuated by low dose corticosterone earlier
in disease progression, and female specific improvements in neuropathology simply reflect the
stage of progression at 11 weeks of age. Indeed, manipulations in HSP proteins have clear effects
on inclusion formation during mid-stage disease progression, but by end stages these effects are
lost (Labbadia et al., 2011). It is possible that normalized glucocorticoid treatment induced similar
reductions in mHTT aggregation in males earlier in the experiment, but that they were no longer
effective by 11 weeks of age. However, another possible explanation for the sexual dimorphic
response is simply differences in HD pathology that are specific to each sex. For example, male
R6/2 mice (and human patients) show dramatic atrophy of the testes during end stages of disease
and a concomitant reduction in circulating testosterone levels (Papalexi et al., 2005; Saleh et al.,

2009; Van Raamsdonk et al., 2007), which would likely impact metabolism and muscle
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homeostasis (Herbst & Bhasin, 2004). Female reproductive hormones are less impacted by mHTT
toxicity (Saleh et al., 2009), and could possibly offer neuroprotective effects for females (Tunez et

al., 2006).

While the findings here raise many further questions about mechanisms of action, as well
as why there is such hetergeneity in treatment response (e.g. sex effects, region specific effects
on inclusions), they also confirm and extend previous findings (Dufour & McBride, 2016), and
further demonstrate that elevated glucocorticoids do in fact contribute to HD symptomology. The
ability to attenuate HD symptoms through normalization of glucocorticoid levels, as
demonstrated here, also demonstrates that improving glucocorticoid homeostasis could provide
therapeutic benefit for HD patients. This finding may be extremely important for individuals
showing particularly high levels of cortisol, which have been shown to more dramatically worsen

symptoms (Dufour & McBride, 2016).
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Chapter 4: Assessing the Role of the Anterior Cingulate Cortex in
Huntington’s Disease Mood Symptoms

4.1 - Introduction

Psychiatric symptoms are prevalent in Huntington’s disease (HD), including high rates of
depression and anxiety (Anderson & Marder, 2001; Levy et al., 1998; Pflanz et al., 1991), which
have a particularly negative impact on quality of life for patients (Anderson & Marder, 2001; Ho
et al., 2009). These symptoms typically appear in the prodromal premanifest stage, before the
onset of full disease including the characteristic motor phenotype (Anderson & Marder, 2001;
Julien et al., 2007). In contrast to HD motor symptoms, which have long been known to be
mediated by severe degeneration of the striatum and motor cortex (Albin et al., 1992; Deng et
al., 2004; Galvan et al., 2012; Thu et al., 2010; Vonsattel et al., 1985), the mechanisms that
underlie mood symptoms in HD are poorly understood. It is unclear if severe pathology in a single
brain region is responsible, or if it results from simultaneous pathology across a variety of brain
regions. Indeed, many limbic brain regions associated with depression and anxiety are affected in
HD, including the hippocampus, hypothalamus, cortex, and brainstem monoamine systems
(Bedard et al., 2011; Gabery et al., 2010; Ransome et al., 2012; Zweig et al., 1992).

Recent evidence from human clinical imaging and neuropathological studies implicate a
particular limbic region of cortex, the anterior cingulate cortex (ACC), as a possible substrate for
HD mood symptoms. ACC volume is inversely correlated with mood symptom severity in HD
patients (Hobbs et al., 2011). Diffusion tensor imaging has also shown reduced fractional
anisotropy in the ACC of HD patients with mood symptoms, indicative of microstructural
abnormalities in this region (Sprengelmeyer et al., 2014). Some of these changes seem to be

associated with mood symptoms generally, as non-HD patients with unipolar and bipolar
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depression show reduced grey matter volume and decreased activity in the ACC (Drevets et al.,
1997; Drevets et al., 2008), and those with generalized anxiety disorder also show reduced ACC
activation in response to emotional conflict (Etkin et al., 2010). Thus, this relationship between
mood symptoms and ACC dysfunction is correlational, as indicated by imaging studies in both HD
and non-HD populations. However, postmortem neuropathological studies from HD cases provide
evidence of a more causal link. While postmortem tissue from HD patients typically shows
widespread degeneration of the cerebral cortex, the pattern of cortical degeneration is
idiosyncratic to patients in a way that parallels HD symptomology. HD patients with mood
symptoms show a dramatic loss of pyramidal cells and GABAergic interneurons in the ACC, while
those without mood symptoms do not show cell loss in the ACC (Kim et al., 2014; Thu et al., 2010).
Conversely, HD patients with predominant motor symptoms (but no mood symptomology) show
dramatic loss of pyramidal cells in the motor cortex (MC), while for those with mood symptoms
(but no motor symptomology) the motor cortex is spared (Kim et al., 2014; Thu et al., 2010). These
data suggest that the impairments in the ACC, shown by clinical HD patients with mood
symptoms, is likely mediated by progressive degeneration of that region. However, there are two
important limitations to these data: 1) The neuropathological data are still correlational (taken at
a single time-point — death) and cannot independently show causation and 2) This finding does
not rule out involvement of other brain regions in HD mood symptoms, as other regions were not
assessed. Due to these limitations that are inherent to human studies, controlled experiments
using an HD animal model could help to answer the questions raised by these clinical findings: 1)
Is ACC pathology causal to HD mood symptoms, or is it simply correlated?, and 2) Does
dysfunction in other limbic brain regions also contribute to HD mood symptoms?

Thus, in the experiments presented here, | utilized the BACHD transgenic mouse model

of HD to better understand the role of mutant huntingtin toxicity in the ACC in HD mood

115



symptoms. The BACHD transgenic mouse model carries a full length human mutant huntingtin
transgene with 97 CAG repeats (Gray et al., 2008). It is a unique HD rodent model in that exon 1
of the mutant huntingtin transgene, which contains the CAG repeat region that confers toxicity,
is flanked by loxP sites (Choudhury et al., 2016) which enable the transgene to be excised in vivo
by the enzyme Cre-recombinase (Sauer, 1998). By delivering viral vectors that carry a Cre-
recombinase gene, which achieve Cre-recombinase expression in the target brain region or tissue,
it is possible to achieve targeted silencing of the disease causing transgene through Cre-mediated
excision (Gaveriaux-Ruff & Kieffer, 2007; Sauer, 1998). BACHD mice were also chosen for these
experiments because they show robust depressive- and anxiety-like behavior, including increased
behavioral despair (increased immobility in the forced swim test), anhedonia (reduced sucrose
preference), and increased time in the dark in the light-dark anxiety task (Hult Lundh et al., 2013;
Menalled et al., 2009; Wang et al., 2014). Wang and colleagues (2014) showed that silencing
mHTT in the whole cerebral cortex in BACHD mice fully ameliorates depressive- and anxiety- like
behavior, while striatal mHTT silencing does not improve these symptoms (Wang et al., 2014).
While mood symptoms in BACHD mice may be mediated by widespread cortical pathology, it is
also possible that pathology in a particular sub-region of cortex was responsible for the
amelioration of mood symptoms. Given the robust link between ACC pathology specifically and
HD mood symptoms in human studies, it is possible that ACC pathology is solely responsible for
HD mood symptoms, and that silencing mHTT in the ACC of BACHD would be sufficient to improve
mood symptomology.

Thus, in this chapter, | tested the hypothesis that HD mood symptoms are specifically
mediated by Anterior Cingulate dysfunction in the BACHD mouse model. The main goal of this
study was to demonstrate that a relationship between ACC pathology and HD mood symptoms is

not only correlational, but that it is in fact causal. By doing so, it would identify the ACC as a novel
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target for therapeutic intervention in HD, potentially for RNAi therapies. It would also validate the
BACHD model as a tool to better understand how the ACC pathology mediates mood symptoms,
how this pathology develops, and potentially to identify why some HD patients develop these

symptoms and others do not.
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4.2 - Methods

Animals. All mice on study were pair housed with littermates (same sex and genotype) under
controlled conditions of temperature and light (12 hour light/dark cycle). Food and water were
provided ad libitum. BACHD mice (stock # 008197) were obtained from Jackson Laboratories (Bar
Harbor, ME) and bred in the vivarium at the ONPRC. Transgenic mice were genotyped using
primers specific for the mutant human HTT transgene (forward primer 3’-
TGTGATTAATTTGGTTGTCAAGTTTT-5’ and reverse primer REV 3’-
AGCTGGAAACATCACCTACATAGACT-5’). Body weights of all animals were recorded weekly. All
experimental procedures were performed according to ONPRC and OHSU Institutional Animal

Care and Use Committee.

AAV Vectors. AAV2/1 vectors were utilized in this study, carrying either a gene for Green
Fluorescent Protein (eGFP) only or a gene for Cre-Recombinase and eGFP, separated by an IRES
sequence. Expression of both control (AAV2/1-eGFP) and treatment (AAV2/1-CrelRESeGFP)
vectors were driven by a Cytomegalovirus promoter (CVM). Vectors were generated by the Gene
Transfer Vector Core at the University of lowa at a titer of 1.07E13 for the AAV2/1-CrelRESeGFP

prep and 3.04E12for the AAV2/1-eGFP prep.

Surgery. Mice were anesthetized with ketamine/xylazine and placed into a stereotaxic frame
(Kopf, Tujunga, CA). An incision was made in the scalp, followed by four craniotomies. Mice
received four 1.00ul injections of either AAV-eGFP or AAV-CrelRESeGFP at a titer of 3.00e12 at
the following coordinates: Left Rostral (+1.70 A/P, +0.30 M/L, -1.50 D/V), Left Caudal (+0.40 A/P,
+0.30 M/L, -1.00 D/V), Right Rostral (+1.70 A/P, -0.30 M/L, -1.50 D/V), and Right Caudal (+0.40

A/P, -0.30 M/L, -1.00 D/V). Vector was infused at each injection site over 5 minutes (0.2pul/min
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rate) using a Hamilton 700 series syringe and a 33 gauge needle. The needle was left in place for

an additional 5 minutes following each infusion to allow for undisturbed spread of vector.

Light Dark Box. This procedure was performed in the open field chambers described in Chapter
2 (Dufour & McBride, 2016). An opaque perspex insert was placed into the open field chamber
(40.64 x 40.64 cm), which is half the size of the overall chamber (40.64 x 20.32 cm). This opaque
insert makes half of the open field chamber dark and also contains an opening that allows the
mouse free access to both sides (dark and open) of the chamber. The open side of the chamber
is illuminated with a 900 lux led light panel. Mice were assessed for time spent in the dark side of
the chamber over a 10 minute period at 6, 11, and 15 weeks of age. The first 5 minutes of the test
were used for analysis. Mice were habituated for this procedure with two 15 minute sessions at

4 weeks of age.

Sucrose Preference. At 5, 10, and 14 weeks of age, mice were given four days of access to two
water bottles that contained either water or 2% sucrose solution. The bottles were rotated
between sides every 24 hours at which point the bottles were weighed to assess consumption of
each solution. Testing was immediately preceded by 72 hours of habituation to two bottles of

water at each age.

Forced Swim Test. At 15.5 weeks of age, mice were placed into a plastic cylinder (25cm tall, 20cm
in diameter) that was filled halfway with 24°C water for the forced swim test. Mice were in the
water for a total of 6 minutes, and were video recorded. The amount of time spent swimming,
floating, and climbing was measured and quantified using The Observer software (Noldus,

Wageningen, the Netherlands).

Necropsy. At 15.5 weeks of age, after the Forced Swim Test, mice were deeply anesthetized with

ketamine/xylazine and perfused with 15mLs of 0.9% saline. Brains were dissected from half of the
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subjects for immunohistochemistry — following dissection, they were post-fixed in 4%
paraformaldehyde for 24 hours and then stored in a 30% sucrose solution until they were
sectioned. For the other half of the subjects, brains removed and immediately placed into ice-cold
0.9% saline and cut into 1mm slabs using a brain matrix. Each slab was imaged under a
fluorescence microscope to confirm vector expression (as indicated by eGFP fluorescence) and
subsequently the surgically targeted area (pre-limbic, infra-limbic, and cingulate cortices) was
micro-dissected, frozen on dry ice, and then stored at -80°C until analysis. Animals showing
transduction of less than 50% of the region of interest were excluded from the Forced Swim Test
and Light-Dark box analyses (3 animals were removed for this reason — 1 Male-HD-Cre, 1 Female-
HD-Cre, and 1 Male-HD-GFP). Cage scores were used for the sucrose preference test —
transduction scores were averaged across both mice for each cage, and any cage with an average

of less than 50% transduction would be removed (none met this criteria).

Immunofluorescence. Brains were cut into 40um sections with a freezing sliding microtome and
stored in cryoprotectant solution (30% sucrose, 30% ethylene glycol, in PBS) until stained. Serial
sections from 40 mice (balanced for sex, genotype, and treatment) were stained for
Immunofluoresence using antibodies against eGFP (rabbit, 1:1000, A6455 Invitrogen) — and Cre-
recombinase (mouse, 1:500, Millipore MAB3120). Sections were blocked (for non-specific
antibody binding) in 5% goat serum for 1 hour, incubated in primary antibodies overnight (in 3%
goat serum), washed and incubated in fluorescent secondary antibody for 1 hour (AlexaFluor 488
goat-anti-rabbit for GFP and AlexaFluor 568 goat-anti-mouse for Cre, Invitrogen). Sections were
counterstained with Hoechst at a concentration of 1:10,000 in water for 1 minute, mounted onto

glass slides and coverslipped for downstream microscsopic analysis.
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Quantitiative real-time PCR. RNA was isolated from ACC samples using an AIIPrep®

DNA/RNA/Protein Mini Kit (Qiagen, Hilden, Germany) and was reverse transcribed with random
primers and Multiscribe reverse transcriptase (Thermo Fisher Scientific, Waltham, MA). Relative
human mHTT mRNA expression was assessed via qPCR. A TagMan primer-probe set spanning the
exonl/exon2 boundary of human mHTT mRNA (Assay ID: Hs00918134_m1, Thermo Fisher
Scientific, Waltham, MA) was utilized to assess alterations in expression utilizing a TagMan Gene
Expression Assay. Relative gene expression was determined by using the AAC: method,
normalizing to ATPB5 mRNA levels (TagMan Assay ID: Mm00443967 g1, Thermo Fisher Scientific,

Waltham, MA).

Statistical Analysis. All statistical analyses were performed by using JMP Version 13 (SAS Institute
Inc.). A repeated measures mixed-model was used for all repeated measures (dependent
variables: Percent time in the dark (light dark test), Number of light dark transitions (light dark
test), Percent preference for sucrose (sucrose preference test); independent variables: genotype,
sex, treatment, and time-point/age). For both the sucrose preference test and light dark test
analyses there was a significant effect of sex, and thus the analyses were re-run separately for
each sex. A three-way ANOVA was used to assess the effects of genotype, sex, and treatment
group on immobility in the forced swim test. For all other analyses, Tukey’s post-hoc comparisons

were performed when statistically significant (and trending) fixed effects were detected (p < 0.10).
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4.3 - Results

In order to assess the role of mutant huntingtin pathology in the anterior cingulate cortex
(ACC) on HD mood symptoms, wildtype and transgenic BACHD mice (which carry a floxed copy of
the human mutant huntingtin gene) were stereotaxically injected into the ACC at 6 weeks of age
with an AAV1 vector expressing either the Cre-recombinase gene with an enhanced GFP (eGFP)
reporter gene (AAV1-Cre-GFP, Fig. 4.1B) or an eGFP reporter gene alone (AAV1-eGFP, Fig. 4.1C),
driven by a cytomegalovirus (CMV) promoter. The targeted region included the rodent infralimbic,
prelimbic, and cingulate cortices, which together are considered to constitute a homologous
structure to the human anterior cingulate cortex (Vogt & Paxinos, 2014). Animals were assessed
for a variety of depressive- and anxiety-like behaviors associated with the HD phenotype at
baseline, prior to surgery, and at different timepoints post-surgery depending on the particular
assay. An overview of the experimental timeline is outlined in Figure 4.1A. Transduction patterns,
as indicated by both eGFP and Cre expression, are demonstrated in Figure 4.2. Injections of both
vector preps resulted in widespread transduction throughout the rostral-caudal extent of the
targeted cingulate cortex. The ACC was microdissected in a subset of BACHD mice at necropsy for
to estimate the level of treatment-induced silencing of mHTT expression via qPCR. AAV1-Cre
treated mice showed a significant 70% reduction in ACC mHTT mRNA (Treatment: F15= 101.57,
p<.001) relative to those treated with AAV1-GFP (Fig. 4.3). Subjects treated with either AAV1-Cre
or AAV1-GFP were measured for: 1) anxiety-like behavior using the light-dark box anxiety test, 2)
anhedonia, a depressive-like behavior, using the sucrose preference test, and 3) behavioral

despair, a depressive-like behavior, using the forced swim test.
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Figure 4.1 — Experimental Timeline and AAV constructs. (A) BACHD and WT Mice were
stereotaxically injected with AAV2/1 vectors, carrying either a (B) CMV-Cre-GFP or a (C) CMV-
GFP construct, into the anterior cingulate cortex at 6 weeks of age. Cre expression in BACHD
mice selectively inactivates the floxed mutant huntingtin (mHTT) transgene in transduced cells
in the anterior cingulate cortex. Subjects were measured for depressive- and anxiety-like
behavior. The sucrose preference test was used to measure anhedonia at baseline (5 weeks of
age), and again at 10 and 14 weeks of age. The forced swim test was used to measure
behavioral despair at a single timepoint (16 weeks of age), before necropsy. The light-dark test
was used to assess anxiety like behavior at baseline (6 weeks of age, before surgery), and again
at 11 and 15 weeks of age. Mice were euthanized at 16 weeks of age and tissue was collected
for either molecular analysis or histology. Overall N=78 (20 WT-Cre, 20 HD-Cre, 20 WT-GFP, 18
HD-GFP).
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Figure 4.2 — AAV1-Cre-GFP expression. Stereotaxic infusion of AAV-Cre-lres-GFP into the
anterior cingulate cortex (outlined in white) leads to robust expression of (A) GFP and (B) Cre
Recombinase throughout the rostral caudal extent of the structure. Stereotaxic A/P
coordinates from bregma shown at top. (C) High magnification images (40x) indicate
widespread expression of Cre-recombinase in the neurons of the anterior cingulate that co-
localizes with the nucleus, as indicated by blue Hoechst stain.
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Figure 4.3 — mHTT expression levels. The ACC was microdissected at necropsy from a subset
of BACHD mice (N=12) for molecular analysis. AAV1-Cre treated BACHD mice (n=6) showed a
significant 70% reduction in mHTT mRNA (p<.001) relative to AAV1-GFP treated BACHD mice
(n=6). Values represent Mean + SE.
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Light Dark Box Anxiety Test

Subjects were measured in the light-dark task to assess the effects of mHTT inactivation
in the ACC on anxiety-like behavior in BACHD mice. Increased time in the dark is indicative of
increased anxiety-like behavior, and here transgenic BACHD mice spent 9.7% more time in the
dark (Fig. 4.4A-B) than wild-type controls (Genotype: Females F1 70 = 16.90 p<.001; Males F1¢7=
5.28 p<.05) consistent with previous studies (Hult Lundh et al., 2013; Menalled et al., 2009).
Reduced number of transitions between the light and dark compartment is also used as a
secondary measure of anxiety-like behavior in this task. BACHD mice also showed reduced light-
dark transitions (Fig. 4.4C-D) relative to WT controls (Genotype: Females F1 70= 8.34 p<.01; Males
F167 = 9.40 p<.01). Over the course of the experiment, there was a significant improvement in
light-dark task behavioral readouts, with an overall reduction in percent time in the dark
(Timepoint: Females F;,5s = 12.45 p<.001; Males Fz66 = 25.29 p<.001) and increase in light-dark
transitions (Timepoint: Females F,s5 = 7.17 p<.01; Males Fy6 = 13.12 p<.001) across both
genotypes.

AAV1-Cre treatment did not significantly affect percent time in the dark in subjects
(Treatment: Females F170 = 0.20 p=0.66; Males F167 = 0.25 p<.62) nor did it affect light-dark
transitions (Treatment: Females Fi70 = 0.06 p=0.81; Males Fi67 = 0.06 p<.81). As AAV1-Cre
injections were hypothesized to reduce anxiety-like behavior by silencing expression of the mHTT
transgene specifically in BACHD transgenic mice, assessing the interaction of AAV1 treatment with
genotype was of particular interest. However, there was no evidence that AAV1-Cre injection
selectively reduced anxiety-like behavior in BACHD mice, as there was not a significant
genotype*treatment, or genotype*treatment*timepoint interaction for either percent time in

the dark, or on light-dark transitions (p>.05 for all).
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Figure 4.4 — Light Dark Test. BACHD transgenic HD mice were tested for the effect of intra-
cingulate AAV1-Cre treatment on anxiety-like behavior in the Light Dark Test. Female (A,C) and
male transgenic BACHD (B,D) mice spend more time in the dark than WT mice and show a
reduced number of transitions between compartments (Genotype: p<.05 for all A-D, Indicated
by bars with # genotype), both indicative of increased anxiety. Treatment with AAV1-Cre did
not affect any light dark measures relative to AAV1-GFP treated controls, regardless of
genotype (p>.05 for all effects of treatment and its interactions). There was a progressive
reduction of anxiety-like behavior for all mice across both measures (Timepoint p<.05 for all,
A-D) in WT and HD mice, likely reflecting habituation to the task. Values represent Mean + SE.
N=37M and N=33F.
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Sucrose Preference Test

To assess the effects of mHTT inactivation in the anterior cingulate on anhedonia, a type
of depressive-like behavior, mice were assessed with the sucrose preference test. Previous studies
have indicated that BACHD mice show decreased preference for drinking a sucrose solution,
relative to water solution, in this two bottle choice task (Hult Lundh et al., 2013). There was no
effect of AAV1-Cre treatment on sucrose preference here (p>.05 for treatment and all of its
interactions). However, only a small deficit in sucrose preference was detected in female BACHD
mice (Genotype: F141 = 4.93, p<.05) here, relative to WT controls (Fig. 4.5B). Male BACHD mice
did not show any deficit here (Genotype: F14 = 0.94, p=.34) relative to WT controls (Fig. 4.5A).
BACHD females showed a 5.3% reduction in sucrose preference (77.1% + 2.4 for HD, 82.4% + 1.1
for WT) at baseline, a 3.5% reduction at 10 weeks of age (80.9% + 2.4 for HD, 84.4% * 1.2 for WT),
and a negligible 0.7% increase over WT females at 14 weeks of age (86.0% + 2.4 for HD, 85.3% *
1.2 for WT). Regardless of genotype of treatment, females also showed a significant increase in
sucrose preference over time (Timepoint: F,2s = 6.33, p<.01). In contrast, there were no group
differences in this measure, not only with respect to genotype, but also with respect to treatment
and timepoint (p>.05 for all). Also, there was no detectible effect of AAV1-Cre treatment on
sucrose preference in any cohorts here (p>.05 for treatment and all of its interactions in both
males and females). However, given that the typical sucrose preference seen by others was not
detected here in BACHD males at all, and only to a small degree in BACHD females, it is impossible
to properly assess whether or not selective inactivation of mHTT in the cingulate could lead to a

reduction in anhedonia.

Interestingly, although there was no difference in sucrose preference in males and a slight
decrease in females, overall sucrose intake in transgenic BACHD mice was significantly elevated
relative to WT mice in both sexes (Supp. Fig 4.1A and 4.1D, Genotype: Females F1,4;:=5.74 p<.05;
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Figure 4.5 — Sucrose Preference Test. Mice were tested for the effect of intra-cingulate AAV1-
Cre treatment on anhedonia, a depressive-like behavior, with the Sucrose Preference Test. In
males (A), there was no difference between groups with respect to treatment, genotype, or
timepoint (p>.05 for all). In females (B), BACHD mice showed a small but significant overall
reduction in sucrose preference (Genotype: p<.05, indicated by #) relative to WT mice. As with
males, there was no effect of treatment (p>.05), although females did show an overall age
related increase in sucrose preference (Timepoint: p<.01), regardless of genotype. Cage scores
from pair housed mice used here. Values here represent Mean + SE. N=19 male cages and
N=17 female cages.
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Males Fi137; = 13.77 p<.001). More specifically, BACHD females consumed 14% more sucrose
solution (23.7 + 0.8mls) than did WT females (20.9 + 0.9mls) and BACHD males consumed 19%
more (26.8 £ 1.1mls) than WT males (22.5 + 1.2mls). Unlike other rodent HD models, BACHD mice
show a paradoxical obesity phenotype (in contrast to the weight loss phenotype shown by
patients and other rodent models) which is driven by an overall increase in spontaneous caloric
intake (Hult et al., 2011; Kudwa et al., 2013), which could potentially be driving this increase in
sucrose consumption shown here. BACHD mice also consumed significantly more water than WT
mice (Supp. Figs. 4.1B and 4.1E, Genotype: Females F1,41= 18.20 p<.001; Males Fy37=9.18 p<.01).
This was a larger percent increase than for sucrose, with BACHD females consuming 39% more
water (5.4 + 0.3mls) than WT females (3.9 £ 0.2mls) and BACHD males consuming 39% more (4.6
+ 0.4mls) than WT males (3.3 = 0.2mls). This is consistent with other transgenic HD lines which
have been shown to have increased water intake as a part of their phenotype (Wood et al., 2008).
Since the increase in water intake is larger magnitude than the increase in sucrose intake in
BACHD, it is likely that any detected deficits in sucrose preference in BACHD mice may simply
reflect increased water consumption instead of decreased sucrose consumption (Supp. Fig 4.1C
and 4.1F), as sucrose consumption here is actually increased in BACHD mice, which would

negatively impact the validity of the test as an indicator of anhedonia.

Forced Swim Test

To assess the effects of AAV1-Cre mediated mHTT silencing in the anterior cingulate on
behavioral despair, another type of depressive-like behavior, mice were assessed for immobility
time in the forced swim test. Mice were placed in an inescapable cylinder filled half-way with
water, and time spent swimming or floating was quantified over four minutes, after 2 minutes of
habituation. Increased time immobile represents increased levels of behavioral despair. As has
been shown previously (Hult Lundh et al., 2013; Wang et al., 2014), HD mice spent significantly
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more time immobile than wild-type mice (Genotype: F166 = 13.54, p<.001) (Fig. 4.6). Sex did affect
time immobile (p>.05 for Sex and all of its interactions). This was slightly more than a two-fold
elevation, with HD mice showing 46.5 £ 6.5 seconds of immobility while WT mice were immobile
for 21.9 + 3.8 seconds. Treatment also affected performance in this task (Treatment: F165=9.50,
p<.01) — AAV1-Cre treated mice showed significantly lower immobility time (23.6 + 3.9 seconds)
relative to AAV-GFP treated controls (43.4 + 6.4 seconds). Given that AAV-Cre treatment should
have a specific genetic effect in BACHD transgenic mice, by inactivating the mHTT transgene, it
was of particular interest to assess whether there was a significant interaction between treatment
and genotype, and reason to believe that there would be a differential response to AAV-Cre
treatment between the two genotypes. There was a trend for an interaction
(Treatment*Genotype: Fi16 = 3.69, p=.0591), with Cre-HD mice showing a 53% reduction in
immobility time (29.8 £ 6.6 seconds) relative to AAV1-GFP treated HD mice (63.2 + 10.0 seconds).
WT mice showed even lower immobility times, with AAV1-Cre treated mice spending 18.1 + 4.8
seconds immobile and AAV-GFP treated mice spending 25.8 + 5.7 seconds immobile. Given that
the a-priori hypothesis for this experiment was that AAV1-Cre treatment would selectively
improve/normalize forced swim test performance in BACHD mice, but not WT mice, a Tukey’s
posthoc comparison was run to compare differences in subgroups following the trending finding
of a Treatment*Genotype interaction. Tukey’s comparisons indicate that AAV1-Cre treated
BACHD mice have ‘significantly’ reduced immobility time relative to AAV1-GFP treated BACHD
mice, but are not significantly different from WT mice on either treatment. Tukey’s comparisons

also indicated that AAV1-Cre and AAV1-GFP treated WT mice were not different from each other.
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Figure 4.6 — Forced Swim Test. Mice were tested for the effect of intra-cingulate AAV1-Cre
treatment on behavioral despair, a depressive-like behavior, in the Forced Swim Test. HD mice
showed increased behavioral despair, relative to WT mice, as indicated by increased time
immobile (Genotype - p<.001). AAV1-Cre treatment resulted in a reduction in immobility time
relative to AAV-GFP treated mice (Treatment - p<.01). There was also a statistical trend for a
Treatment*Genotype interaction (p=.059), and Tukey’s posthoc comparisons indicate (dotted
lines) that AAV1-Cre treated transgenic BACHD mice show a reduction in immobility time
relative to AAV1-GFP treated transgenics, but are not different from WT mice receiving either
AAV1-Cre or AAV1-GFP injections. Data is collapsed across sex, as there was no effect of sex or
its interactions on immobility (p>.05). Values here represent Mean * SE. N=37M and N=33F.
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4.4 - Discussion

Of the four domains of Huntington’s disease (HD) symptomology (motor, cognitive,
mood, and metabolism), psychiatric symptoms have the most deleterious impact on quality of life
for patients (Anderson & Marder, 2001; Ho et al., 2009). Thus, it is striking that the neurobiological
mechanisms that underlie this symptomology are the most poorly understood. However, there is
recent human clinical (Hobbs et al., 2011; Sprengelmeyer et al., 2014) and neuropathological data
(Kim et al., 2014; Thu et al., 2010) which suggest that pathology in the anterior cingulate cortex
(ACC) may contribute to HD mood symptoms. One limitation to these human data is that it is
correlational in nature - while it establishes a relationship between the anterior cingulate and HD
mood symptoms, it does not demonstrate that pathology in this structure is causal to these
symptoms. Thus, here in Chapter 4, | further assessed whether or not ACC pathology in HD is
causal to HD mood symptoms by utilizing an animal model which enables this type of controlled
experiment. | also further characterized which specific subtypes of mood symptoms may be
associated with ACC pathology (i.e. is it associated with particular types of depressive symptomes,
such as anhedonia, or with depressive and/or anxiety symptoms broadly). Thus, | tested the
hypothesis that inactivation of the mutant Huntingtin (mHTT) transgene in the ACC, utilizing a
molecular genetic approach (AAV1-Cre injections), would ameliorate depressive- and anxiety-like
behavior in the transgenic BACHD mouse model, which carry a floxed mHTT transgene that can
be excised by Cre recombinase (Gray et al., 2008; Wang et al., 2014). These data from this study
provide preliminary evidence that mHTT pathology in the cingulate contributes is indeed causal
to particular components of HD mood symptomology — that it contributes to behavioral despair,
a type of depressive-like behavior, but that it does not contribute to anxiety-like symptomology.

Anhedonia, another type of depressive-like behavior was also assessed here, but the effect of
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mHTT inactivation in the ACC on this symptomology is inconclusive, as the BACHD model did not

demonstrate a clear and robust phenotype in this study.

Behavioral despair, as reflected by increased immobility in the forced swim test, is a
behavioral indicator of depressive-like symptomology in animal models and is the standard tool
for screening novel anti-depressant medications (Lopez-Rubalcava & Lucki, 2000; Porsolt, Bertin,
et al., 1977; Porsolt, Le Pichon, et al., 1977). BACHD mice have well documented deficits in the
forced swim test, showing roughly a 3-fold elevation in immobility time (Hult Lundh et al., 2013;
Wang et al., 2014) and BACHD mice in this study robustly demonstrated this phenotype (Fig. 4.6).
Although preliminary (it is only a statistical trend, p=.059), AAV1-Cre mediated inactivation of
mMHTT in the ACC led to a reduction in immobility time in BACHD mice. Tukey’s post-hoc
comparisons demonstrate that AAV1-Cre treated BACHD mice showed reduced immobility
relative to AAV1-GFP treated BACHD controls, and that their level of immobility was not different
from WT mice treated with either AAV-Cre or AAV-GFP (Fig 4.6). Rodent studies have previously
implicated the ACC in behavioral despair: lesion studies show that damage in the ACC in rats
(specifically in the ventral infralimbic and prelimbic cortices, homologous the human subgenual
ACC) leads to increased immobility in the forced swim test (Chang et al., 2014). Thus, it is logical
that mHTT pathology in the ACC would lead to a behavioral despair phenotype, and that reducing
mHTT toxicity in this region alone could normalize this behavior towards WT levels. However,
although this is a preliminary finding (as the fixed effect is only a statistical trend), if replicated
and confirmed statistically, it would extend the human clinical findings and demonstrate that ACC
pathology directly contributes to HD mood symptomology and that it is not only circumstantially

correlated with it.

The premise of the experimental design here is that that there should be a particular
biological interaction between genotype and treatment in this experiment, with AAV1-Cre
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treatment leading to a reduction in mHTT expression in the ACC in transgenic BACHD mice, but
have negligible effects in WT mice which do not carry a floxed gene. Thus, it was surprising that
in the forced swim test here, that there was a significant statistical effect of AAV-Cre treatment
on forced swim test performance, regardless of genotype. Mean immobility times were indeed
reduced in mice of both genotypes treated with AAV-Cre, although by a much larger magnitude
in BACHD mice (reduced by 29.5 seconds) than in WT mice (reduced by 5.8 seconds). However,
the Tukey’s posthoc comparisons from the genotype*treatment trend suggest that the robust
effect of AAV-Cre treatment in BACHD mice may be driving the statistical finding of an overall

treatment associated reduction in immobility.

Anhedonia, a lack of pleasure or interest in things that an individual typically finds
pleasurable, is one of the core features of clinical depression (American Psychiatric Association,
2013). In order to further assess the effects of mHTT inactivation in the ACC on HD mood
symptoms, mice were also assessed in the sucrose preference test, a measure of anhedonia used
in rodent models. Robust sucrose preference deficits have been consistently demonstrated in a
variety of transgenic HD mouse models (Pla et al., 2014; Pouladi et al., 2009; Renoir et al., 2011),
including the BACHD model, although this was only demonstrated in a single study (Hult Lundh et
al., 2013). However, here there was only a small and transient deficit in sucrose preference
detected in female BACHD mice, which attenuated over the course of the experiment (Fig. 4.5).
This improvement in phenotype occurred in both AAV1-Cre and AAV1-GFP treated female mice,
and thus was not due to treatment. Male BACHD mice showed no deficit whatsoever. Given the
lack of a phenotype in males, and the small transient deficit in females, this test did not serve as
a good indicator of depressive-like behavior in this study, and thus, unfortunately wasn’t a

suitable test for the ability of mHTT inactivation in the ACC to improve HD mood symptoms.
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It is unclear why these data disagree with the previously published sucrose preference
findings from Hult Lundh et al. (2013). It also unclear which study better indicates the actual
phenotype of BACHD mice. The parameters were similar for both experiments, including a
sustained habituation to two bottles of water before the subjects were presented with the actual
test with one bottle of sucrose and one bottle of water. Mice were housed in same sex and same
genotype pairs in both studies. Preference data were averaged over two days here, while it was
averaged over 3 days by Hult Lundh et al. (2013). While a slight difference in duration is unlikely
to have impacted the findings, there were three other differences in experimental design that
more plausibly could have impacted the outcome. First - a 2% sucrose solution was used in the
test here, while a 1% solution was used in the Hult Lundh et al. (2013) study. Perhaps BACHD mice
habituate to a higher percentage of sucrose, or find more nutritional value with the higher caloric
qualities of the 2% solution. Second - bottles were alternated between left and right positions in
the cage in this study between day 1 and 2 of testing, to avoid any potential confound of side-
bias, but not alternated in the Hult Lundh et al. (2013) study. It is possible that BACHD mice
showed more side bias coinciding with the water bottle position in the Hult Lundh et al. (2013)
study, which inadvertently skewed the data to suppress values for sucrose intake/preference.
Third, data from singly housed mice were included in the Hult Lundh et al. (2013) study, which
was due to male mice being separated due to aggression. Transgenic male BACHD mice are
particularly aggressive and often must be housed in isolation in our colony due to fighting and
severe wounding of cage mates (personal observation). In this study, all included mice were pair
housed throughout the entirety of the study. This is an important difference, as isolation housing
will induce depressive-like behavior, including increased immobility in the forced swim test and

reduced sucrose preference (Takatsu-Coleman et al., 2013). It is possible that the deficits in
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sucrose preference in the Hult Lundh et al. (2013) study resulted from isolation induced

anhedonia, which would likely be limited to the very aggressive transgenic male BACHD mice.

Regardless of whether or not sucrose preference deficits are a true and replicable
phenotype in BACHD mice, they likely have poor validity as an indicator of anhedonia in this
transgenic model, and thus of depressive-like behavior generally. The rationale for this claim is
outlined in Supplemental Figure 4.1, which demonstrates that BACHD mice showed increased
fluid intake, including a large increase water consumption and a smaller increase in 2% sucrose
consumption in this study. Thus, it is entirely possible that a sucrose preference deficit could be
driven by the dramatic increase in water intake, instead of a decreased interest or pleasure in
sucrose (e.g. anhedonia) as this measure is intended to indicate. In fact, female BACHD mice here
that showed a mild deficit in sucrose preference actually had an increase in total sucrose
consumption relative to WT females. Furthermore, BACHD mice show a paradoxical obesity
phenotype (Hult et al., 2011), in contrast to the weight-loss phenotype shown in human HD
patients (Aziz et al., 2008; Djousse et al., 2002; Trejo et al., 2004) and most other transgenic HD
mouse models (Goodman et al., 2008; van der Burg et al., 2008). BACHD mice have a voluntary
increase in caloric intake as a part of their phenotype (Hult et al., 2011), and food restriction
normalizes their weights close to wild-type levels (although not completely — other metabolic
abnormalities also contribute) (Kudwa et al., 2013). It is hard to distinguish between the animals
motivation for caloric intake, which is likely elevated in BACHD mice, with the hedonic properties
of a 2% sucrose solution to these mice. This confound in nutritional/hedonic motivation, in
addition to increased water intake as a part of their phenotype, likely renders the sucrose

preference test as an unreliable measure for anhedonia in this particular HD model.

Increases in anxiety-like behavior are a robust and consistent finding in BACHD mice and
unlike sucrose preference measures, these findings have been replicated many times (Hult Lundh
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et al., 2013; Menalled et al., 2009; Soylu-Kucharz et al., 2016; Wang et al., 2014). Consistent with
these studies, performance in the light dark test in this experiment indicated a robust anxiety-like
phenotype in BACHD mice. However, this phenotype was not impacted by AAV1-Cre treatment,
suggesting that mHTT pathology in the ACC of BACHD mice is not solely responsible for anxiety-
like behavior. Thus, these findings do not support my original hypothesis that mHTT inactivation
in the ACC would reduce anxiety-like behavior in a transgenic mouse model of HD. The most
parsimonious explanation for this discrepancy is that anxiety symptoms in BACHD mice are not
due to mHTT toxicity in the ACC, but are instead driven by toxicity in another brain region (or in
multiple other brain regions). For instance, it is possible that the anxiety phenotype is driven by
simultaneous mHTT induced alterations in monoamine circuitry to the ACC, and that silencing
mHTT expression in the entire circuit would be essential to ameliorate the phenotype. There is
pathology in human HD in both the amygdala (Kipps et al., 2007; Mason et al., 2015) and the locus
coeruleus (Zweig et al., 1992), and both regions are implicated in anxiety disorders (Ressler &
Nemeroff, 2000; Shin & Liberzon, 2010). Another possible locus is the orbitofrontal cortex, which
is altered in human obsessive compulsive disorder (Chamberlain et al., 2008; Graybiel & Rauch,
2000) and other anxiety disorders (Milad & Rauch, 2007; Ressler & Nemeroff, 2000) as well as in
HD (Feigin et al., 2006; llle et al., 2011). As mentioned previously, Wang and colleagues (2014)
found that widespread silencing of mHTT throughout the cortex fully rescued anxiety-like
behavior in BACHD mice, which suggests that perhaps another cortical region is responsible for
this symptomology. Given this finding, as well as the data from this study excluding the ACC, the
OFC would be a good candidate as the putative substrate for anxiety symptoms in BACHD mice,
which could be assessed in future studies. However, there is a limitation to the Wang et al. (2014)
study - while the authors claimed that the Emx1-Cre line that they crossed with BACHD mice

resulted in selective cortical silencing, the Emx1 promoter also drives significant Cre expression in
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the septum, amygdala, and hippocampus (Gorski et al., 2002), all of which are implicated in
anxiety symptoms (Parfitt et al., 2017; Shin & Liberzon, 2010). Thus, it is possible that Emx1-Cre
mediated mHTT silencing in one of these other regions was responsible for an improvement in
anxiety-like behavior in the Wang et al. (2014) study. Another possible scenario that would explain
these findings is that perhaps mHTT pathology in the ACC does mediate an anxiety phenotype,
but that there was simply an insufficient level of mHTT silencing in the ACC here to result in a
significant improvement in this symptom. However, given that there was a robust 70% reduction
in mMHTT mRNA levels, it is unlikely (but not impossible) that this was insufficient to rescue this

phenotype.

The overall findings from this study provide preliminary evidence that mHTT toxicity in
the ACC contributes to some depressive symptomology (behavioral despair) in HD, but not
anxiety. One important aspect of this finding is that it extends the correlational human clinical
and neuropathological HD findings, and demonstrates that there is a causal relationship between
ACC pathology and depressive symptomology. Furthermore, these data help to refine the
interpretation of these clinical studies, which typically compared populations of HD patients with
or without mood symptomology, without distinguishing between anxiety and depressive
symptoms. Given that depressive- and anxiety symptoms are incredibly comorbid in psychiatric
populations, it is hard to distinguish these two types of symptoms in clinical populations. The
results of this study suggest that while ACC pathology is correlated with a particular type of
depressive symptomology (behavioral despair) since it is causal to such symptoms, it is only
circumstantially correlated with anxiety symptomology. Another application of the findings here
is that it validates the BACHD model as a tool to further assess the mechanisms of ACC pathology
in HD depressive symptomology. For instance, this allows the further studies in BACHD to identify

which subpopulations of ACC neurons are affected, how they are affected (e.g. alterations in
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electrical properties, firing rates, and/or transcription), and why they are affected in some
individuals but not others leading to symptom heterogeneity. The most exciting application of this
finding is that it identifies the ACC as a novel point of therapeutic intervention to improve
depressive symptomology in HD patients. This is important as gene silencing therapies, such as
RNA interference therapeutics (Dufour et al., 2014; Harper et al., 2005; Kordasiewicz et al., 2012;
McBride et al., 2008; McBride et al., 2011; Stanek et al., 2014), are moving into clinical trials (Wild
& Tabrizi, 2017). Ideally, this finding will emphasize that the ACC is an important target for such
therapies and should be incorporated into this therapeutic approach to offer a more

comprehensive improvement in HD clinical symptomology.
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Supplemental Figure 4.1 — Sucrose Preference Fluid Intake. Total intake of sucrose, water and
overall fluid was quantified from the sucrose preference test over 48 hours, for each cage.
Mice were pair-housed (same sex, genotype, treatment in each cage) to avoid an isolation-
induced reduction in sucrose preference. Although there were only significant differences in
sucrose preference in female BACHD cages, relative to female WT cages, both male and female
BACHD mice showed increased sucrose intake (A,D — Genotype p<.05) as well as increased
water intake (B,E — Genotype p<.05) relative to WT mice. Accordingly, they also showed
increases in overall fluid intake (C,F — Genotype p<.05). Data are collapsed across timepoint.
Values represent Mean + SE. In Cand F, values above bars indicate sucrose percent preference.
N=19 male cages and N=17 female cages. P-values for genotype fixed effects are indicated by

*p<.05,

**p<. 01, ***p<.001
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Chapter 5 — Discussion

The prognosis for patients with Huntington’s disease (HD) is incredibly poor. This genetic
neurological disorder onsets in midlife, causing a wide spectrum of severe and debilitating
symptoms, progresses over 10-15 years, and always leads to death (Ross et al., 2014). There are
no currently approved therapeutics that can delay the onset or slow the progression of the
disease in any way (Ross et al., 2014; Travessa et al., 2017; Wild & Tabrizi, 2017). Thus, there is
tremendous need to discover new therapeutic approaches that can slow or halt disease
progression and thereby improve quality of life for patients. Inherent to this goal is to develop a
better understanding of how mutant huntingtin toxicity leads to pathology, and thus generates
the clinical symptom profile of the disease. By better understanding these processes, novel points
of therapeutic intervention can be identified and targeted with novel experimental treatments.
The overarching goal of the studies presented here was to characterize two novel therapeutic

approaches for Huntington’s disease, targeting two separate disease pathways.

In the first set of experiments (Chapters 2 and 3) | assessed whether elevated
glucocorticoid levels, itself a symptom of HD, contributed to the progression of HD symptoms. In
the first subset of these experiments, presented in Chapter 2, | was able to confirm that the R6/2
mouse model does show elevated corticosterone levels, that the pattern of release is
dysregulated, and that elevated corticosterone leads to severe weight loss and a significantly
shorter latency to death. In a second set of experiments, presented in Chapter 3, | demonstrated
that the converse is also true — that normalizing (i.e. lowering) glucocorticoids to wildtype levels
in R6/2 HD mice significantly improves HD metabolic and HD neuropathological symptoms. In the

final set of experiments, presented in Chapter 4, | assessed whether mHTT pathology in the
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anterior cingulate cortex contributes to HD mood symptoms in the BACHD mouse model. From
this investigation, | was able to demonstrate that silencing mHTT expression in the ACC improves
depressive symptomology, but not anxiety symptoms, suggesting that huntingtin lowering
therapies that target the ACC could be beneficial in improving depressive symptomology in

patients.

5.1 - Glucocorticoids and HD Symptomology: Summary and Therapeutic Applications

It has long been known that glucocorticoid levels are elevated in HD patients (Bjorkqvist
et al., 2006a; Heuser et al., 1991; Saleh et al., 2009; Shirbin, Chua, Churchyard, Hannan, et al.,
2013), and it has long been speculated that this elevation contributes to HD symptomology
(Petersen & Bjorkqvist, 2006; Saleh et al., 2009; Shirbin, Chua, Churchyard, Hannan, et al., 2013).
However, evidence of a direct causal relationship between hypercortisolinemia and HD
symptomology was previously lacking. There are a handful of human clinical studies that have
demonstrated an inverse correlation between plasma cortisol levels and HD cognitive (Shirbin,
Chua, Churchyard, Hannan, et al., 2013) and metabolic symptoms (Saleh et al., 2009), as well as a
handful of studies in transgenic mouse models showing that experimental elevations in
corticosterone can also worsen HD cognitive and metabolic symptomology (Mo, Pang, et al., 2014,
Mo et al., 2013). However, it was previously unclear if chronically elevated glucocorticoids, within
the range commonly experienced by HD models and in patients, directly contributes to symptoms.
To address this question, | manipulated the levels of circulating glucocorticoid levels in the R6/2
HD mouse model by performing adrenalectomies and providing subjects with differing levels of
corticosterone replacement (a normal WT level of CORT replacement and high-dose HD-level
CORT replacement). Through these experiments, reported in Chapters 2 and 3 of this dissertation,

| was able to demonstrate that chronically elevated glucocorticoid levels do in fact worsen HD
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symptomology, and that normalizing glucocorticoids to WT levels can attenuate some HD
symptoms.

While adrenalectomy with cortisol replacement is not a practical or ideal therapeutic
approach for human disease, reducing the deleterious consequences of chronic
hypercortisolinemia by blocking glucocorticoid receptors is a more plausible strategy.
Mifepristone, a glucocorticoid receptor (GR) antagonist, is an existing FDA-approved therapeutic
that is clinically used to treat Cushing’s disease symptoms (Fleseriu et al., 2012; Morgan &
Laufgraben, 2013). It is possible that mifepristone could also show efficacy in clinical populations
for treating HD symptoms that are associated with chronically elevated cortisol. The findings from
Chapters 2 and 3 illustrate the some of the possible benefits that mifepristone could provide for
HD patients.

In Chapter 2 | demonstrated that exceedingly high levels of glucocorticoids interact with
the HD phenotype, significantly exacerbating weight loss and further shortening the lifespan of
R6/2 mice. WT mice did not lose weight, nor did they have a shortened lifespan within the age
range investigated, demonstrating that these effects represent an interaction of glucocorticoid
treatment with the HD genotype. The survivorship data are particularly interesting as they suggest
that blocking GR signaling could possibly extend lifespan for patients. This would be one of the
most beneficial possible outcomes of mifepristone therapy, as there are currently no medications
that can extend lifespan in HD (Ross et al., 2014; Ross & Tabrizi, 2011; Wild & Tabrizi, 2017).
However, as the high dose (HD-level) CORT replacement was exceedingly high in the Chapter 2
experiment, this hastened time to death may only associated with exceedingly high levels of
glucocorticoids that are outside of the typical HD physiological range. However, it would still be

of interest as an outcome measure if mifepristone is investigated clinically as an HD therapeutic.
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In the Chapter 3 experiments, | refined the dose of the HD-level (high dose) CORT
replacement to a more physiologically relevant level, based on a circadian analysis of
glucocorticoid levels in R6/2 mice which is outlined in Chapter 2. While the HD-level dose was
now closer to the typical physiological HD range, it still resulted in further worsening of the R6/2
weight loss phenotype like it did in Chapter 2. This demonstrates that the HD weight loss
phenotype is particularly sensitive to elevations in glucocorticoids and that blocking GRs with
mifepristone could possibly attenuate weight loss symptomology in HD patients. Furthermore,
normalized glucocorticoid levels (WT-level replacement) in R6/2 male mice led to a significant
improvement in indirect calorimetry readouts, demonstrating that the elevated metabolic rate
shown by R6/2 mice (Bjorkqvist et al., 2006a; Goodman et al., 2008) is exacerbated by elevated
glucocorticoids and rescued by its normalization. It is interesting that elevated glucocorticoids did
not affect metabolic rate in WT mice, again demonstrating that there was a specific interaction of
glucocorticoids with the HD phenotype. Brain atrophy and skeletal muscle wasting are two well
characterized phenotypes in clinical HD (Kosinski et al., 2007; Rosas et al., 2003; Tabrizi et al.,
2009; Trejo et al., 2004; Vonsattel et al., 1985) that are replicated by the R6/2 mouse model
(Chaturvedi et al., 2009; Ribchester et al., 2004; Strand et al., 2005; Zhang et al., 2010).
Normalized glucocorticoid levels attenuated brain atrophy in females and skeletal muscle wasting
in both male and female R6/2 mice, suggesting that mifepristone could possibly attenuate these
symptoms in human patients. It is interesting that females were specifically responsive to
glucocorticoids with respect to brain mass, as normalized glucocorticoids also led to a female-
specific improvement in HD neuropathology. In particular, the normalization of glucocorticoid
levels resulted in a 50-70% reduction in the number of inclusions in the striatum and dentate
gyrus as well as a 20-27% reduction in inclusion size in the cingulate and motor cortices. Low dose

(WT-level) glucocorticoid replacement was also associated with an increase in dentate gyrus
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neurogenesis in females, which is impaired in R6/2 mice. This provides preliminary evidence that
mifepristone could possibly slow the clinical progression of HD neuropathology, which could have
a widespread impact on symptomology and/or the rate of disease progression.

While the normalization of glucocorticoids in these experiments led to an attenuation in
a variety of HD symptoms, treatment did not achieve full rescue of any particular symptom
measured, with the single exception of the respiratory exchange ratio (RER) deficit in male R6/2
mice. It appears as though the majority of the symptomology assessed here is largely due to the
direct effects of mHTT toxicity in the brain or the peripheral tissues themselves, and that
chronically elevated glucocorticoids further exacerbates this type of symptomology in-vivo.
Skeletal muscle is a good example — mHTT is expressed in this tissue, directly leading to inclusion
formation, transcriptional alterations, oxidative stress, intra-cellular metabolic impairment, and
cell death (Chaturvedi et al., 2009; Moffitt et al., 2009; Strand et al., 2005). Chronically elevated
glucocorticoids maintain an organism in a chronic catabolic state (directly mediated by the
transcriptional effects of GR signaling) whereby there is widespread breakdown of protein to
liberate amino acids for gluconeogenesis (Lofberg et al., 2002; Sapolsky et al., 2000; Weinstein et
al., 1995), eventually leading to skeletal muscle wasting and cell death (Grossberg et al., 2010;
Lee et al., 2005; Lofberg et al., 2002). Thus, while mHTT toxicity is likely sufficient to bring about
muscle pathology, including muscle wasting and cell death, the overall clinical symptomology is
likely enhanced by the synergistic effects of chronically elevated glucocorticoids. Accordingly,
while mifepristone could possibly reduce HD symptom severity, or possibly slow symptom
progression, it is unlikely that it could fully remedy any particular symptom domain. While the
data from these adrenalectomy experiments provide proof of concept that glucocorticoids
worsen HD symptoms, and conversely that the normalization of glucocorticoid levels can

attenuate symptoms, it is hard to directly translate the magnitude of improvement in mice here
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with how well mifepristone could improve symptoms clinically in human HD patients. It is possible
that human patients could show more robust improvement than did R6/2 mice here, as R6/2 mice
show a particularly aggressive phenotype that leads to robust symptomology and death over 12-
14 weeks (Mangiarini et al., 1996; Menalled et al., 2009). While human patients also show robust
symptomology and premature death, the process is much more protracted (progressing over 15
years after decades of being latent) and thus there may be a larger therapeutic window whereby
glucocorticoid treatment could ameliorate symptoms. Conversely, it also possible that human
patients would be less responsive to treatment than were R6/2 mice. This has been the case for
many experimental drugs that showed efficacy in reducing symptoms in rodent HD models but
ultimately failed in clinical trials (McColgan & Tabrizi, 2017; Rodrigues & Wild, 2017; Stack &
Ferrante, 2007; Travessa et al., 2017). However, this is all an empirical question, which can really
only be clarified by testing the efficacy of mifepristone in treating HD symptoms in a clinical
population.

Due to limitations in the R6/2 model, the role of chronically elevated glucocorticoids in
HD psychiatric and cognitive symptoms were not investigated here. As chronically elevated
glucocorticoids are sufficient to cause both psychiatric (particularly mood) and cognitive
symptoms (Starkman et al., 1981), it remains an outstanding question as to whether or not
normalizing glucocorticoids could ameliorate these symptoms that also occur in HD. The R6/2
model is the only known animal model of HD hypercortisolinemia (Bjorkqvist et al., 2006a), and
thus was chosen for these studies as it would enable the assessment of normalizing glucocorticoid
levels on HD symptoms. These mice only show a transient increase in depressive-like behavior
early in the course of disease (Ciamei et al., 2015), before the age of onset of elevated
glucocorticoid levels. Additionally, R6/2 mice show a paradoxical reduction in anxiety-like

behavior during symptom progression (Bissonnette et al., 2013; Domenici et al., 2007), in contrast
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to the increased levels of anxiety shown by patients (Anderson & Marder, 2001) and other rodent
models (Hult Lundh et al., 2013; Wang et al., 2014). Accordingly, these mood phenotypes in R6/2
mice show poor construct and predictive validity for the potential effects of the normalization of
glucocorticoids in human HD, and were thus not investigated here. While R6/2 mice have been
shown to have cognitive deficits reminiscent of human HD, including deficits in executive function,
cognitive assessments have largely been assessed in swim tests (e.g. swim tank t-maze and morris
water maze) in spite of the progressive motor symptoms shown in these mice (Lione et al., 1999;
Wood et al., 2010). To assess coghition with non-swimming based cognitive tasks, R6/2 mice must
be significantly food restricted (Lione et al., 1999; Oakeshott et al., 2011). As food restriction
would have likely impacted the metabolic phenotype of these mice, cognitive measures were
omitted from the studies described in this dissertation. Accordingly, it remains an open question
as to whether or not the normalization of glucocorticoids could improve cognitive symptoms in
HD, and to what degree they could improve it. However, there are correlational clinical data that
suggest that elevated glucocorticoids worsen cognitive symptoms in HD (Shirbin, Chua,
Churchyard, Hannan, et al., 2013), and thus it would be interesting to assess the effect of
mifepristone on both cognitive and mood symptoms in a clinical HD population.

Although mifepristone has shown to be safe and effective in a non-HD population
(Cushing’s patients) (Fleseriu et al., 2012; Morgan & Laufgraben, 2013), it will be important to
assess whether or not HD patients may be more negatively impacted by the side-effects of the
medication. This is particularly important as the drug not only has potent glucocorticoid receptor
antagonist properties, it is also a potent progesterone receptor antagonist (Morgan & Laufgraben,
2013). Another complication is that mifepristone is metabolized by Cytochrome P3A and thus has
pharmacokinetic interactions with a variety of other drugs metabolized by this route (Morgan &

Laufgraben, 2013), which could be complicated by the use of other off-label pharmacotherapies
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in HD patients. Thus, it will be important to assess both safety, as well as efficacy, in a clinical HD
population to truly know whether or not mifepristone is a plausible therapeutic approach to treat
some of the symptoms of HD, and possibly slow disease progression.
5.2 - The ACC and HD Mood Symptoms: Summary and Therapeutic Applications
RNA-interference therapeutics are a promising approach for treating HD, whereby
molecular tools (i.e. antisense oligonucleotides, microRNAs) are used to silence the disease-
causing mutant huntingtin gene, and thereby stop the pathological process before it has caused
widespread tissue damage and global symptomology (Harper et al., 2005; Kordasiewicz et al.,
2012; Wild & Tabrizi, 2017). For instance, Harper et al. (2005) demonstrated that intra-striatal
AAV delivery of an RNAI therapeutic that targets the mHTT gene results in a 50% reduction in
mHTT mRNA levels, reduces HD neuropathology, and rescues HD motor symptoms in the N171-
82Q HD mouse model. Due to the success of this and similar studies in rodent models and safety
in non-human primates (e.g. Boudreau et al., 2009; Franich et al., 2008; Grondin et al., 2012;
McBride et al., 2011; Stanek et al., 2014), there is particular interest in adapting this intra-striatal
AAV-RNAI therapeutic approach to treat HD motor symptoms in human patients (Wild & Tabrizi,

2017).

However, while intra-striatal AAV-RNAI therapeutics are a logical approach to treat HD
motor symptoms, and possibly offer some improvement for cognitive symptomes, it is less likely
to treat to other HD symptom domains. Using AAV-RNAI to targeting the neural substrates that
mediate other HD symptom domains remain a challenge. This is due in part to the limitations in
surgical delivery of AAV-RNAI therapies; for instance, targeting whole cerebral cortex might be
necessary for improving widespread cognitive function for HD patients, although it is difficult to
target such a large brain region using a traditional viral based strategy. The other difficulty is that

the neural substrates that mediate many non-motor HD symptoms remain unclear. This is
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particularly true for psychiatric symptoms in HD, which are poorly understood with respect to
how neuropathology within a particular brain region (or regions) may underlie them. Accordingly,
| wished to further clarify which neural substrate(s) could possibly be contributing to HD
psychiatric symptoms, with a particular interest in mood symptomology, which is particularly
prevalent and deleterious for HD patients (Anderson & Marder, 2001; Ho et al., 2009). The
overarching goal of this line of investigation was to identify a potential target for RNAi

therapeutics that would lead to improvement in HD mood symptoms.

There are numerous limbic brain regions affected in HD that could potentially contribute
to mood symptoms such as the cortex, amygdala, hippocampus, and brainstem monoamine
systems (Bedard et al., 2011; Ransome et al., 2012; Rosas et al., 2008; Zweig et al., 1992).
However, there is human clinical imaging (Hobbs et al., 2011; Sprengelmeyer et al., 2014) and
neuropathological data (Kim et al., 2014; Thu et al., 2010) that demonstrate a correlation between
abnormalities in the anterior cingulate cortex and clinical HD mood symptoms. As these data are
correlational, it is unclear whether or not mHTT induced pathology in this region is driving HD
mood symptoms, and thus would serve as a suitable target for RNAi therapeutics. Accordingly, in
Chapter 4, | assessed the role of the anterior cingulate cortex in HD mood symptoms in the BACHD
mouse model of HD to further characterize whether this brain region would be a suitable target
to treat HD mood symptoms. The mutant huntingtin transgene in BACHD mice is floxed (exon 1
bearing the CAG repeat expansion is flanked by lox-p sites), enabling the inactivation of the
transgene with Cre-recombinase. A Cre-recombinase approach was chosen instead of a miRNA
based RNAi approach as Cre-based silencing should be more efficient (theoretically Cre will
achieving 100% silencing in transduced cells by excising the transgene instead of partial silencing
expected from mRNA degradation by an RNAi construct). These mice also show robust HD mood

symptomology, including depressive- and anxiety-like behavior (Hult Lundh et al., 2013; Menalled
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et al., 2009; Wang et al., 2014). Thus, BACHD and WT mice were injected with AAV1 vectors
expressing either the Cre-recombinase gene and an eGFP reporter, or an eGFP reporter alone,
and assessed for the effects of mHTT inactivation in the ACC on mood symptomology (depressive-

and anxiety-like behavior).

Silencing mHTT expression in the ACC did result in improvement in some HD mood
symptoms in BACHD mice. In particular, AAV1-Cre treatment in the ACC in BACHD mice led to a
reduction in immobility time in the forced swim test, an indicator of behavioral despair (a type of
depressive-like behavior). AAV1-Cre treatment in the ACC in BACHD mice did not affect their
anxiety phenotype, as transgenic mice on either treatment (AAV1-Cre or AAV1-eGFP) showed a
similar elevation in time spent in the dark in the light-dark task. Anhedonia, a depressive-like
behavior, was also assessed in these subjects with the sucrose preference test. While female
BACHD mice showed a small and transient deficit in sucrose preference at early ages, male BACHD
mice did not show a deficit. Due to both factors, as well as some limitations in model validity
inherent to BACHD mice with respect to this test (e.g. increased water and sucrose intake as a
part of their phenotype), the role of HD pathology in the ACC on the hedonic aspects of mood
symptomology remains unclear. Together, these data indicate that mHTT pathology in the ACC is
causal to some HD depressive symptomology while it does not appear to mediate anxiety
symptomology. This provides preliminary evidence that the ACC may be a suitable target for RNAI
gene therapy in HD to treat depressive-symptoms. The substrate for anxiety symptoms remains
unclear and the assessment of mHTT toxicity in other brain regions on this type of symptomology
will hopefully be addressed in future studies to enable its integration into a more comprehensive

RNAI therapeutic approach.
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5.3 - The Current Status of HD Therapeutics

Currently there are no medications that can slow the progression of Huntington’s disease
(Ross & Tabrizi, 2011; Travessa et al., 2017). There are only two FDA-approved medications for
the treatment of HD symptoms - Tetrabenazine (Huntington Study Group, 2006; Yero & Rey, 2008)
and Deutetrabenazine (Huntington Study Group et al., 2016), which can reduce chorea symptoms
in patients. Otherwise, specific HD symptoms are typically treated with off-label
pharmacotherapies and other types of non-pharmacological management (e.g. high calorie
nutritional therapy for weight loss) (Anderson & Marder, 2001; Shoulson & Fahn, 1979; Trejo et
al., 2005). While the development of novel therapeutics is of tremendous interest to the field, it
has been challenging to successfully identify efficacious therapies for patients (Rodrigues & Wild,
2017; Travessa et al., 2017). Many experimental drugs have been identified that are robustly
efficacious in treating HD neuropathological process and symptomology in animal models of the
disease, including coenzyme-Q10 and creatine antioxidant therapies (Andreassen et al., 2001;
Beal et al., 1994; Ferrante et al., 2002; Ferrante et al., 2000; Schilling et al., 2001; Stack et al.,
2006), phosphodiesterase 10A inhibitors (Giampa et al., 2009), minocycline (Chen et al., 2000;
Stack et al., 2006), and pridopidine (Squitieri et al., 2015). However, every one of these treatments
ultimately failed in clinical trials, largely due to a lack of efficacy (Hersch et al., 2017; Huntington
Study Group, 2010; McColgan & Tabrizi, 2017; McGarry, Kieburtz, et al., 2017, McGarry,
McDermott, et al., 2017; Rodrigues & Wild, 2017; Travessa et al., 2017). While there are still other
pharmacotherapies currently in clinical trials for the treatment of HD (Rodrigues & Wild, 2017), it
is unclear if any will provide benefit to patients. This is likely due to the widespread nature and
severe toxicity associated with mutant huntingtin protein. While a variety of drugs have been

demonstrated to attenuate some of the downstream deleterious consequences of mHTT toxicity
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on cell, molecular, and systems-level physiology, it appears as though this toxicity is difficult to

overcome in clinically significant levels through pharmacotherapies alone.

Although traditional pharmaceutical development for HD therapies has been largely
disappointing, there has recently been a dramatic change in the development of novel
therapeutics for HD. This due to the maturation of molecular therapies, such as RNA interference,
which directly reduce expression of mHTT and thus prevent the ability for mHTT to manifest its
toxicity (Harper et al., 2005; Kordasiewicz et al., 2012). By silencing the HD gene, these
therapeutics have the ability to block the onset of overt pathology and clinical symptomology
(Harper et al., 2005). These types of therapeutics have shown robust efficacy in HD animal models
for over 10 years (Boudreau & Davidson, 2010; Boudreau et al., 2009; Grondin et al., 2012; Harper
et al., 2005; Kordasiewicz et al., 2012; McBride et al., 2011; Stanek et al., 2014), and the first
clinical RNAi therapeutic for HD (IONIS-HTTgrx) is currently under FDA investigation as an
investigational new drug (Rodrigues & Wild, 2017; Wild & Tabrizi, 2017). IONIS-HTTgrx is an
antisense oligonucleotide (ASO) that targets HTT mRNA, which is infused intrathecally, to
hopefully achieve widespread CNS silencing of mHTT expression in patients. It has completed
phases | and lla, has shown to be safe and well tolerated, and is currently moving into phase llb
for larger trials to assess efficacy and to further assess safety. While the progress of the IONIS-
HTTgx trial is incredibly promising, there are also other RNAi and gene-modifying therapeutic
approaches that are moving towards clinical trials (Wild & Tabrizi, 2017), including miRNA-based
intra-striatal AAV-RNAI gene therapy (Grondin et al., 2012; McBride et al., 2011; Samaranch et al.,
2017), AAV-delivered zinc-finger transcriptional repressors (Agustin-Pavon et al., 2016; Garriga-
Canut et al., 2012), and AAV-delivered Crispr-Cas9 gene editing to reduce the number of CAG

repeats in the mHTT gene (Monteys et al., 2017; Shin et al., 2016).
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While these experimental therapeutics are exciting and promising, there are limitations
and challenges in their development relating to their safety and efficacy. For RNAi therapeutics,
including ASOs and miRNA based therapies, most experimental constructs will silence both the
wild-type as well as the mutant huntingtin alleles (Wild & Tabrizi, 2017), as it is difficult to
differentiate between these sequences using short antisense sequences. While partial silencing
of wild-type HTT has been shown to be safe and tolerable in rodents (Boudreau et al., 2009;
Drouet et al., 2009) and rhesus macaques (McBride et al., 2011), it is not ideal and could
potentially affect the ability to dose these RNAi therapeutics adequately. Another challenge is
that unlike a traditional pharmacotherapy, AAV-based gene therapies are irreversible and thus
would be problematic if they result in toxicity. However, while ASOs would likely avoid these
complications associated with viral vectors — they have their own limitations. It remains to be
determined whether intrathecal delivery of ASOs will achieve widespread reductions in HTT
mMRNA throughout the CNS; in larger animal models they tend to penetrate into the cortex well

but fail to penetrate into subcortical structures such as the striatum (Kordasiewicz et al., 2012).

Optimizing these therapies so that they can provide widespread symptom relief for HD
patients will require a comprehensive understanding of how mHTT toxicity in particular brain
regions and peripheral tissues lead to the development of particular clinical symptoms. Doing so
will enable researchers and clinicians to choose an ideal type of molecular tool (i.e. RNAi, ASOs,
zinc-finger nucleases) and an appropriate route of surgical delivery (i.e. intrathecal ASOs,
intracranial delivery of AAV-RNAI, etc.) that will target the particularly affected tissues that lead
to clinical symptomology. For instance, while intra-striatal AAV-RNAi would likely lead to robust
improvement in motor symptoms, and possibly some improvement in cognitive symptomes, it
would be unlikely to improve psychiatric and metabolic symptoms of the disease in any

meaningful way. As a comprehensive understanding for the biological basis of many non-motor
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HD symptoms is lacking, it remains unclear which regions of the brain and periphery will need to

be targeted, in addition to the striatum.

For these reasons, | wished to focus the studies of this dissertation on the characterization
two different systems in HD that may be driving clinical symptomology, with the overarching goal
to identify whether they would serve as novel points for therapeutic intervention in HD.
Accordingly, | assessed the role of glucocorticoids and the anterior cingulate cortex in the
progression of HD metabolic, neuropathological, and psychiatric symptomology. In Chapters 2
and 3, | was able to show that glucocorticoid dysregulation in HD exacerbates both metabolic and
neuropathological symptoms, although it does not appear to drive any particular symptom alone.
These findings may inform the development of novel therapeutics in two ways. First, it
demonstrates that hypercortisolinemia in HD is one symptom that should ultimately be addressed
as a part of a comprehensive gene therapy strategy in HD. It also highlights that mHTT toxicity in
the periphery likely contributes to the overall clinical profile of HD, and accordingly should be
addressed by these novel therapeutic approaches. Further refinement and optimization of
molecular therapies for HD so that they can provide comprehensive silencing of mHTT throughout
the whole organism will take many years, if not decades. Accordingly, the second way in which
these glucocorticoid experiments informs the development of novel therapeutics, is that it
indicates that mifepristone could possibly provide symptom relief for patients in the short term.
As this drug is already FDA-approved, this is something that could be tested immediately to help
slow the progression of HD symptoms. In Chapter 4 | was able to show that mHTT pathology in
the anterior cingulate cortex directly contributes to the progression of HD depressive
symptomology, but not anxiety symptomology. The relevance of this finding to current molecular
therapeutic strategies is more straightforward than for the glucocorticoids studies: it emphasizes

that the ACC will be an important brain region to target in order to improve mood symptoms for
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HD patients. It will be important to further identify which other brain regions are implicated in
anxiety and other psychiatric symptoms, so that they can also be targeted and hopefully be
incorporated into a comprehensive gene therapy strategy that successfully ameliorates all four

HD symptom domains.
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