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Preface by the Editors

Parkinson’s disease (PD) and Huntington’s disease (HD) are the paradigms of
opposite movement disorders originating in the basal ganglia. On one hand, poverty
and slowness of movement (hypokinesia and bradykinesia) are pathognomic to PD
and related conditions. On the other hand, excessive and uncontrolled movements
are a hallmark of HD. Indeed, the latter condition is the most common genetic cause
of involuntary, fleeting and writhing movements (chorea), which is why the disease
used to be called ‘Huntington’s chorea’. Both PD and HD are not only disorders of
movement, however. In both conditions, mental processing and mood are affected,
and metabolic or autonomic dysfunction cause a range of non-neurological
symptoms.

From both etiological and epidemiological standpoints, PD and HD appear as
two widely different conditions. PD is the second most common neurodegenerative
disease after Alzheimer’s and currently affects about 6.3 million people worldwide.
It is an age-related disorder lacking an identifiable cause (‘idiopathic’) in 90 %
of the cases. By contrast, HD is a relatively rare familial disease caused by an
autosomal dominant mutation in the HTT gene. Symptoms of HD commonly
become manifest between the ages of 35 and 50 years, but they can begin at
virtually any age depending on the CAG repeat length (see below).

The genetic basis of HD was discovered in 1993 by an international collabo-
rative effort spearheaded by the Hereditary Disease Foundation. Since then, several
other neurological diseases were found to depend on a similar genetic defect,
consisting in the expansion of a CAG (cytosine-adenine-guanine) triplet repeat
stretch within the disease-causing gene.

During the past 17 years, it has become increasingly clear that PD has a strong
genetic component, too. Since 1997, several genetic mutations have been positively
associated with PD in affected families. Beside these monogenic cases, genetic
susceptibility has been suggested to underlie the common idiopathic forms of PD.
Indeed, recent genome-wide association studies have established that certain
common gene variants occur with an increased frequency in people with idiopathic
PD. It is however clear that environmental factors, such as exposure to certain
toxins, may underlie many cases of idiopathic PD.
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Despite their different etiologies, PD and HD have many things in common.
Both diseases heavily affect the network functions of the cortico-basal ganglia-
thalamo-cortical circuitry. Disturbances in corticostriatal synaptic transmission and
atrophic changes of striatal projection neurons are key players in their pathophys-
iology. And although different events may trigger the primary neurodegenerative
process, there are striking commonalities in the pathogenic pathways involved. The
commonalities include, misfolding and aggregation of proteins, deficient protein
degradation, neuroinflammation, mitochondrial dysfunction, glial pathology, defi-
cits in axonal transport, loss of synapses, glutamate dyshomeostasis, and altered
signaling downstream of both dopamine and glutamate receptors. It is therefore not
surprising that PD and HD continue to attract the attention of overlapping com-
munities of basic and clinical investigators. In both disease areas, current basic
research aims at either determining the mechanisms of neurodegeneration, or
improving animal models that will expedite the mechanistic studies. This basic
research has already spurred a number of clinical trials of either symptomatic
treatments, or approaches to slow the progression of the disease. However, none
of the putative disease-modifying approaches thus far tested have yet translated into
successful treatments for the human diseases. It is therefore very important to
intensify research efforts that can lead to an improved understanding of the
pathobiology of PD and HD, revealing new potential therapeutic targets. This kind
of research is heavily dependent on the possibility to reproduce key features of PD
and HD in simpler models that are accessible to in-depth biological investigation.
Animal models are indispensable to unravel non-cell autonomous mechanisms of
disease, and the relationship between neurodegeneration and behavioural impair-
ment, or overt neurological deficits can only be addressed in whole-animal models
of disease.

We hope that this volume will aid the research on HD and PD by providing an
up-to-date coverage of current animal models that can be used to investigate par-
ticular pathways, and to link them to both system-level pathophysiology and
behavioural abnormalities. No animal models will ever reproduce all the com-
plexity of a human neurological disease, and it is therefore very important for the
research community to rely on an articulate repertoire of models tailored to mimic
the specific features to be investigated in each study.

The HD part opens with a comprehensive overview of the clinical features of
HD by Ghosh and Tabrizi (“Clinical Aspects of Huntington’s Disease”) including
available symptomatic treatments and new data from large clinical natural history
studies, which have identified potential biomarkers and predictors of disease onset
and progression to guide future therapeutic interventions. The next chapter (“The
Neuropathology of Huntington’s Disease”, by Waldvogel, Kim, Tippett, Vonsattel,
Faull) then provides a detailed description of the current knowledge of neuro-
pathological changes in human HD brains and emphasizes the association of the
heterogeneous nature of HD symptomatology with the heterogeneous nature of the
neurodegeneration that occurs throughout the different regions of the brain in dif-
ferent HD patients. Chapter by De Souza and Leavitt (“Neurobiology of
Huntington’s Disease”) then outlines our current knowledge on the normal
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function of huntingtin and the main pathomechanisms by which mutant huntingtin
may mediate neurodegeneration in HD.

With the basis set in the three previous chapters, Brooks and Dunnett review in
their chapter (“Mouse Models of Huntington’s Disease”) the similarities and dif-
ferences in the neurobiology found in the mouse models of HD and the human
disease state. Their review also discusses how abnormalities in functional circuitry
and neurotransmitter systems impact on the behavioural readouts across the mouse
lines and how these may correspond to the deficits observed in patients. While
mouse models have provided invaluable information on the pathogenesis and
pathophysiology of HD, they might not be the most adequate species for mimicking
the human disease. Rats for example have more developed motor learning and
motor capabilities. Assays of cognition are more robust in rats than mice, and test
more advanced functional aspects. Carreira, Jahanshahi, Zeef, Kocabicak,
Vlamings, von Horsten and Temel provide a comprehensive review (“Transgenic
Rat Models of Huntington’s Disease”) on the transgenic rat models for HD that
have been generated so far. However, both rat and mouse model of HD lack the
striking neuronal cell loss observed in HD patients. Chapter “Large Animal Models
of Huntington’s Disease” by Li and Li reviews important findings from these pig,
sheep and non-human primate models including a discussion on why neurode-
generation is more readily observed in these models than in rodent models for HD.

Last but not least, Mrzljak and Munoz-Sanjuan provide a thorough and com-
prehensive review of the current state of therapeutic development for the treatment
of HD including ongoing randomized clinical trials in HD as well as the past and
present preclinical development of small molecules and molecular therapies at
CHDI with an outlook on future directions.

The PD part opens with Chap. “Clinical and Pathological Features of
Parkinson’s Disease”, by Schneider and Obeso, which sets the stage for all the
following ones. This chapter reviews the pathological and symptomatic features
that need to be considered when creating or validating experimental models of PD.
In the next chapter, Johnson and Fox review state-of-the-art symptomatic models of
PD having utmost face validity to the human condition (“Symptomatic Models of
Parkinson’s Disease and L-DOPA-Induced Dyskinesia in Non-human Primates™).

Chapter by Cebrian, Loike and Sulzer (“Neuroinflammation in Parkinson’s
Disease Animal Models: A Cell Stress Response or a Step in Neurodegeneration?”’)
compares and summarizes findings on neuroinflammatory responses in a wide
range of toxin-based and genetic models of PD. The following Chap. “Viral Vector-
Based Models of Parkinson’s Disease” (by Van der Perren, Van den Haute,
Baekelandt) provides an overview of current viral vector-based PD models in
rodents, both those based on overexpression strategies for autosomal dominant
genes (such as a-synuclein and LRRK2) and those based on knockout or knock-
down strategies for autosomal recessive genes, such as parkin, DJ-1and PINKI1.

The severe cognitive decline occurring in advanced stages of PD is associated
with cortical and limbic alpha-synuclein pathology. Hatami and Chesselet have
therefore chosen to summarize the cognitive deficits observed in several transgenic
mouse lines overexpressing wild-type or mutated alpha-synuclein. The authors also
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discuss how these models relate to the disease process in humans (“Transgenic
Rodent Models to Study Alpha-Synuclein Pathogenesis, with a Focus on Cognitive
Deficits”).

In addition to alpha-synuclein, the gene coding for leucine-rich repeat kinase 2
(LRRK-2) is implicated in autosomal dominant forms of PD. A comprehensive
summary of the different models employed to understand LRRK?2-associated PD is
provided by Daniel and Moore (“Modeling LRRK2 Pathobiology in Parkinson’s
Disease: From Yeast to Rodents”). This chapter covers a wide variety of experi-
mental models, including yeast, invertebrates, transgenic and viral-based rodents,
and patient-derived induced pluripotent stem cells.

The PD section of the volume closes with Chap. “Models of Multiple System
Atrophy” (by Fellner, Wenning, and Stefanova). This chapter gives an overview
of the atypical Parkinson’s syndrome, Multiple System Atrophy (MSA) and sum-
marizes the currently available MSA animal models and their relevance for pre-
clinical testing of disease-modifying therapies.

As with any book, it is impossible to cover every aspect of the current literature,
and some important lines of research may not have been sufficiently covered here
due to space restrictions. We are very grateful to all our dedicated colleagues who
have made great contributions to this book. We think that all chapters provide an
accurate and thorough overview of our current knowledge of the behavioural
neurobiology of Huntington’s and Parkinson’s Disease and hope that the readers
will enjoy each chapter as we did, and that this book will be helpful to them in their
research efforts to understand and find treatments for these devastating diseases.

Hoa Huu Phuc Nguyen
M. Angela Cenci
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Part 1
Behavioral Neurobiology
of Huntington’s Disease



Clinical Aspects of Huntington’s Disease

Rhia Ghosh and Sarah J. Tabrizi

Abstract Huntington’s disease (HD) is a devastating inherited neurodegenerative
condition characterized by progressive motor, cognitive, and psychiatric symp-
toms. Symptoms progress over 15-20 years, and there are currently no disease-
modifying therapies. The causative genetic mutation is an expanded CAG repeat in
the HTT gene encoding the Huntingtin protein, and is inherited in an autosomal
dominant manner. In this chapter we discuss the genetics, clinical presentation,
and management of this condition, as well as new data from large-scale clinical
research studies on the natural history of HD.

Keywords Huntington’s disease - Chorea - Genetics + Symptoms - Management -
Natural history
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1 Introduction

Huntington’s disease (HD) is a devastating inherited neurodegenerative condition
characterized by progressive motor, cognitive, and psychiatric symptoms. It was
formally described for the first time in 1872 by George Huntington, at the time a
newly qualified doctor in the USA (Huntington 1872). The clinical features that he
observed remain true today and sadly the disease is still “one of the incurables”,
although several studies to find disease-modifying treatments are underway.

Since the original description, the name of this condition has been changed
from Huntington’s chorea to Huntington’s disease to acknowledge the multiple
non-motor symptoms faced by patients with this disease; these may cause as much
if not greater distress to patients and their families, and management must be
tailored to meet these needs appropriately (Novak and Tabrizi 2010). In this
chapter we detail the genetic origins, clinical presentation, and current manage-
ment of HD.

2 Epidemiology

The prevalence of HD is variable across the world. Japan, South Africa, and
Finland have naturally very low rates of disease. It has previously been thought to
affect 4-10 per 100,000 people in the Western hemisphere (Harper 2002); how-
ever, recent data from the UK suggest a higher prevalence at 12.3 per 100,000
(Evans et al. 2013; Rawlins 2010). For many reasons, including those dating back
to the seventeenth century when witchcraft was thought to be associated with HD,
there has been an enormous amount of stigma attached to this condition (Wexler
2010). This has led to patients and families with HD attempting to conceal their
situation rather than seek medical help, thus leading to lower estimations of
prevalence.

It is thought that HD spread across the globe due to migration from North-West
Europe. There are communities in which the prevalence of HD is exceptionally
high; one of the most well-known is the population living near the edge of Lake
Maracaibo in Venezuela where the prevalence is 700 per 100,000. It was in this
group of people that genetic linkage studies ultimately led to the discovery of the
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causative gene mutation for HD in 1993 (Gusella et al. 1983; The Huntington’s
Disease Collaborative Research Group 1993).

3 The Genetic Origins of Huntington’s Disease

Huntington’s disease is caused by an elongated CAG triplet repeat in exon 1 of the
gene encoding Huntingtin protein (“HTT” is used to refer to the gene that encodes
the protein “HTT”), which lies on the short arm of chromosome 4. The wild-type
gene carries fewer than 36 repeats. Patient’s with greater than 40 CAG repeats will
develop HD at some point in their lives as the mutation is fully penetrant at these
repeat lengths. Those patients who have 36-39 CAG repeats display a reduced
penetrance—some may develop features of HD at an older age, others may never
become symptomatic at all (Snell et al. 1993; Rubinsztein et al. 1996).

HD is inherited in an autosomal dominant fashion—that is to say, if one parent
is affected, there is a 50 % chance that each of their children will be affected.
Individuals with “intermediate allele” CAG repeat lengths of 27-35 were previ-
ously thought to be asymptomatic, though a recent study suggests that there may
be a behavioral phenotype in this group of patients (Killoran et al. 2013). Due to
the potential expansion of the CAG repeat length with cell division in meiosis, the
offspring of patients who have an intermediate allele may inherit greater than 35
repeats causing symptoms to arise sporadically in a family with no apparent his-
tory of HD. Other seemingly sporadic cases of HD occur in cases of non-paternity.
Sporadic cases can also arise when the affected parent, who passed on the muta-
tion, died from other causes before developing symptoms, or were misdiagnosed
as having primary psychiatric illness or dementia (among others). Therefore, it is
important to ascertain a full and accurate family history during assessment.
Approximately 6-8 % cases of newly diagnosed HD are sporadic cases (Almqvist
et al. 2001; Siesling et al. 2000).

The instability of the CAG repeat length during meiosis can lead to longer
repeat lengths in successive generations within a family; longer repeat lengths
correlate with earlier age of onset of disease. This is a genetic phenomenon known
as “anticipation”. It is more likely to occur when the mutation is inherited down
the paternal line—hypothesized to be due to differences between spermatogenesis
and oogenesis (Kremer et al. 1995; Ziihlke et al. 1993). 90 % of patients who have
Juvenile HD (with an age of onset of <20 years old) have inherited this from their
father (Barbeau 1970).

At a population level, roughly 50-70 % of the variability in age of onset has
been shown to correlate inversely with the CAG repeat length; other factors
accounting for the remaining variability are a subject of ongoing research and
likely to be made up of both further genetic and environmental disease modifiers
(Wexler et al. 2004). Therefore, it is not possible to predict age of onset of
individual patients seen in clinic—an important point to stress if patients wish to
know their CAG repeat length. This is especially true for patients whose repeat
lengths range from 40 to 50 (the majority), as great variability is seen in this range.
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More recently, the “conditional onset probability model” has been developed,
which is more accurately able to estimate the percentage chance of disease-free
survival over a set number of years (conventionally 5 years). The model is based
on data from a large cohort of 3000 patients and takes into account not only the
CAG repeat length, but the number of years disease free that a patient has already
lived (Langbehn et al. 2004, 2010). However, even this more sophisticated model
cannot accurately predict the age of onset for individual patients, and appropriate
counseling must be given with regards to the limitations of this information if
disclosing CAG repeat lengths to patients. Indeed, many patients may well be
experiencing symptoms of HD before their official “onset” of disease—this is
explored more fully below.

4 Clinical Presentation

Huntington’s disease is characterized by a triad of progressive motor, cognitive
and psychiatric symptoms, with slow but relentless deterioration over a period of
15-20 years. Ultimately, the cause of death is most commonly secondary to
pneumonia (Lanska et al. 1988). The mean age of symptom onset is at 40 years,
but HD has been diagnosed in children as young as 2 years old, and in adults up to
the age of 87. If symptom onset occurs at <20 years of age, the condition is
referred to as “Juvenile HD” (Kremer 2002).

Making a formal diagnosis of HD currently requires the presence of definitive
extrapyramidal motor symptoms (Huntington Study Group 1996), but the reality is
that psychiatric and cognitive symptoms often precede this. Subtle motor features
that go undetected by the patient or their family may also be present for years
before a diagnosis of “manifest” HD is made (Ross and Tabrizi 2011), as shown in
Fig. 1. This is known as the “prodromal” phase of HD, and corresponds to
neurobiological changes such as loss of corticostriatal connectivity and striatal
atrophy (Tabrizi et al. 2012) (see Fig. 2).

Prior to this patients who are known to carry the genetic mutation are said to
have “premanifest” disease, during which they have no subjective symptoms or
objective signs on examination. More recently, the term “perimanifest” disease
has been used by some, to describe the group of patients with prodromal HD who
are felt by their clinician to be developing the extrapyramidal signs that will lead
to a diagnosis of manifest HD in the near future (Tabrizi et al. 2012).

4.1 Motor Features

Motor features in HD comprise added involuntary movements and also impaired
voluntary movements.
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Initial features include involuntary added movements of the distal extremities
and face, which may look like small twitches. Patients may try to incorporate these
into their natural voluntary movements. They then spread more proximally, and
become larger in amplitude, and the patient suffers from these choreiform
movements all the time that they are awake. Chorea is defined as involuntary,
excessive movements which are short-lived and can appear to be semi-purposeful.
The pattern of the movements also varies, for example, facial muscle involvement
can cause eye closure, head turning, and tongue protrusion, whereas involvement
of axial muscles causes extension and arching of the back. The degree to which
these movements bother the patients themselves is variable, especially in the early
stages. However as chorea progresses it can cause problems with writing and
eating, and frequently contributes to falling.

Dystonia is also observed—these are slower movements caused by increased
muscle tone and sustained muscle contractions which lead to abnormal postures
such as tilting or turning of the neck (torticollis) or arching of the back (opis-
thotonos). As the disease progresses, hyperkinetic movements lessen and instead
bradykinesia (slowness of movement), akinesia (delay in initiating movement),
and rigidity become more prominent. These later features tend to cause more
problems than the more readily recognizable chorea (Novak and Tabrizi 2010).

“Myoclonus” or sudden brief jerking of groups of muscles is sometimes seen in
HD, especially in the juvenile form. Likewise, “tics” which are defined as brief,
intermittent, stereotyped movements such as blinking, head jerking, nose twitch-
ing, or even sniffs, snorts and grunts can develop. These involuntary tics are often
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unnoticed by the patients themselves, but picked up by their carers who can find
them irritating.

Gait is affected and may appear ataxic, leading to falls. Loss of postural reflexes
also contributes to this. Patients may ultimately require a wheelchair to mobilize
safely, and require help with their activities of daily living (ADLs).

Stress, anxiety, and intercurrent infections all lead to temporary deterioration of
many of the symptoms mentioned above—a feature that is common to many
movement disorders.

4.2 Cognitive Features

Cognitive symptoms may begin during the prodromal phase of HD (Paulsen et al.
2008; Harrington et al. 2012). They are variable in severity, and range from subtle
deficits that may go unrecognized by the patient, to prominent impairment. Cog-
nitive problems have been shown to adversely affect daily functional ability
independently of motor impairment (Rothlind et al. 1993). Patients however often
lack insight into this (and into their disease progression more generally) and for
this reason it is important to take a collateral history from relatives and carers. This
lack of insight also compounds the cognitive deficits.

The main changes are deficits relating to executive functioning, i.e. high-level
cognitive processing which controls other aspects of cognitive functioning. This
leads to problems with planning and initiating actions, impaired organizational
skills, and inability to adjust to social changes due to the development of concrete
thinking. Problems with multitasking are a common early feature in HD and can
lead to significant problems in the workplace (Novak and Tabrizi 2010).

Other cognitive problems include general slowing of thought processes,
impairments of short-term memory (leading to difficulties in acquiring new skills),
and occasionally a decline in visuospatial skills. In particular, patients’ perception
of their own body in relation to their surrounding environment can be impaired,
causing them to bump into objects, trip and fall. Semantic knowledge and lan-
guage skills are relatively preserved (Craufurd and Snowden 2002).

As cognitive dysfunction progresses, patients can develop a severe frontal and
subcortical dementia. However, this does not affect all patients, and must not be
misdiagnosed in those patients who have severe motor impairment and are simply
unable to express themselves due to a lack of speech.

4.3 Psychiatric Features

Psychiatric symptoms are common in both prodromal and manifest HD, affecting
33-76 % of patients (van Duijn et al. 2007) and occur as part of the underlying
disease process rather than simply as a response to the diagnosis. These features
often cause more distress and difficulty for patients and their carers than the motor
symptoms.
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The most common psychiatric condition is depression, followed by anxiety,
neither of which relate to the stage of disease (Craufurd and Snowden 2002).
Symptoms of depression may be obscured or wrongly attributed to known features
of the disease such as weight loss and sleep disturbance but it is important to
recognize the condition as treatment is available and effective. A survey of 2835
patients with HD found that 40 % were suffering from depression at the time, and
50 % had sought help for depression in the past (Paulsen et al. 2005).

Suicide is the second most common cause of death in patients with HD (Lanska
et al. 1988). In a separate study of 4171 patients, 10 % had made a previous
attempt at suicide, and 17.5 % had had suicidal thoughts. Suicidal ideation peaks
when premanifest individuals just start to display symptoms, and then again in
more advanced disease when loss of independence and functioning occurs
(Paulsen et al. 2005). Therefore, it is vital to enquire about suicidal ideation during
assessment. Risk factors for suicide in HD include depression and impulsivity
(Craufurd and Snowden 2002), but not all patients who make an attempt have
depression (Lipe et al. 1993), and some patients feel that suicide is a rational
response to their impending loss of independence.

Patients also develop obsessive, compulsive thoughts and behaviors (Paulsen
et al. 2001). These include obsessions related to others (e.g. thoughts of infidelity),
those related to themselves (e.g. fixations on bladder or bowel function) and
ritualistic behaviors (with repetitive routines).

Apathy is common, and characterized by a loss of interest and passive behavior.
It can be difficult to distinguish from depression but is related to disease stage.
Often the difficulty is in initiating activities, and once patients have started on an
activity they are able to participate fully.

Patients can sometimes develop irritability and aggression; rarely, this mani-
fests in physical violence. Psychosis (paranoid thoughts and acoustic hallucina-
tions) is a less common feature, seen in later disease stage (Rosenblatt and Leroi
2000). Hyper- and hyposexuality can be a problem in early and late HD,
respectively.

4.4 Other Neurological Symptoms

In addition to the triad of movement, cognitive and psychiatric disturbances,
patients also exhibit problems with communication, swallowing, and sleep
disturbance.

Communication difficulties arise from a combination of dysarthria (caused by
incoordination of the orofacial muscles and tongue), cognitive symptoms such as
word finding difficulties, and the inability to structure speech appropriately.
Patients who have developed the severe rigidity and akinesia seen in advanced
HD, may be rendered completely anarthric (mute).

Likewise, swallowing problems arise from a combination of motor (incoordi-
nation of oral and pharyngeal muscles) and cognitive impairment. This leads to
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increased risk of aspiration. Ultimately, patients may need to establish alternative
routes for enteral feeding.

Sleep disturbance is commonly mentioned by patients with HD, and is a cause
of significant distress (Videnovic et al. 2009). Insomnia may be secondary to low
mood, anxiety, or chorea at night; however, primary sleep disturbance due to
presumed dysfunction of circadian rhythms is also recognized. It is important to
try and address the cause of insomnia so that treatment may be directed
appropriately.

4.5 The Peripheral Phenotype of Huntington’s Disease

Huntingtin protein is expressed by all cells in the body, and not only in the nervous
system. It is unsurprising therefore, that a range of systemic features are also seen
in HD (van der Burg et al. 2009). Blood plasma samples taken from patients with
HD show increased levels of IL-6 and IL-8, thus providing evidence for wide-
spread immune activation (Bjorkqvist et al. 2008). This may contribute to several
of the peripheral features described below.

Profound weight loss occurs, greater than that seen in other hyperkinetic dis-
orders. This cannot be explained simply by the difficulties associated with feeding
and loss of swallow/manual dexterity, but is thought to be secondary to an
underlying catabolic state which occurs as part of the disease process. Often this
begins in the prodromal phase of the disease. Patients who have a higher body
mass index at disease onset, tend to have a slower rate of progression (Myers et al.
1991).

Skeletal muscle atrophy, despite muscle hyperactivity secondary to chorea, is
observed. Cardiac failure is also seen in 30 % of patients (compared to 2 % in age-
matched controls) and is a cause of death in HD (Lanska et al. 1988).

Endocrine dysfunction including impaired glucose tolerance and hypothyroid-
ism (reduced T3 levels) is often found in patients. Testicular atrophy, with reduced
numbers of germ cells and abnormal seminiferous tubules can be found. Fertility
remains unaffected, although men have reduced levels of testosterone. Osteopo-
rosis may also be a part of the peripheral phenotype (van der Burg et al. 2009).

It is important to specifically assess these non-neurological features when
reviewing patients in clinic as they can significantly reduce the quality of life
(QoL) in HD and may contribute to an early death.

4.6 Juvenile Huntington’s Disease

This is characterized by age of onset before the age of 20, and accounts for 6-10 %
of all diagnosed HD (Shoulson and Chase 1975). Patients develop rigidity, bra-
dykinesia, and akinesia right from the outset, rather than the chorea that is seen in



12 R. Ghosh and S. J. Tabrizi

Table 1 The Shoulson-Fahn staging system

Stage  Engagement Capacity to Capacity to manage Capacity to Care can be
of in handle domestic perform activities provided
disease occupation  financial responsibilities of daily living at...
affairs
1 Usual level  Full Full Full Home
I Lower level Requires slight Full Full Home
assistance
I Marginal Requires major Impaired Mildly impaired Home
assistance
v Unable Unable Unable Moderately Home or
impaired extended
care
facility
v Unable Unable Unable Severely impaired Total care
facility

adults. Dystonic posturing is also a feature. The first outward signs of disease may
manifest as learning difficulties and behavior disturbance whilst at school. Seizures
are also present in 30-50 % of patients (Kremer 2002). Generally, these patients
have greater than 50 CAG repeats (Andrew et al. 1993) and as mentioned previ-
ously, in 90 % of cases paternal inheritance is observed (Barbeau 1970).

The rigid variant of HD is also known as the akinetic-rigid or Westphal variant,
and though usually seen in Juvenile HD it also rarely occurs in adults.

5 Disease Progression

From the time of diagnosis symptoms progress over 15-20 years. Assessment
scales exist that can be used to quantify disease progression. This is essential for
research purposes and also can be useful clinically in guiding interventions such as
starting medication or arranging nursing home care. One of the earliest was the
Shoulson-Fahn capability scale described in 1979 (Shoulson and Fahn 1979),
which divides the disease into five stages and is summarized in Table 1.

Features of this were later incorporated into the Unified Huntington’s Disease
Rating Scale (UHDRS), which was devised by the Huntington’s Study Group
(Huntington Study Group 1996). The UHDRS has four components. These are the
motor score (comprised of tests for oculomotor function, dysarthria, chorea,
dystonia, gait, and postural stability), cognitive tests (assessed by the digit symbols
test, Stroop test, and verbal fluency), behavioral/psychiatric assessment (with
specific enquiry regarding low mood, guilt, anxiety, suicidal thoughts, aggression,
irritable behavior, obsessions, compulsions, delusions, and hallucinations), and a
functional capacity assessment [including the total functional capacity (TFC)
score]. The motor score of the UHDRS is a commonly used tool in clinic, and is
helpful in objectively monitoring motor progression in a clinical setting.
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Table 2 The total functional capacity score and its relationship to Shoulson-Fahn stages and
clinical descriptors

Descriptor TFC Stage
Early 11-13 I
7-10 11
Moderate or mid 4-6 11
Advanced or late 1-3 v
0 \"

Giving patients a diagnosis of manifest HD has important implications for their
employment, insurance policies and driving, and can have a significant psycho-
logical impact on the patient and their family and carers; premature or delayed
diagnosis can therefore create problems. Once a diagnosis of manifest HD has
been made, the TFC is used to define the disease stage. The TFC scale makes an
assessment of the patient’s ability to work, complete household finances, chores
and ADLs, and what level of care they need and gives an overall combined score
from 13 (independent) to O (fully dependent). The TFC score relates to the
Shoulson-Fahn stage as detailed in Table 2, but when talking to patients and their
carers, descriptive terms such as early/moderate or late are often more useful.

A deeper understanding of the natural history of HD may refine the way that we
define manifest disease and monitor disease progression (Loy and McCusker 2013;
Biglan et al. 2013). This is currently an area of intensive clinical research (see
below).

6 Diagnosis and Investigations

The diagnosis is based on the clinical findings in association with a positive family
history. Genetic testing allows us to determine the CAG repeat length in individual
patients, which confirms the diagnosis. A positive test result has enormous
implications not just for the patient, but also for their entire family. Patients should
be made aware of this before sending blood for testing and written informed
consent for the test must be given.

Neither neuroimaging nor CSF studies are useful in the diagnosis of HD. They
are sometimes carried out with patients’ express consent as part of ongoing
research studies, or on occasion may be useful in excluding other causes of chorea
(Wild and Tabrizi 2007).

In those patients who present with chorea in the absence of other cognitive and
psychiatric signs, and without a positive family history, the differential diagnosis is
wide (Table 3). Chorea secondary to general medical causes such as drugs or
systemic illness must be considered and excluded (Roos 2010).

Approximately 1 % of patients who have a history and signs consistent with
HD and who are genetically tested return a negative result. These diseases are
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Table 3 The differential diagnosis of chorea, including drug induced, systemic and hereditary
causes

The differential diagnosis of chorea

Drug induced Neuroleptics
Oral contraceptives
Anti-epileptics (phenytoin, carbamazepine, valproate, gabapentin)
Levodopa and dopamine agonists
Cocaine and amphetamines
Systemic illness Systemic lupus erythematosus
Thyrotoxicosis
Polycythaemia rubra vera
Hyperglycaemia
Paraneoplastic
Infective—HIV and variant Creutzfeldt-Jakob disease
Post-infective—Sydenham’s chorea, herpes simplex encephalitis
Focal striatal pathology—stroke, space-occupying lesion
Hereditary Benign hereditary chorea
Wilson’s disease
Mitochondrial disorders
Ataxia Telangiectasia
Lysosomal storage disorders
Amino acid disorders
All causes listed in Table 4

known as HD phenocopies (Wild et al. 2008). Possible underlying causes of HD
phenocopies are listed in Table 4. For a small proportion of patients, the genetic
diagnosis remains as yet unknown. Further research on the phenocopy syndromes
may offer insights into the pathogenesis of HD.

7 Management

The management of HD requires a multidisciplinary approach involving neurol-
ogists, psychiatrists, general practitioners, physiotherapists, occupational thera-
pists, speech and language therapists, dieticians, and nurse specialists. Referral to a
specialist HD clinic is recommended, as these clinics will have developed
expertise in managing the condition from many different approaches and will
include many of the healthcare professionals mentioned above (Novak and Tabrizi
2010). In addition, HD clinics are able to co-ordinate trials and other research
studies, and recruit potential patients when appropriate. As well as being essential
in expanding our knowledge of HD and potentially finding better treatments,
patients generally find it psychologically beneficial to take part in research. Sup-
port from local teams in the community is vital.
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Table 4 Diseases that can manifest as Huntington’s disease phenocopies with their corre-
sponding genetic cause

Disecase Mutation

Huntington’s disease like syndrome (HDL) 1 PRNP—octapeptide insertion in gene encoding
prion protein

HDL2 JPH3—triplet repeat expansion in gene encoding
junctophilin-3

HDL3 Causative mutation as yet unknown

Spinocerebellar ataxia (SCA) 17 (HDL4) TBP—triplet repeat expansion in gene encoding
TATA-box binding protein

SCA1/2/3 ATXN 1/2/3—triplet repeat expansion in gene
encoding Ataxin-1/2/3, respectively

Dentatorubral-pallidoluysian atrophy ATNI—triplet repeat expansion in gene

(DRPLA) encoding atrophin-1
Chorea-acanthocytosis VPS13A—mutation in gene encoding chorein
McLeod Syndrome XK—mutation in XK gene on X-chromosome,

encoding a supporting protein for Kell
antigen on surface of red blood cell

Neuroferritinopathy FTL—mutation in gene encoding ferritin light
chain
Neurodegeneration with brain iron PANK2—mutation in gene encoding
accumulation (NBIA) or Pantothenate- pantothenate kinase 2
kinase associated Neurodegeneration
(PKAN)
Inherited prion disease PRNP—mutations in gene encoding prion
protein
Friedrich’s ataxia FXN—triplet repeat expansion in gene encoding
frataxin

The focus is on symptomatic treatment and on optimizing function, as currently
there are no disease-modifying treatments available (Mason and Barker 2009;
Bonelli and Hofmann 2007). There is however much research in this field and
trials of treatments that potentially alter the course of the disease are underway.
This is covered in more detail in a later chapter, and we will focus here on current
management.

7.1 Drug Treatments

7.1.1 Movement Disorder

In the early stages, chorea often does not trouble the patient and therefore may not
require treatment. As the disease progresses and patients start to have impaired
manual dexterity or are at increased risk of falling, drug treatment should be
considered. The first-line choice is the dopamine depleting agent tetrabenazine—
though it may not completely abolish the excessive movements, randomized
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controlled trials have shown that it does reduce choreic movements (Huntington
Study Group 2006). Unfortunately, it has been shown to exacerbate or trigger
psychiatric symptoms such as depression, which are common in the HD popula-
tion. Therefore, it is critical to establish a psychiatric history before prescribing
this drug.

Tetrabenazine requires a cytochrome P450 2D6 for its metabolism, and this
enzyme is inhibited by drugs such as paroxetine and fluoxetine. Thus, the clear-
ance of tetrabenazine would be reduced in this case and serum levels would be
raised. Non-inhibitory alternatives such as citalopram or sertraline should be used
instead if required (Guay 2010).

For patients with psychiatric comorbidity, or for those who have found tetra-
benazine ineffective, the atypical neuroleptic olanzapine may be used. This causes
side effects of increased appetite and weight gain, which may actually be useful for
HD patients. In addition, it may help with psychiatric symptoms such as agitation,
irritability, and anxiety. Caution is needed in patients who suffer from diabetes and
regular blood glucose monitoring is required. Furthermore, an ECG should be
reviewed prior to starting olanzapine, as on rare occasions the drug causes pro-
longation of the QT interval. Side effects also include parkinsonism, tardive
dyskinesia, sedation, and raised triglycerides.

Other atypical neuroleptics that are prescribed for treatment of chorea are ris-
peridone (which has less effect on appetite) and quetiapine (which has less effect
on blood glucose). Both olanzapine and risperidone have been shown to be
associated with an increased stroke risk in elderly patients with dementia (Ballard
and Howard 2006), so it is important to enquire about other cerebrovascular risk
factors prior to starting these drugs.

Older typical neuroleptics such as haloperidol and sulpiride may also be used
but carry a greater side effect profile with more parkinsonism, akathisia (an
uncomfortable internal sense of restlessness), and tardive dyskinesia. Tardive
dyskinesia is a particular concern in HD as it can be difficult to detect in the
presence of an existing movement disorder. All neuroleptic drugs carry the risk of
neuroleptic malignant syndrome (NMS), but this risk is greater for typical neu-
roleptics as compared to atypicals. NMS is characterized by the acute onset of
delirium, fevers, and rigidity with raised leukocytes and creatine kinase. Though it
is rare, it can be life threatening and patients and their carers should be warned
about this and advised to seek emergency medical help if any of the above develop
whilst taking these drugs. A general principle for all neuroleptic drugs is to start at
the lowest dose and titrate up gradually as needed.

When chorea is combined with dystonia, myoclonus, rigidity or spasticity,
clonazepam (a benzodiazepine) is useful. Unfortunately it may exacerbate any
underlying cognitive impairment, cause sedation and if stopped suddenly
withdrawal seizures may occur. Anticonvulsants such as sodium valproate or
levetiracetam can be used if myoclonus alone is a significant symptom.

As the disease progresses hyperkinetic movements decline and medications
need to be adjusted accordingly, hence the need for regular assessment. Tetra-
benazine can be weaned off and stopped, and drugs such as baclofen or tizanidine
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may be introduced to address issues of spasticity and rigidity. Injections of bot-
ulinum toxin may also be effective in providing symptomatic relief from muscle
spasm, and its effects can last for several months before requiring repeat injection.
It must however be administered by a specifically trained individual as it can cause
unwanted paralysis of muscle groups near to the injection site. For young onset HD
a trial of levodopa can be considered if symptoms of rigidity and akinesia are a
problem from the outset. A summary of these medications is shown in Table 5.

7.1.2 Psychiatric Symptoms

If features of depression are present then they often respond well to standard
antidepressants such as selective serotonin reuptake inhibitors (SSRIs) in the first
instance. Citalopram is generally used as first-line treatment; stimulating SSRIs
such as fluoxetine can cause hyperstimulation and exacerbate anxiety therefore
caution is required. A sedating antidepressant such as mirtazapine, taken at night,
is helpful if insomnia is also a problem. Cognitive behavioral therapy (CBT) also
plays a role for well-selected patients. Non-stimulating SSRIs may also help with
anxiety; occasionally buspirone or benzodiazepines are also used for this.

It is essential to enquire about suicidal thoughts as patients with HD have a high
risk of suicide. Psychotic symptoms (though rare) can be addressed with neuro-
leptic drugs such as olanzapine, which may also help with irritability and
aggression. As well as avoiding situations which trigger outbursts, short term use
of a benzodiazepine such as clonazepam can be useful for this. Table 6 summa-
rizes some of the drugs that are used in the treatment of psychiatric symptoms.

The choice of drug prescribed should be based on the presence of concurrent
symptoms. For example in the case of obsessive—compulsive behaviors or per-
severation, neuroleptics may be useful if agitation is present, or alternatively an
antidepressant if low mood is a problem. In patients with no or minimal cognitive
impairment, CBT can also be useful.

Overall, it is evident that the medications prescribed must be carefully moni-
tored as different symptoms develop and become more or less problematic
throughout the disease. The risk of side effects of all of the drugs mentioned must
be carefully balanced against the potential benefits they may have.

7.2 Non-Drug Treatments

The management of HD goes far beyond drug prescribing for individual symp-
toms. Instead, a holistic approach involving many different healthcare profes-
sionals is required. Physiotherapists play a vital role in helping to improve gait and
balance, and assessment for walking aids or wheelchairs when necessary. In
addition, weighted wrist and ankle bands can be provided to dampen distal cho-
reiform movements in the early phase of the disease. Occupational therapists are
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Table 6 A summary of pharmacological management of psychiatric features in HD

Symptom

Drug class

Drug

Main adverse effects and
treatment notes

Psychosis

Treatment resistant
psychosis

Psychosis with
prominent
negative
symptoms

Depression, anxiety,
obsessive—
compulsive,
symptoms,
irritability,
aggression

Atypical Neuroleptics

Neuroleptics

Neuroleptics

Selective serotonin
reuptake inhibitors
(SSRI)

Presynaptic o,
adrenoceptor
antagonist (increases
central noradrenaline
and serotonin activity)

Serotonin and
noradrenaline reuptake
inhibitor

Olanzapine,
risperidone,
quetiapine

Clozapine

Aripiprazole

Citalopram

Fluoxetine
Paroxetine

Sertraline
Mirtazapine

Venlafaxine

See Table 1. Use carefully
in elderly people
because of the
increased risk of stroke
with olanzapine and
risperidone in this
population

As for the other
neuroleptics, plus
agranulocytosis,
myocarditis, and
cardiomyopathy.
Requires blood
monitoring

Parkinsonism, akathisia,
drowsiness,
gastrointestinal
disturbance, tremor,
blurred vision

Gastrointestinal

disturbance,

hypersensitivity
reactions, drowsiness,
syndrome of
inappropriate
antidiuretic hormone
secretion (SIADH),
postural hypotension
for citalopram, but also
sleep disturbances

As for other SSRIs, but
also raised cholesterol

As for other SSRIs

Weight gain, oedema,
sedation, headache,
dizziness, tremor;
useful when insomnia
is a problem because it
has sedative properties

Hypertension,
gastrointestinal
disturbance,
hypersensitivity
reactions, drowsiness,
agitation, SIADH,
palpitations

A

1%

(continued)
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Table 6 (continued)

R. Ghosh and S. J. Tabrizi

Symptom Drug class Drug Main adverse effects and
treatment notes
Irritability, Neuroleptics Olanzapine, See above
aggression risperidone,
quetiapine
Altered sleep-wake ~ Hypnotics Zopiclone, Drowsiness, confusion,
cycle zolpidem memory disturbance,
gastrointestinal
disturbance
Mood stabilizers Anticonvulsants Sodium See above
valproate
Lamotrigine Hypersensitivity reactions,

blood dyscrasias,
dizziness,
gastrointestinal
disturbance, depression
Carbamazepine Hypersensitivity reactions,
drowsiness, blood
dyscrasias, hepatitis,
hyponatremia,
dizziness,
gastrointestinal
disturbance

Reprinted from Novak and Tabrizi (2010) with permission from BMJ Publishing Group Ltd.

able to carry out home assessments and make relevant adjustments such as grab
rails and bathroom adaptations in order to optimize functioning and prolong the
length of time that patients can manage at home.

Speech and language therapists are invaluable in offering techniques to help
patients communicate verbally for as long as possible. When this is no longer
possible, they can provide communication aids in the form of simple charts, or
more complex electronic systems that can be used with carers and family. They are
also able to assess patient swallowing and recommend the safest consistency of
food at each stage of disease. Ultimately, some patients are not able to safely
swallow anything orally and may require enteral nutrition through a gastrostomy
tube in order to maintain adequate body weight and nutrition, although not all
patients choose to proceed with this. It is useful to discuss feeding issues with
patients before they reach advanced stages of disease. If gastrostomy feeding is
desired, the tube can be inserted as a percutaneous endoscopic gastrostomy (PEG)
or as a radiologically inserted gastrostomy (RIG), if an endoscopy is not tolerated.

Involvement of dieticians is required to establish enteral feeding regimes, and
prior to this, to advise on dietary adjustments to counteract the catabolic weight
loss caused by HD. The role of the social worker is important to advise on and
arrange home care, and later on, residential and nursing home care.

Psychologists may be very helpful in providing CBT to help with symptoms of
depression and obsessive behaviors, as well as advising on adjustment strategies to
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cope with the cognitive and emotional impact of the disease. For example,
establishing routine and having set goals to work toward can help to overcome the
apathy that affects patients with HD. Local community mental health teams can be
very helpful in supporting patients’ psychiatric and psychological needs in the
community.

There are also many country-specific HD support groups that offer help and
advice to patients and also their carers. The European Huntington’s Disease
Network (EHDN) (www.euro-hd.net) has compiled a map of the HD associations/
support groups in various countries across the continent. It also co-ordinates
REGISTRY, a cross-sectional observational study of HD (see below). In the USA
the HD Association of America (www.hdsa.org) fills a similar role.

7.3 End of Life Care

Though discussions around end of life care can be difficult, it is important to
address this issue relatively early on in the overall management of HD, in par-
ticular whilst patients still have the capacity to make their own decisions regarding
their healthcare (Novak and Tabrizi 2010). In advanced stages of the disease,
patients may lose the capacity to make these decisions as cognitive impairment
and psychiatric symptoms progress. Therefore, while patients are relatively well
their wishes and instructions on how far to take medical interventions in the event
of deterioration should be recorded. For example, patients might be happy to
receive oral antibiotics at home in the case of a chest infection, but not intravenous
antibiotics in hospital.

The legal system varies between different countries, but in general there are two
main ways by which patients with HD can ensure that their wishes regarding end
of life care are carried out. These take the form of advanced directives, which are
legal documents outlining the care or treatment they would or would not want in
the event of future deterioration; alternatively patients may nominate an individual
as a Power of Attorney who would make decisions on their behalf if they lost
capacity in the future. Local support groups and HD clinics have more specific
expertise in addressing these issues, and would be best placed to advise on
accessing legal assistance if needed. It can bring patients comfort and security,
knowing that their wishes would be carried out even if they lost their capacity to
make decisions in the future.

As HD progresses, home care becomes less feasible and residential or nursing
home care may be required. In the terminal stages patients may prefer to be kept
comfortable at home, or in a hospice, rather than dying in hospital and this should
be facilitated where possible. This decision could form a part of an advanced
directive, as mentioned above. Community palliative care teams, district nurses,
and general practitioners can sometimes help to provide symptomatic relief (for
example in the form of syringe drivers or subcutaneous injections) at home in order
to avoid hospital admission toward the end of life, if this is desired by the patient.


http://www.euro-hd.net
http://www.hdsa.org
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7.4 Genetic Testing

Genetic tests that measure the CAG repeat length in the Huntingtin gene are now
readily available and a simple blood test is all that is required.

7.4.1 Diagnostic Testing

Diagnostic testing refers to tests that are carried out in patients who are displaying
symptoms of HD. Most commonly they are requested by neurologists to confirm a
suspected diagnosis. Before sending the test, patients must be given as much
information as possible about the implications of a positive test result, both for
themselves and for their family. They should consider when or if they plan to tell
their family, and which family members they would tell. If they do return a
positive test result, then each of their children also has a 50 % chance of carrying
the gene mutation that will lead to HD. Their siblings also would have a 50 %
chance of carrying the mutation and might already be developing symptoms of
HD. Patients must give written informed consent for this test. If they lack capacity
to do so than an authorized representative may do so on their behalf.

7.4.2 Predictive Testing

Predictive testing refers to tests that are carried out in asymptomatic individuals
who are at risk of HD due to a positive family history. A positive test result will
inform them that they will develop HD at some point in the future, but cannot tell
them exactly when this will be. Although statistically there is a strong correlation
between CAG repeat length and age of onset (Langbehn et al. 2004), on an
individual level it is not possible to make any predictions.

People at risk of HD (i.e., relatives of the affected patient) may want this test as
they cannot cope with the uncertainty of the potential diagnosis, or in order to
actively plan for the future—particularly in terms of work and reproductive
options (Goizet et al. 2002; van der Steenstraten et al. 1994). There are interna-
tionally agreed guidelines for predictive testing in HD (Craufurd and Tyler 1992;
Went 1990; International Huntington Association (IHA) and the World Federation
of Neurology (WFN) Research Group on Huntington’s Chorea 1994); tests must
be performed at specialist genetic centers, with at least one session of pretest
counseling, followed by a period of reflection and then a second counseling ses-
sion. Post-test counseling should then be available. Again, written consent is
required from the patient and as always, strict confidentiality is observed; even the
patient’s GP is not informed without prior consent.

Children cannot undergo predictive testing as they would lack the adult
understanding required to give informed consent. Parents cannot consent on their
behalf because the children have the right not to know once they become adults
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themselves. Furthermore, for a child to grow up knowing that they would develop
a devastating neurodegenerative condition could be severely psychologically
damaging.

Approximately 5-20 % of patients who know that they are at risk of HD take
up genetic testing (Harper et al. 2000). Both positive and negative test results can
lead to emotional trauma. In the case of a negative test result, individuals may feel
enormous guilt over escaping a disease that has affected others in their family. In
the case of a positive result, patients are often in a situation where they have
witnessed firsthand the full devastating impact of the disease on their parent and
know that they face a similar future themselves.

7.4.3 Reproductive Options

Patients who carry the HD gene mutation face a difficult decision when consid-
ering having their own children. Some may choose not to as they consider the risk
of passing on the mutation too high at 50 %. This may be compounded by the
concern that their own symptoms will develop while their children are young and
still requiring care themselves. Others however are prepared to take this risk and
have children without seeking further interventions.

If patients do decide to have their own biological children, then prenatal testing
is an option. If the parents are certain that they would terminate a pregnancy in
which the fetus was carrying the HD mutation, then chorionic villous sampling can
be performed at 11-13 weeks gestation (in itself this carries a small risk of
inducing a miscarriage) to test for the HD gene mutation. Problems arise if fol-
lowing a positive test result the parents decide to continue the pregnancy, as that
child would have a known HD mutation status as a result of a genetic test to which
he or she never consented.

In many countries, preimplantation genetic diagnosis (PGD) is a newer option
for HD patients. A number of embryos are created using IVF techniques, and
tested for the HD gene mutation. The embryos negative for the mutation are then
implanted into the womb. Unfortunately, the success rate of a viable pregnancy is
around 20 % and patients may require multiple cycles before producing a healthy
baby. This is costly and emotionally traumatic, but does ensure that their child is
born free of the HD mutation (<1 % chance). Countries where this is permitted
include the USA and most Western European countries—the procedure was
legalized in Germany in 2011, but is still banned in Switzerland and Austria.
Where it is available, it generally remains tightly regulated.

Occasionally patients who are at risk of HD (having an affected parent) may not
wish to undergo predictive testing themselves, but want to ensure that their chil-
dren do not carry the gene mutation. Again, in some countries, linkage analysis on
preimplantation embryos can be performed to identify those of <1 % risk or 50 %
risk, by testing for genetic markers linked to the HTT genes of the affected
grandparent. The embryos of <1 % risk would then be selected for implantation.
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8 New Data on Mapping Huntington’s Disease
from Clinical Natural History Studies

Like the global collaborative efforts that lead to the identification of the HD gene
in 1993, there have been ongoing multicenter initiatives to study the clinical
progression of HD from premanifest through to prodromal, early and advanced
HD. This is important not only in helping to define the natural history of the
disease, but also offers insights into the underlying pathobiology of HD.

REGISTRY, the largest of these studies to date, is an observational study run by
the EHDN (Orth et al. 2011; Orth et al. 2010). Since its beginning in 2004, over
10,000 patients from 16 countries have consented to clinical assessment and
thousands have donated biosamples for genetic testing and lymphoblastoid cell
line creation, creating an essential database of patients from which research studies
and trials can be conducted.

A number of research groups have shown that patients have minor motor signs
(Penney et al. 1990; Siemers et al. 1996), cognitive (Kirkwood et al. 1999; Paulsen
et al. 2001) and psychiatric symptoms (Snowden et al. 2002) for years prior to a
diagnosis of HD, features that make up the so-called “prodromal HD”. Several
volumetric MRI studies had shown that striatal volume loss was evident up to
10 years prior to disease onset (Aylward et al. 2004). Though all these studies had
relatively small sample sizes, they gave us crucial pointers toward the natural
history of HD and led to the development of large, multisite, longitudinal studies
that underpin our understanding of HD today.

The Neurobiological Predictors of Huntington’s Disease “PREDICT-HD” is a
longitudinal study following a cohort of over 800 patients from 32 sites with
premanifest disease since 2001 (Paulsen et al. 2008). Data is collected at annual
visits, including neurological examination (UHDRS motor score, speeded tapping
test, self-paced tapping), multiple tests of cognitive function, psychiatric and
psychological questionnaires, biannual MRI scans, and blood tests for CAG repeat
lengths. Thus far this study has confirmed that motor examination scores, odor
recognition, striatal volumes, and cognitive performance is unaffected at
15-20 years from estimated time of diagnosis, but then after a short transition
period, a linear decline until disease onset is seen (see Fig. 3).

In terms of cognitive dysfunction, the prominently affected domains in pre-
manifest patients were speed/inhibition, verbal learning/memory, attention-infor-
mation integration, sensory-perceptual processing, and motor planning/speed; of
these, only the latter two were predictive of motor onset (Harrington et al. 2012).

8.1 Biomarkers, and Predictors of Disease Onset
and Progression

There is an urgent clinical need to identify biomarkers that will accurately mirror
disease progression—this is an absolute necessity when it comes to testing disease-
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Fig. 3 Relationship between estimated years to diagnosis of Huntington’s disease and a Motor
exam score, b Striatal volume, ¢ Speeded finger tapping, d Self-timed finger tapping, e Word list
learning, f Odor identification. Solid line plots the predicted response; the dotted lines are 95 %
confidence limits for the estimated mean response. Reprinted from Journal of Neurology and
Neuropsychiatry, Paulsen et al 2008 with permission from BMJ Publishing Group Ltd

modifying drugs in randomized controlled trials. In addition, factors underlying
variations in age of disease onset (other than CAG repeat length) and rates of
disease progression, which would potentially help to guide the timing of future
therapeutic interventions, are unknown.

To help fill these gaps in knowledge, the TRACK-HD study (Tabrizi et al.
2009, 2011, 2012, 2013) was set up in 2007 to evaluate and deep-phenotype
changes over time in 360 participants with premanifest and early HD along with
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matched control individuals, with respect to performance on a battery of quanti-
tative motor tests, clinical, cognitive, and neuropsychiatric assessments, as well as
a range of advanced neuroimaging techniques with 3T MRI and MRS. Quantita-
tive motor tests included measurements of saccadic eye movements, isometric
force on tongue protrusion, self-paced tapping, and stride length variability
(Tabrizi et al. 2009, 2011, 2012, 2013). Cognitive tests comprised a battery of 10
tests, including symbol digit modality test, Stroop word reading, circle tracing,
recognition of negative facial emotions, a visual working memory task (spot the
change), and a smell test (University of Pennsylvania Smell Identification Test).
Neuropsychiatric assessment was in the form of a brief structured interview, which
was a shortened form of the problem behavior assessment (PBA-s). Functional and
QoL assessments included clinician assessments as well as participant self-
reporting. Collected over 3 years, this data creates an unprecedentedly detailed
map of the natural history of HD, with a large biosample collection of plasma,
RNA, DNA, and buffy coat cells.

The data from 36 month follow up of this cohort [by 36 months there were 298
participants: 97 controls, 58 with premanifest HD at least 10.8 years from pre-
dicted disease onset (PreHD-A), 46 with premanifest HD less 10.8 years from
predicted disease onset (PreHD-B), 66 with early HD and a TFC of 11-13 (HDI),
and 31 with early HD and TFC of 7-10 (HD2)] has recently been published
(Tabrizi et al. 2013). It confirms robust longitudinal changes in imaging, quanti-
tative motor, and cognitive measures in the PreHD-B and early HD groups.
Imaging measures include whole brain, caudate, putamen, white matter, and grey
matter volumes. These measures decreased in all 4 patient groups mentioned, with
the exception of grey matter volume, which did not decrease significantly in the
PreHD-A group (see Fig. 4). These measures could therefore be used to monitor
progression in clinical trials on premanifest and early HD patients over 12, 24, and
36 months (Tabrizi et al. 2012, 2013).

Interestingly, premanifest individuals who were greater than 10.8 years from
disease onset at enrollment (PreHD-A) did not show significant functional decline
over 36 months, although MRI confirmed significant striatal and white matter loss.
This suggests that these patients may somehow be compensating for their neuronal
loss through synaptic plasticity or enhancement of other neuronal pathways; elu-
cidating these mechanisms is the basis of the ongoing TRACK-ON study.

A particular strength of the TRACK-HD study design is that predictors of
disease onset and disease progression were assessed after adjusting for age and
CAG repeat length. In terms of disease onset, baseline caudate, putamen, and grey
matter volumes (but not white matter volumes) had strong predictive value for
future clinical diagnosis in preHD, which in addition to CAG repeat length and age
could refine prognostic information for premanifest patients. In particular
increasing grey matter atrophy, especially in extrastriatal cortical regions, corre-
lated with a crucial event heralding clinical onset. Baseline total motor score, as
well as performance on tasks that assess psychomotor speed and attention, visu-
ospatial working memory and executive function, were also predictors of sub-
sequent clinical conversion to HD.
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Fig. 4 Changes across a variety of measures from baseline to 36 months in the 4 groups of
TRACK-HD. Reprinted from Lancet Neurology, Tabrizi et al 2013, with permission from
Elsevier

Rate of disease progression in the early HD groups, as reflected by declining
(TFC) scores, were predicted by baseline whole brain, caudate, and grey matter
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volumes. Mirrored by the prognostic importance of grey matter changes in the
premanifest group, it is again grey matter rather than rather than white matter that
is predictive of disease progression in early HD. The non-imaging measures that
were predictive of disease onset in the preHD groups were also predictors of
progression in early HD, but in addition, the chorea orientation index (a quanti-
tative test of choreiform movement) and baseline apathy scores predicted disease
progression.

Longitudinal measures that tracked clinical decline over 36 months in the
preHD group included higher brain atrophy rates on imaging [both regional
(caudate) and global (whole brain, grey matter, and white matter) changes];
impaired performance on the speeded tapping task (one of the few measures that
showed significant change even in the preHD-A group); and deterioration in
emotion recognition. This latter may explain why lack of empathy is a common
complaint from family and friends of patients with preHD.

In the early HD group, clinical decline over 36 months correlated with caudate,
whole brain and grey matter atrophy, performance on Stroop test and indirect
circle tracing. Emotion recognition also tracked clinical decline, but not at a
statistically significant level. In all groups, effect sizes were assessed after
adjusting for CAG repeat length and age.

This study also examined the 36 month variances in longitudinal changes,
which could be attributed to age and CAG repeat length. In the preHD group this
included all imaging changes except grey matter atrophy, thus lending support to
the hypothesis that grey matter loss is an independent key marker of disease onset.
However, in the early HD group, few relations between CAG repeat length and
disease progression were significant (the exception being caudate atrophy).

Thus TRACK-HD has identified imaging and functional measures that could be
used to monitor response in multisite clinical trials in the future. Identification of
predictors of disease onset and progression will allow appropriate selection and
stratification of patient groups in clinical trials, and also furthers our understanding
of the natural history of HD.

9 Conclusion

Huntington’s disease is a complex neurological disease with varied clinical pre-
sentations between patients. The genetic basis for the disease necessarily means
that as well as treating individual patients, their entire family needs to be con-
sidered and genetic counseling is crucial. Many pharmacological and non-phar-
macological treatments are available, though none with any disease-modifying
effect as yet. Therefore, management is best achieved through specialist HD clinics
that can offer a multidisciplinary approach to the condition.

There is also an intensive international research interest in this condition that
aims to better understand the natural history and pathophysiology of this condition,
and of course to ultimately discover disease-modifying treatments for this dev-
astating disease.
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Abstract The basal ganglia are a highly interconnected set of subcortical nuclei
and major atrophy in one or more regions may have major effects on other regions
of the brain. Therefore, the striatum which is preferentially degenerated and
receives projections from the entire cortex also affects the regions to which it
targets, especially the globus pallidus and substantia nigra pars reticulata. Addi-
tionally, the cerebral cortex is itself severely affected as are many other regions of
the brain, especially in more advanced cases. The cell loss in the basal ganglia and
the cerebral cortex is extensive. The most important new findings in Huntington’s
disease pathology is the highly variable nature of the degeneration in the brain.
Most interestingly, this variable pattern of pathology appears to reflect the highly
variable symptomatology of cases with Huntington’s disease even among cases
possessing the same number of CAG repeats.
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1 Introduction

This chapter provides an update of the current knowledge of neuropathological
changes that occur in the human brain in Huntington’s disease (HD), and also an
outlook to future studies in human HD neuroanatomy. A HD brain may be about
20-30 % less than a control brain in weight although this will be variable depending
on the severity of the disease (Vonsattel and DiFiglia 1998). Major pathology
occurs most prominently in the neostriatum which includes the caudate nucleus and
putamen but also other regions of the basal ganglia. The basal ganglia are a highly
interconnected set of subcortical nuclei and so major atrophy in one or more regions
have major effects on the others. Therefore, the striatum which is preferentially
degenerated and receives projections from the entire cortex also affects the regions
to which it targets especially the globus pallidus and substantia nigra pars reticulata.
Additionally, the cerebral cortex is itself severely affected as are many other regions
of the brain, especially in more advanced cases. The most important new findings in
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HD pathology are the highly variable nature of the degeneration in the brain (Hadzi
et al. 2012; Pillai et al. 2012). For instance, there is an overall 21-29 % loss in cross-
sectional area of the cerebral cortex but 57 % loss in the caudate nucleus (de la
Monte et al. 1988). As discussed later, the cell loss in the cerebral cortex also shows a
high degree of variability. Most interestingly, this variable pattern of pathology
appears to reflect the highly variable symptomatology of cases with HD even among
cases possessing the same number of CAG repeats (Georgiou et al. 1999; Friedman
et al. 2005; Gomez-Esteban et al. 2007; Tippett et al. 2007; Thu et al. 2010).

2 Symptomatology

What has been known for a long time is that cases affected by HD express a triad of
symptoms which include motor, behavioral, and cognitive deficits, although the
defining symptom has always remained that of chorea. However, despite the single-
gene etiology of HD, there is remarkable variability in the types of these motor,
behavioral, and cognitive symptoms present in different HD cases both at clinical
onset, during the disease, and at end stage of the disease. It must be remembered
that the vast majority of pathological studies carried out on postmortem HD human
brain are at end stage of the disease.

During the lifetime of individuals with HD, some exhibit mainly motor dys-
function at clinical onset, and few if any changes in mood for extended periods of time
while, at the other extreme, others show mainly mood and/or cognitive changes, with
minimal involuntary movements until the late stages of the disease (Andrew et al.
1993; Claes et al. 1995). Still others experience marked motor, mood, and cognitive
symptoms simultaneously (Brandt and Butters 1986; Folstein 1989; Myers et al.
1991; Claes et al. 1995; Zappacosta et al. 1996; Thompson et al. 2002). Interestingly,
observations in monozygotic twins who inherited identical H7T genes with the same
repeat length exhibit marked differences in their symptom profile (Georgiou et al.
1999; Friedman et al. 2005; Gomez-Esteban et al. 2007). The onset of clinical
symptoms in individual HD cases is generally correlated with the number of CAG
repeats (Wexler et al. 2004), as does the disease severity, but there is no consistent
relationship between CAG repeat length and symptom subtype (MacMillan et al.
1993; Telenius et al. 1994; Claes et al. 1995; Zappacosta et al. 1996). Thus, the source
of variability in symptom subtypes is not clear. The clinical diagnosis and the onset of
the disease are generally based on the onset of the movement disorder termed Hun-
tington’s chorea. These characteristic motor symptoms are expressed as a severe
“choreoathetotic” disorder, which describes the rapid, irregular, and involuntary
movements of HD. In addition, clumsiness and unsteadiness in walking are also early
symptoms. Studies on HD populations have indicated that approximately 50-70 % of
cases at onset present with chorea (Di Maio et al. 1993; Witjes-Ane et al. 2002)
and chorea may develop into rigidity and dystonia later in the disease. However,
30-50 % present first, most commonly with depression followed by cognitive and
behavioral changes and emotional problems such as irritability, aggression, anxiety,
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and obsessive behavior (Di Maio et al. 1993; Witjes-Ane et al. 2002). There is also
considerable phenotypic variation in the pattern of symptomatology during the course
of the disease. To be able to more successfully grade HD clinically, several rating
scales for HD have been developed, for instance, the Quantitated Neurological Exam
(QNE), the HD Functional Capacity Scale (HDFCS), and the HD Motor Rating Scale
(HDMRS). Recently, a new combined scale was developed by the Huntington’s
Study Group to include the four domains in HD: motor function, cognitive function,
behavioral abnormalities, and functional capacities and is termed The Unified
Huntington’s Disease Rating Scale (UHDRS), which aims to be suitable for tracking
changes over time (Huntington Study Group 1996).

3 Pathology in the Basal Ganglia

3.1 Basal Ganglia Organization

The basal ganglia are a group of large nuclei located subcortically in the base of the
forebrain and are involved with the control of mood and movement. The nuclei
belonging to the basal ganglia were originally considered to be the principal
components of the “extrapyramidal system” and by convention, the term basal
ganglia is now restricted mainly to the striatum (comprised of the caudate nucleus
and putamen), globus pallidus segments, the subthalamic nucleus (STN), and the
substantia nigra (Carpenter et al. 1976; Smith et al. 1998). The striatum is divided
into the two large nuclear masses, the caudate nucleus, which rostrally forms a
head, more centrally a body, and posteriorly a tail region which extends dorsally
over the thalamus, and the putamen. The caudate nucleus and putamen are sepa-
rated by the condensed fibers of the internal capsule. The globus pallidus is divided
into two parts: the external segment of the globus pallidus (GPe) and the internal
segment of the globus pallidus (GPi) (also termed medial and lateral segments). The
STN is located medial to the GPi and rostro-dorsal to the substantia nigra. The
substantia nigra consists of two parts, the substantia nigra pars reticulata (SNr),
which is located ventrally in the midbrain, and the substantia nigra pars compacta
(SNc), which in humans and primates are pigmented, and is located as cell clusters
in the dorsal regions of the substantia nigra. Although the substantia nigra is located
in the midbrain, it is considered part of the basal ganglia due to its close functional
and connectional interrelationships with the striatum.

The striatum comprises neurons that fall principally into two classes of neurons
—projection neurons and local circuit neurons—and these are subclassified
according to their size, neurochemistry, and connectional characteristics. The
majority of these neurons (approximately 95 %) are the medium spiny projection
neurons using the inhibitory neurotransmitter y-aminobutyric acid (GABA), which
project mainly to the globus pallidus and SNr, and the remaining neurons are a
morphologically and neurochemically heterogeneous group of interneurons, which
modulate the function of the medium spiny output neurons (see below).
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3.2 Basal Ganglia Pathways

The basal ganglia are integrated into a circular interconnected forebrain loop, which
forms a cortical/basal ganglia/thalamus/cortical circuit (Nauta and Domesick 1984),
(see Fig. 1). The cortex provides a major excitatory glutamatergic input to the
caudate nucleus and putamen (Carpenter et al. 1976) that arises bilaterally but with
a predominant ipsilateral component from the entire cerebral cortex with a major
projection from the sensorimotor cortex (McGeorge and Faull 1989). The projec-
tion from the cerebral cortex to the striatum forms the single most extensive afferent
connection to the striatum; practically every cortical region projects to the striatum
(McGeorge and Faull 1989). In addition, the caudate-putamen receives projections
from regions other than the cortex; an excitatory projection from the intralaminar
nuclei and other nuclei of the thalamus (Sadikot et al. 1992), an inhibitory feedback
loop from the globus pallidus (Bevan et al. 1998), a major dopaminergic projection
from the SNc (A9 cell group) plus other afferent connections from diverse nuclei
such as the serotonergic dorsal raphe nucleus (Graybiel et al. 1979) and cholinergic
and glutamatergic projections from the pedunculopontine nucleus in the midbrain
(Mena-Segovia et al. 2004). The main flow of cortical information through the basal
ganglia is based on what are termed the “direct” or “indirect” pathways (Albin et al.
1989; Alexander and Crutcher 1990; DeLong 1990; Parent and Hazrati 1993;
Graybiel 1995; Yung et al. 1996; Smith et al. 1998), and these are critical to our
understanding of HD pathophysiology (see Fig. 1). According to this model, cor-
tical information, which flows to the striatum, is processed and transmitted through
the basal ganglia via two routes. First, a direct GABAergic inhibitory pathway
flows from the striatum to the GPi and the SNr (direct pathway) which also contains
the co-transmitter substance P. Secondly, an output from the striatum containing
enkephalin projects to the external segment of the GPe, which in turn, sends an
inhibitory input to the STN which in turn sends an excitatory projection to the GPi
(indirect pathway). Thus, the direct and indirect pathways converge on the GPi
which provides an inhibitory output projection to the ventral anterior and ventral
lateral (VA/VL) nuclear regions of the thalamus. The VA/VL thalamic nucleus that
receives most of the input from the GPi and SNr projects an excitatory input mainly
to the frontal and premotor cortex (Mehler 1971; Faull and Mehler 1978; Kayahara
and Nakano 1996) which then influences the output from the motor cortex. This
completes the cerebro-cortical/basal ganglia/thalamus/cortical circuit. This circuit
converges on the output of the primary motor cortex and intimately controls the
movement of muscles that is critically affected in HD. In addition, a recent pathway
termed “the hyperdirect pathway” has been identified which is an excitatory link
from the cerebral cortex directly to the STN, which can stimulate subthalamic
neurons to give a powerful excitatory drive to the GPi output neurons which inhibit
the thalamus, and in this way bypass the striatum, see Fig. 1 (Nambu et al. 2002).



38 H.J. Waldvogel et al.

TRACT (Pyramidal}

Associan
.yt ‘ation
- qenet™
Cerebral 3
Cortex
&
i
F
?.j Excitatory
Inhibitory
., -
GABASP [
3 . L]
b1 . .
E T CORTICOSPINAL

LOWER MOTOR NEURON
(Brainstem and Spinal cord)

Fig. 1 Schematic diagram of cortico-basal ganglia pathways in Huntington’s disease. The
projections in the cortico-basal ganglia-thalamo-cortical loop form several functionally segregated
parallel and interconnected systems. Prominent among these are the motor circuit, which involves
the motor and premotor cortices and the dorsal striatum. In the indirect pathway (D), the excitatory
corticostriatal projection terminates onto striatal medium spiny neurons that contain GABA/ENK.
This striatal output first passes to the inhibitory GPe and then via the excitatory STN to GPi whereby
disinhibition of the subthalamic neurons result in excitation of the GPi and hence inhibition of the
VA-VL thalamic nuclei. In the direct pathway (@, @), the cortical excitatory fibers terminate on
the medium spiny striatal projection neurons that contain GABA/SP which project to GPi and SNr.
These result in inhibition of the GPi and SNr and disinhibition (i.e., excitation) of the VA/VL
thalamic output to the cerebral cortex. Thus, the result of cortical activation in the direct pathway is
opposite to that of the indirect circuit: reinforcement rather than reduction of cortical activity. The
hyperdirect pathway originates from the motor regions of the cerebral cortex and terminates in the
STN and provides a direct excitatory pathway from the cerebral cortex to the STN. The disruption
of the excitatory glutaminergic projection onto the striatum results in dysfunction of the striatal
output pathways in HD which ultimately leads to the development of motor dysfunction in both
hyperkinetic and dyskinetic movements. In HD, the initial symptoms of hyperkinesia and chorea are
caused by the initial preferential damage in the indirect GABA/ENK striatopallidal pathway
(D) that project from the striatum to the GPe. The loss of striatal neurons that give rise to the
indirect pathway reduces the inhibitory action on the GPe which increases inhibition on the STN.
The STN then becomes hypofunctional and causes reduced excitation of the inhibitory action of the
GPi upon the thalamus. This subsequent disinhibition of the thalamus leads to the overactivation of
the motor cortex which results in chorea (hyperactivity). By contrast, the subsequent later loss of
direct GABA/SP striatopallidal pathway (@), @) that projects from the striatum to the GPi and SNr
causes increased inhibition of the thalamus which decreases the activation of the motor cortex with
resultant rigidity (hypoactivity) in the later stages of the disease. The continuous and dotted lines
indicate excitatory and inhibitory pathways, respectively. ENK enkephalin, GABA y-aminobutyric
acid, GPe globus pallidus external segment, GPi globus pallidus internal segment, SNc¢ substantia
nigra pars compacta, SNr substantia nigra pars reticulata, SP substance P, STN subthalamic nucleus,
Thal thalamus, and VA/VL ventral anterior/ventral lateral thalamic nuclei
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4 Neuropathology of the Basal Ganglia

4.1 Macroscopic Changes

Gross examination of postmortem Huntington’s diseased human brain demonstrates
a striking characteristic bilateral atrophy of the striatum (de la Monte et al. 1988;
Aylward et al. 1997; Vonsattel and DiFiglia 1998; Vonsattel et al. 2008). This
degeneration generally follows an ordered and topographical distribution. The tail
and body of the caudate nucleus show more degeneration than the head in the very
early stages of the degenerative process. The pattern of degeneration in the caudate
nucleus and the putamen usually progresses from the tail of the caudate nucleus
(TCN) to the head and body in the caudo-rostral and simultaneously in the dor-
soventral and medio-lateral directions (Vonsattel and DiFiglia 1998).

Macroscopically, the volume of the caudate nucleus and putamen is reduced with
subsequent alteration of their respective shape (Fig. 2). A study of 30 HD brains
showed the putamen had an average 64 % cross-sectional area loss compared with a
57 % cross-sectional area loss in the caudate nucleus (de la Monte et al. 1988). With
progression of HD, the caudate nucleus becomes progressively more atrophic
changing from the characteristic normal convex shape defining the border of the
lateral ventricle to a thinner and ultimately more concave shape with resultant
enlargement of the lateral ventricles occurring in parallel. This gradually decreasing
volume is due to the loss of especially the medium spiny neurons, and their dendritic
arbors and heavily myelinated axonal projections. Combined with the neuronal
degeneration, there is also marked gliosis by astrocytes and oligodendrocytes. The
extent of the macroscopic shape of the caudate nucleus and associated ventricular
enlargement, the microscopic striatal degeneration including the loss of striatal
neurons, and extent of gliosis provides the basis of the Vonsattel-grading system
which is detailed below (Vonsattel et al. 1985; Vonsattel and DiFiglia 1998).

More recently, studies carried out by in vivo neuroimaging of brains of HD
patients have detected early changes in the volume and shape of the basal ganglia,
cerebral cortex, and other regions, and these were evident several years prior to
symptomatic onset (Reading et al. 2005; Rosas et al. 2005).

4.2 Grading of Striatal Neuropathology

Although the degenerative process occurring in HD gradually encompasses the
entire brain with regional differential degree of severity, most studies have empha-
sized that the brunt of the slowly ongoing atrophy involves the neostriatum. As
previously stated, the neostriatal neuronal loss and reactive gliosis have an ordered
and topographic distribution (Kiesselbach 1914; Lewy 1923; Terplan 1924; Dunlap
1927; Schroeder 1931; Neustaedter 1933; Birnbaum 1941; Hallervorden 1957;
McCaughey 1961; Forno and Jose 1973; Roos et al. 1985; Vonsattel et al. 1985).
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Fig. 2 Pathology of
Huntington’s diseased brain.
Coronal sections at 2 levels
through the human brain of a,
¢ a representative control case
the left cerebral hemisphere of
a 35-year-old male, and b, d a
Grade 3/4 Huntington’s
disease case. a, b are from the
level of the striatum and the
nucleus accumbens, ¢, d are at
the level of the globus
pallidus. There is major
shrinkage of the caudate
nucleus and putamen
(arrows) as well as the globus
pallidus (asterisks) in the
Huntington’s disease case.
Shrinkage of the cerebral
cortex is also evident. CN
caudate nucleus, GPe globus
pallidus external segment,
GPi globus pallidus internal
segment and P putamen;
Scale bar = 1 cm

Control (b) Huntington’s

Disease

Along the sagittal axis of the neostriatum, the TCN is more involved than the body
(BCN), which in turn is more involved than the head (HCN). The caudal portion of
the putamen is more degenerated than the rostral portion; the transition between the
portions is gradual, thus often ill defined.

Along the coronal (or dorsoventral) axis of the neostriatum, the dorsal and rostral
neostriatal regions are more involved than the ventral ones including the nucleus
accumbens. Along the medio-lateral axis (half brain) or latero-lateral axis (whole
brain), the paraventricular half of the CN is more involved than the paracapsular
half, the transition between the halves being gradual. As a function of the duration
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of the deleterious process, neostriatal degeneration appears to simultaneously move
in a caudo-rostral direction, in a dorsoventral direction, and in a medio-lateral
direction. Fibrillary astrogliosis parallels the loss of neurons along the caudo-rostral
and dorsoventral gradients of decreasing severity. Most neostriatal neurons visible
in the postmortem brains are apparently normal, although the lipofuscin might be
increased or some neurons might be smaller than normally expected. Clearly, a
subset of neostriatal neurons stain darker with Luxol fast blue counterstained with
hematoxylin and eosin (LHE), or hematoxylin and eosin (HE), or with cresyl violet
(CV) than the apparently healthy, but probably dysfunctional neurons. These
neurons are referred to as neostriatal dark neurons (NDN). They have a scalloped
cellular membrane, a granular dark cytoplasm, and a nucleus with condensed
chromatin. They are scarce, but tend to be clustered, in both the atrophic and in the
relatively preserved zones. Less than 5 % of the HD brains show discrete, round
0.5-1.0 mm in diameter islets of relatively intact parenchyma within the anterior
neostriatum. The density of neurons in islets is the same as, or slightly lower than
that of the control neostriatum, but the density of astrocytes is increased (Vonsattel
et al. 1992). Islets are found more frequently in cases with juvenile than adult onset
of clinical symptoms.

A neuropathological grading system for HD was developed by Vonsattel based
on the pattern of neurodegeneration in the HD striatum of a large number of HD
brains (Vonsattel et al. 1985; Glass et al. 2000). The assignment of a grade of
neuropathological severity from O to 4 is based on gross and microscopic findings
using conventional methods of examination obtained from standardized, coronal
sections that include the striatum: at the level of the nucleus accumbens (Fig. 2a, b),
at the level of the caudal edge of the anterior commissure and globus pallidus
(Fig. 2c, d), and at the level of the lateral geniculate body. This grading system
applies to brains from individuals diagnosed clinically as having HD, with or
without a genetic test.

Grade 0 comprises less than 1 % of all HD brains. Gross examination shows
features indistinguishable from control brains. On general survey using LHE- or
HE-stained slides alone, neither reactive gliosis nor neuronal loss is reliably
detectable. However, further evaluations including cell counts indicate a 3040 %
loss of neurons in the HCN and no visible reactive astrocytosis. Furthermore, a
study using immunohistochemistry and sections of three, presymptomatic, gene
carriers revealed ubiquitinated, nuclear inclusions in all three brains including one
individual, with 37 polyQ, who died putatively 3 decades before the expected age
for onset of symptoms. In addition, cell counts of the TCN revealed an increased
density of oligodendrocytes among the presymptomatic HTT gene carriers (Gomez-
Tortosa et al. 2001).

Grade 1 comprises 4 % of all HD brains. The TCN is smaller than control as
most likely is the BCN. Neuronal loss and astrogliosis involve the TCN, BCN, and
dorsal portion of both the head and nearby dorsal putamen. Cell counts show 50 %
or greater loss of neurons in the HCN.

Grade 2 comprises 16 %; those assigned Grade 3 comprises 52 %; and those
assigned Grade 4 comprises 28 % of all HD brains. Gross striatal atrophy is mild to
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moderate in grade 2 (the medial outline of the HCN is only slightly convex but still
bulges into the lateral ventricle) and severe in grade 3 (the medial outline of the
HCN forms a straight line or is slightly concave medially). Thus, the microscopical
changes in Grade 2 and Grade 3 are more severe than in Grade 1, and less than in
Grade 4 brains.

In Grade 4, the striatum is severely atrophic (the medial contour of the HCN is
concave, as is the CN at the anterior limb of internal capsule). The neostriatum loss
is 95 % or more neurons. In at least 50 % of Grade 4 brains, the underlying nucleus
accumbens remains relatively preserved, but is not normal.

5 Cellular and Neurochemical Changes

5.1 Striatum

Various autoradiographic, in situ hybridization and immunohistochemical studies
have documented neuronal and glial changes in the striatum of HD and have
reported loss of neurochemicals, neurotransmitters, and neurotransmitter-associated
receptors in the HD striatum (Figs. 3, 4, 5; Table 1). The most affected neuronal
populations in the HD striatum are the medium-sized spiny projection neurons
(MSNs) that constitute ~90-95 % of the total striatal neuronal population. In the
human striatum, the cell bodies of these GABAergic inhibitory MSNs can be
identified morphologically in histological sections and can also be specifically
labeled with antibodies to glutamic acid decarboxylase (GAD, the precursor enzyme
for synthesizing GABA), the neuropeptides enkephalin, substance P, dynorphin, and
the calcium-binding protein calbindin (CB) (Holt et al. 1996, 1997; Deng et al. 2004)
and the dopamine- and cAMP-regulated phosphoprotein 32 kDa, termed DARPP-
32. The medium spiny neurons are innervated by excitatory neurons in the cerebral
cortex and the thalamus, by dopaminergic neurons in the SNc, and cholinergic and
GABAergic interneurons of the striatum. They are therefore associated with a large
number of ion channel and metabotropic receptors on their surface membranes
including cannabinoid (CB1) (Glass et al. 2000), GABA4 receptors (Waldvogel
et al. 1999), glutamate receptors (Dure et al. 1992; Kuppenbender et al. 2000), and
dopamine receptors (D1 and D2) (Joyce et al. 1988; Khan et al. 1998). The loss of
medium spiny neurons has been shown in immunohistochemical studies using the
calcium-binding protein marker CB, which selectively identifies the cell bodies of
medium spiny neurons in the matrix compartment (Seto-Ohshima et al. 1988; Goto
et al. 1989; Ferrante et al. 1991; Tippett et al. 2007). A recent study showed a loss of
58-76 % DARPP-32 positive neurons in the human HD putamen with increasing
grade (Guo et al. 2012). DARPP-32 is a marker for the majority of medium spiny
neurons in the rat striatum (Ouimet et al. 1998). The loss of DARPP32 neurons was
correlated with the motor impairment score rather than chorea. As mentioned above,
there are two major GABAergic populations of MSNs, those that contain
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<« Fig. 3 Changes in neurochemical markers enkephalin, substance P, cannabinoid CB1, GABA 5
receptor o subunit, in the basal ganglia in Huntington’s disease human brain. a, ¢, e, g Sections of
the control human basal ganglia at the level of the globus pallidus. b, d, f, h Sections from Grade 3
Huntington’s disease brains at equivalent levels through the globus pallidus. Sections were stained
for the following markers: Enkephalin (a, b), Substance P (¢, d), Cannabinoid CB1 receptor (e, f),
B2.3 subunit of the GABA, receptor (g, h). In Huntington’s disease, there is a major loss of
enkephalin in the caudate nucleus, putamen, and GPe. There is also a loss of substance P in the
caudate nucleus and putamen and GPi, although the loss is not as marked as that of enkephalin and
there is an almost complete loss of CB1 receptors in the caudate nucleus and putamen and both the
GPe and GPi. Note for CB1 receptor the adjacent claustrum and insular cortex still show relatively
normal levels of staining. There is a major upregulation of the GABA, P, 3 receptor subunits in
both GPe and GPi in Huntington’s disease, but a loss in the putamen. Arrows indicate globus
pallidus in b, f. (Modified from Allen et al. 2009) CL claustrum, CN caudate nucleus, ENK
enkephalin, GPe globus pallidus external segment, GPi globus pallidus internal segment,
P putamen, SP substance P, and Scale bar = 1 cm

enkephalin, and those that contain substance P (see Figs. 1 and 5). In HD, the MSNs
degenerate with increasing HD grade (Vonsattel et al. 1985; Vonsattel and DiFiglia
1998). Both enkephalin and substance P neurons are lost (Marshall et al. 1983), but
MSNss projecting to the external segment of the GP (indirect pathway) that express
enkephalin and dopamine D2 receptors have been shown to be the most vulnerable
in the disease process (Reiner et al. 1988; Albin et al. 1992; Augood et al. 1996), and
degenerate in advance of the MSNs that express substance P, dynorphin and
dopamine D1 receptors that project to the GPi and SNr (direct pathway) (Gerfen
et al. 1990; Deng et al. 2004). The disruption of these striatal pathways in HD leads
to the development of motor dysfunction including hyperkinetic, hypokinetic, and
dyskinetic movements (see Figs. 1 and 5).

Reductions in glutamate NMDA receptor binding, GABA4 receptor binding,
and cannabinoid receptor binding are all evident in the HD striatum (Whitehouse
et al. 1985; Young et al. 1988; Glass et al. 2000; Tippett et al. 2007), which is most
likely due to loss of neurons containing these receptors, but may also represent a
dysfunction or downregulation of these receptors.

The projections from the striatum to the output nuclei which contain enkephalin,
substance P, and cannabinoid receptors are progressively lost with increasing grade,
mirroring the loss of MSNs in the striatum (Figs. 13a—d and 5). Enkephalin staining is
dramatically lost in a grade-dependent manner in the GPe reflecting loss of the
GABAergic enkephalin-positive pathway to the GPe (indirect pathway) (Figs. 3a, b,
and 5). There is also a loss of substance P in the GPi (Figs. 3c, d, and 5) and SN,
reflecting the loss of the GAB Aergic substance P-positive pathway projecting to these
two striatal output nuclei (Reiner et al. 1988; Waters et al. 1988; Albin et al. 1990,
1992; Deng et al. 2004; Allen et al. 2009), and loss of cannabinoid receptors on the
presynaptic terminals of both the direct and indirect pathways (Figs. 3e, f and 5).

In addition to the projection neurons, the striatum contains a heterogeneous
group of aspiny interneurons, which modulate the activity of medium spiny neurons
in a highly complex fashion (Cicchetti et al. 2000). The majority of interneurons
contain GABA as their major neurotransmitter, and these are subdivided into
groups depending on the calcium-binding proteins they contain, principally
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<« Fig. 4 Striatal neurons in control and Huntington’s disease striatum. Examples of histochemically
labeled striatal projection neurons and interneurons in the control striatum (a, c, e, g) and Grade 3
Huntington’s disease striatum (b, d, f, h) from equivalent regions of the striatum. a,
b Hematoxylin- and eosin-stained sections in the region of the (a) control human dorsal striatum
showing neurons resembling normal medium-sized spiny neurons, astrocytes and oligodendro-
cytes and (b) Huntington’s diseased human dorsal striatum showing atrophic neurons, astrocytes,
and oligodendrocytes: For a and b: arrow—A = astrocyte, arrow—D = degenerating neuron,
arrow—N = normal neuron, arrow—O = oligodendrocytes. ¢, d Medium spiny neurons stained
with calbindin from a control case (¢) and a Grade 3 HD case (d) showing marked loss of
calbindin-positive neurons and neuropil. e, f Enkephalin staining of axon terminals in a control
GPe (e) compared with an HD Grade 3 case showing loss of enkephalin-positive terminal staining
on pallidal dendrites (f) in the HD case. g, h (G) Illustrates GABA 4 receptor B, 3 subunit staining
on pallidal neurons and dendrites in the control GPe from the same case as e compared with h the
same HD Grade 3 case as in f showing that associated with the loss of enkephalin terminals there is
upregulation of these subunits on pallidal neurons and dendrites in the HD GPe. Scale bars a,
b =25 pm h represents scale bar for c-h = 100 pm

parvalbumin (PV) and calretinin (CR) (Cicchetti et al. 2000). The two other major
types of interneurons in the human striatum are the large cholinergic interneurons,
which also contain CR and substance P receptors, and the interneurons containing
neuropeptide Y, somatostatin, NOS, and NADPH diaphorase (see Figs. 3 and 5).

In general, the striatal interneurons are less affected by the disease process than
the medium spiny neurons, especially in lower grades (Ferrante et al. 1987); how-
ever, in higher grades, the interneurons are also affected in a differential manner; that
is, those containing the calcium-binding protein PV (Harrington and Kowall 1991;
Reiner et al. 2013) are consistently lost in the HD striatum, and a recent study shows
that the PV-positive fast-spiking interneurons of the striatum are degenerated in a
grade-dependent manner, so that by Grade 3, they are severely reduced in number,
have a compromised morphology and that they may be linked to those patients
developing dystonia (Reiner et al. 2013). The large-sized CR-positive neurons many
of which belong to the population of the large-sized cholinergic neurons are gen-
erally preserved until the higher grades (Cicchetti and Parent 1996). By contrast,
interneurons containing neuropeptide Y/somatostatin or NADPH diaphorase/NOS
and the medium-sized CR-positive interneurons are largely spared even in relatively
severe cases of striatal degeneration (Dawbarn et al. 1985; Ferrante et al. 1987,
Cicchetti and Parent 1996; Cicchetti et al. 2000). The reason for this is not clear, but
it has been postulated to be due to either, the pattern of distribution of excitatory
receptors, the presence of differential types of calcium-binding proteins which buffer
toxic intracellular calcium concentrations, or possibly their genetic fingerprint and
susceptibility to the toxic mutant HTT gene. The calcium-binding protein CB is
however not considered neuroprotective as the MSNs are preferentially affected
from the earliest stages of the disease and show massive cell loss. However, the
CR-positive medium-sized neurons may be protected by the calcium-binding protein
CR, as these are largely preserved in HD.
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Fig. 5 Cell and receptor changes in the basal ganglia in Huntington’s disease. Diagrammatic
figure showing the various cell types and receptors in the striatum, globus pallidus external
segment (GPe), globus pallidus internal segment (GPi), substantia nigra (SN), and subthalamic
nucleus (STN). In the striatum, the GABAergic medium spiny projection neurons are divided into
2 groups, those that stain for enkephalin (Enk) and those staining for substance P (Sub P): These
project to the large GABAergic pallidal neurons in the GPe and the GPi and to GABAergic
projection neurons in the SNr, respectively. The small boxes near the axon terminals in the GPe
and GPi represent the presynaptic A2a adenosine, D1 or D2 dopamine receptors and CB1
cannabinoid receptors. The boxes on the pallidal cells represent postsynaptic GABA, receptors
(GA) and GABAg receptors (GB). The four remaining populations in the striatum are those
representing GABAergic interneurons staining for parvalbumin (PV), calretinin (CR), choline
acetyl transferase (ChAT) and calretinin, neuropeptide Y (NPY), and somatostatin (SMT). In
Huntington’s disease, neurons that degenerate are indicated by dashed lines. These include the
medium-sized GABAergic spiny projection neurons containing Enk and Sub P, the interneurons
containing parvalbumin and interneurons containing ChAT. Those interneurons containing only
calretinin and those containing NPY/SMT are relatively spared. Neurons in the output nuclei are
also lost, those in the GPe, GPi, and STN. Arrows indicate upregulation or downregulation of
receptors in the output nuclei in HD. The GABA/Enk striato-GPe neurons and their associated
receptors are affected in the early stages of the disease while the GABA/Sub P (striato-GPi, striato-
SNr) neurons and receptors are affected in HD cases with more advanced pathology. GPe globus
pallidus external segment, GPi globus pallidus internal segment, STN subthalamic nucleus, SNr
substantia nigra pars reticulata, and SNc substantia nigra pars compacta

5.2 Striosome-matrix Compartmental Degeneration
in the Striatum and Its Relation to Symptom Profile

The mammalian striatum is further subdivided into two major interdigitating
compartments: The smaller neurochemicallyly defined islands termed striosomes
and the surrounding extrastriosomal region termed the matrix. These compartments
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Table 1 Neurochemical changes in the various nuclei in the basal ganglia of the human brain in
Huntington’s disease

Neurochemical Region References
Calbindin Striatum{ Seto-Ohshima et al. (1988), Tippett et al. (2007)
GPel GPiV

Calretinin Striatum? Cicchetti and Parent (1996)

Cannabinoid receptors Striatum} Glass et al. (1993), Richfield and
Herkenham (1994), Allen et al. (2009)

Dopamine receptors

D1 Striatum{ Reisine et al. (1978), Joyce et al. (1988),
Richfield et al. (1991), Weeks et al. (1996)

D2 StriatumV Reisine et al. (1978), Joyce et al. (1988),
Richfield et al. (1991), Weeks et al. (1996)

DARPP32 Putamen! STN Guo et al. (2012)

Enkephalin Striatum! GPel Emson et al. (1980), Deng et al. (2004),
Tippett et al. (2007)

GAD Striatum¢ GPel Bird and Iversen (1974), Spokes (1980),

GPiV

Deng et al. (2004)

GABA, receptors Striatum{ Young et al. (1988), Faull et al. (1993)

GABA, receptor

subunits

GABA, a, subunit GPe! GPi? Thompson-Vest et al. (2003), Allen et al. (2009)
GABA, a3 subunits GPe! GPi? Allen et al. (2009)

GABA, B, 3 subunits

Striatum!y GPe?
GPit

Tippett et al. (2007), Allen et al. (2009)

GABA, v, subunits

Striatum{¢ GPe?
GPit

Thompson-Vest et al. (2003), Allen et al. (2009)

GABAg receptor GPe? GPit Allen et al. (2009)

R1 subunit

Glutamate

Glutamate receptors Striatum{ Greenamyre et al. (1985)

GluAl (AMPA) StriatumV Dure et al. (1991)

GIuN1(NMDA) Striatum{ Whitehouse et al. (1985), Young et al. (1988),

Albin et al. (1990)

Neuropeptide Y

Striatum? (relative

Ferrante et al. (1987), Albin et al. (1990),

to volume) Cicchetti and Parent (1996)

Parvalbumin Striatum} Reiner et al. (2013)

Somatostatin Striatum? Albin et al. (1990)

Substance P Striatum{ Marshall et al. (1983), Kowall et al. (1993)
GPil SNr}

Tyrosine hydroxylase Striatum? Ferrante and Kowall (1987), Ferrante et al.

(1987)

ldecreased expression tincreased expression
The up arrows indicate increased protein detected and the down arrows indicate reduced protein detected
mainly by immunohistochemical methodologies

were first identified using acetylcholinesterase (AChE) staining which was found
mainly in the matrix by Graybiel and Ragsdale (1978). The smaller AChE-weak
striosome compartment is identified by high concentrations of distinctive neuro-
chemical markers such as neurotensin, LAMP, dopamine D2 receptors, GABA 5
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receptors, substance P, and enkephalin while the larger matrix compartment is
characterized by high concentrations of other neurochemicals AChE, tyrosine
hydroxylase, somatostatin, the calcium-binding proteins CB, CR, PV, and the
glutamatergic NMDA, and AMPA receptors (Faull and Villiger 1986; Voorn et al.
1989; Graybiel 1990; Dure et al. 1991; Waldvogel and Faull 1993; Manley et al.
1994; Holt et al. 1996, 1997; Parent et al. 1996; Prensa et al. 1999).

In HD, variable changes in the neurochemicals found in the striosome and the
extrastriosomal matrix compartments have been reported. Some studies suggest that
neuronal loss and gliosis shown by GFAP staining first appear in the striosomes
(Hedreen and Folstein 1995), indicating that the neurons in striosomes may be more
vulnerable at an early stage of HD or lower grades of the disease than those in the
matrix (Morton et al. 1993; Hedreen and Folstein 1995; Augood et al. 1996).
However, other studies show a preferential loss of neurons and neurochemical
markers in the matrix compartment with clear sparing of the striosomes (Ferrante
et al. 1987; Seto-Ohshima et al. 1988; Faull et al. 1993). These findings detailing
the heterogeneous pattern of compartmental striatal degeneration in HD are inter-
esting as studies in the rodent, and primate brains show that the striosome and
matrix compartments have different patterns of connectivity and suggest that the
two compartments are functionally different. Evidence from tracing studies suggests
that the striosome compartment contains MSNs that receive inputs from the limbic
system and these in turn project to the dopamine-containing neurons in the SNc
(Gerfen 1984; Tokuno et al. 2002; Fujiyama et al. 2011). Therefore, the striosome
compartment is thought to play a major “limbic” processing role in modulating
mood and other related functions of the basal ganglia. In contrast, the matrix
compartment receives topographically organized inputs from especially the sensori-
motor and associative cortices, and hence, it is postulated to play a major role in the
control of movement (Graybiel 1990; Parent et al. 1995; Parent and Hazrati 1995).

Extending the above observations, Tippett et al. (2007) have shown a differential
pattern of degeneration in the two striatal compartments which correlates with the
variable symptom profiles in 35 different HD cases (Fig. 6a—d). Some cases showed
a selective striosomal loss of striatal neurons, enkephalin, and GABA 4 receptors,
while others showed selective cellular and GABA, receptor loss in the matrix
compartment. Other cases showed a mixed striosomal/matrix pattern of degeneration.
Most importantly, this differential compartmental pattern of striatal degeneration
between cases correlated in general principles with the variable symptom profiles
between cases; most notably, cases with a profound degeneration in the striosomes
correlated with major mood symptoms (Fig. 6¢). By contrast, cases with marked
degeneration primarily in the matrix compartment often had major motor symptoms
(Fig. 6b). These findings suggest that the differential compartmental patterns of cell
death and degeneration in the HD striatum could contribute significantly to the
variability in HD symptomatology.
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(a) Control (b) Matrix loss

(c) Sfriosome loss (d)

Fig. 6 Variability in the degeneration of the striosome and matrix compartments in different HD
cases. Illustrations of the human caudate and putamen striatum stained for GABA 5 receptors which
are highly expressed on projection neurons and interneurons in the human striatum. (a) Control
human striatum, showing a relatively homogeneous staining pattern but with higher staining in the
striosomes (large arrows indicate matrix, small arrows indicate striosomes). (b) Striatum from a
Grade 3 Huntington’s disease brain showing predominant matrix loss with preservation of
striosomes. (¢) a Grade O case showing predominantly striosome receptor loss with preservation of
matrix, and (d) a Grade 3 case with a mixed loss of both striosome and matrix compartments.
Modified from (Tippett et al. 2007). CN caudate nucleus, P putamen, Scale bar = 5 mm
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5.3 Globus Pallidus

The globus pallidus shows atrophy and cell loss of approximately 40 % in Grades 3
and 4 with the external segment much more involved than the internal segment. In
Grade 4, the GP shows 50 % volume loss (Lange et al. 1976). Using specialized MRI
techniques, globus pallidus volume changes of approximately 50 % were detected
(Douaud et al. 2006). The external segment is more involved than the internal
segment, and atrophy of neurons and reactive astrocytes are discrete especially in
Grade 4. These changes are almost constantly observed in Grade 4 brains from cases
with juvenile onset (JOHD) of symptoms, or with the rigid-akinetic rather than the
choreic form. According to Lange et al. (1976), the absolute number of pallidal
neurons decreases up to 40 %, but the neuronal density is up to 42 % higher than in
control GPe and 27 % higher in the GPi, reflecting the major atrophy of the globus
pallidus in HD. The neurons are smaller and more densely packed than normal in
Grade 3, and even more so in Grade 4, suggesting that the onset of the loss of the
neuropil might occur before that of the neurons. (Spielmeyer 1926; Schroeder 1931;
Neustaedter 1933; Campbell et al. 1961; McCaughey 1961; Vonsattel et al. 1985).

There is also a very marked loss of cannabinoid CB1 receptors in all of the striatal
output nuclei (GPe, GPi, and SNr; Fig. 5), which is evident even at Grade O where
there is minimal cell loss in the striatum (Glass et al. 1993, 2000; Richfield and
Herkenham 1994; Allen et al. 2009). This may indicate dysfunction of the can-
nabinoid system in basal ganglia pathways in the very early stages of HD. On the
other hand, associated with the loss of neurotransmitter GABA from the striato-
pallidal and striatonigral pathways, there is a major increase in postsynaptic GABA 4
(Fig. 3g, h) and GABAg receptors, which is proposed to be a compensatory
upregulatory response of GABA receptors on the pallidal and nigral output neurons
(Figs. 3g, h, and 5) (Penney and Young 1982; Faull et al. 1993; Allen et al. 2009).

5.4 Substantia Nigra

There is a loss of neurons in the SNr (Lewy 1923; Spielmeyer 1926; Schroeder
1931; Hallervorden 1957; Campbell et al. 1961; Richardson 1990). The SNc is
thinner than controls, yet its number of neurons were originally reported to be
apparently normal in all grades giving the impression of an increased density of
pigmented neurons (Campbell et al. 1961; Richardson 1990). However, other
studies on the SNc have found cell loss (Oyanagi and Ikuta 1987; Oyanagi et al.
1989) but less than that of the SNr (Ferrante et al. 1989). In addition, a loss of TH
protein and mRNA from the SNc, and loss of TH in the matrix of the striatum has
been reported (Ferrante and Kowall 1987). Neurons of the SNc have a major
dopaminergic projection to the full extent of the striatal matrix, and these studies
suggest that a loss of dopamine in the striatum may contribute to the symptoms of
HD (Yohrling et al. 2003).
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5.5 Subthalamic Nucleus

In the STN, there is a discrepancy between the marked atrophy present in Grades 3
and 4 (up to 25 % volumetric loss) and the scarcity of the reactive astrocytes
(Spielmeyer 1926; Lange et al. 1976). A recent study has measured the loss of
neurons in the STN to be on average 20 % less than controls (Guo et al. 2012)
although this did not always correlate with cell loss in the putamen, suggesting the
STN cell loss trails that of the putamen. Whether the changes involving these
structures are due to the mutation alone or secondary to the preponderant
involvement of the striatum, or a combination of both remain to be determined. It
would be interesting to know to what extent the loss of neurons in the cerebral
cortex which form the hyperdirect pathway to the STN would reduce the excitation
of the STN in addition to the decreased inhibition of the STN through changes in
the indirect pathway due to the loss of striatal neurons in the disease process.

5.6 Cerebral Cortex

Cortical degeneration in HD has been observed and reported over many years and
has recently been examined in more detail with the advent of modern imaging
techniques and stereological counting techniques.

Cortical atrophy has been observed in HD brains, especially in those in advanced
stages of the disease. Many studies of the cortex in HD brains have found evidence
of overall cortical volume loss, cortical thinning, and neuronal loss (de la Monte
et al. 1988; Cudkowicz and Kowall 1990; Hedreen et al. 1991; Macdonald et al.
1997; Rajkowska et al. 1998; Macdonald and Halliday 2002; Rosas et al. 2002,
2008; Ruocco et al. 2008; Thu et al. 2010).

The earliest accounts of cortical neuropathological features were described by
several authors including Bryun (1968), Forno and Jose (1973), Tellez-Nagel et al.
(1974), Lange et al. (1976), Hadzi et al. (2012) and Trifiletti et al. (1987). Evidence
of global cortical atrophy has been observed by de la Monte et al. (1988) where the
authors demonstrated overall morphometric atrophic changes in the brain (30 % of
mean brain weight reduction) with 21-29 % reduction in the gray matter and
29-34 % loss in the white matter, and Halliday et al. (1998) showed that the degree
of cortical volume loss was similar in the frontal, temporal, parietal, and occipital
lobes (19 % reduction of total brain volume) with no major change in volume in the
medial temporal lobe. The amount of cortical volume loss was demonstrated to
correlate with the degree of striatal atrophy and the number of CAG repeats,
suggesting that the disease processes in the striatum and cortex are related. A
significant reduction in the frontal lobe volume (17 %) and frontal white matter
volume (28 %) was also found (Aylward et al. 1998).

Several detailed investigations of cellular changes in the cerebral cortex in HD
brains have shown that neuronal cell body size and cell number are decreased in the
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HD cortex (Macdonald et al. 1997; Rajkowska et al. 1998; Macdonald and Halliday
2002), and in some studies, this neuronal loss has been shown to be layer specific
(Hedreen et al. 1991; Sotrel et al. 1991, 1993). Laminar-specific neuronal degen-
eration was found in the HD cortex in 11 HD cases where there was a significant
loss of pyramidal projection neurons in layers IIl and V in the superior frontal
cortex and cingulate gyrus (Cudkowicz and Kowall 1990). A study by Hedreen
et al. (1991) of five postmortem HD brains showed that significant neuronal loss
was present in layers V and VI of prefrontal cortex in Grade 4 HD brains. Layer VI
was found to demonstrate the greatest loss in thickness, while layers Il and V were
also atrophied in HD.

Since neurons from layers III and V project mainly to the striatum, it has been
suggested that cortical cell loss in HD is a result of retrograde degeneration sec-
ondary to striatal pathology. However, the study by Hedreen et al. (1991) showed
that extensive degeneration of layer VI was also present in the cerebral cortex of
early-stage HD brains. As neurons in layer VI have major local, subcortical, in-
tracortical projections as well as projections to the thalamus, the claustrum, and
other regions of the cortex, this study suggested that cortical cell loss in HD is a
disease process parallel to striatal degeneration and not a secondary process as was
originally believed (Cudkowicz and Kowall 1990; Hedreen et al. 1991; Sapp et al.
1999). Sotrel et al. (1991) also investigated neuronal degeneration in cortical
neurons in the dorsolateral prefrontal cortex in HD. Loss of specific subpopulations
of large pyramidal neurons in layers III, V, and VI was demonstrated in an
investigation of 81 HD brains, as well as a decrease in the thickness of the cortical
layers containing the cell bodies of these neurons with shrunken dendritic trees and
sparse spines in advanced stages (Sotrel et al. 1991, 1993; Selemon et al. 2004).

Another study by Rajkowska et al. (1998) investigated neuronal degeneration in
the prefrontal cortex in seven HD cases, by measurements of the size and density of
both neurons and glial cells in the HD tissue compared to the control tissue. In HD
cases, the neuronal size and density of large neurons in the prefrontal cortex was
reduced by 9 %; this change was pronounced in pyramidal cell layers III, V, and VI,
with no significant decrease in mean cell body size in layer II and VI neurons, and
in layer VI, the decrease in size of large neurons was accompanied by a relative
increase in the size of small neurons. The density of large glial cells was greatly
increased in all layers of the HD prefrontal cortex. As the large neurons showing
reduced size and density in the prefrontal cortex in HD are primarily in layers III, V
and VI, these cells may be large projection neurons that form corticocortical,
corticostriatal, and corticothalamic projections. These studies have focused mainly
on the prefrontal cortex, as its role in behavior suggests that neural changes in the
prefrontal cortex may contribute to the behavioral aspects of HD (Watkins et al.
2000).

A more detailed quantitative study using stereological cell counting has been
addressed by Heinsen et al. (1994), and the authors found a pronounced pyramidal
cell loss in the supragranular layers in the primary sensory areas including primary
somatosensory cortex (areas 3, 1, 2), primary visual cortex (area 17), primary
auditory cortex (area 41), and association areas of the frontal, parietal, and temporal
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lobes. Similarly, Macdonald et al. (1997) reported a significant reduction of pyra-
midal cells across layers Il and V, and also found atrophy of cell bodies of the
remaining cells in the angular gyrus of the parietal lobe. In the following studies,
Macdonald and Halliday (2002) investigated cellular changes in the motor cortical
regions, i.e., primary motor cortex (area 4), supplementary and premotor region
(area 6), and cingulate motor cortex (posterior part of area 24), and observed a
significant reduction of total neuronal number in the primary motor cortex (42 %
loss) and the premotor region (49 % loss) in HD. No significant change was
observed in the posterior cingulate motor region. In addition, there was a significant
loss of pyramidal cells (41 % loss) in the primary motor cortex in HD. Pyramidal
cells in the primary motor cortex are involved in the corticostriatal pathways, with
the putamen receiving many inputs from the primary and association motor areas.
In addition, it has been shown that isolated lesions of the putamen in humans cause
chorea in only a few cases. This suggests that corticostriatal degeneration may be
important in the development of chorea in HD cases (Bhatia and Marsden 1994;
Macdonald and Halliday 2002).

The neuropathological changes in HD have been shown to vary in different areas
of the cortex in different stages of the disease, suggesting that they may be related to
the symptoms of HD such as motor abnormalities, dementia, apathy, irritability,
mood, depression, and visual disturbances (Hedreen et al. 1991; Halliday et al.
1998; Rosas et al. 2002, 2008; Tippett et al. 2007; Thu et al. 2010). More recently,
the advances in detailed structural neuroimaging methods have facilitated important
steps in elucidating the cortical basis of the clinical heterogeneity in HD patients
(Montoya et al. 2006), for example, several authors have demonstrated utilizing
in vivo MRI evidence for regional and progressive thinning of the cortical gray
matter in both symptomatic and premanifest HD cases which correlates with the
clinical expression of the disease (Jernigan et al. 1991; Rosas et al. 2002, 2005,
2008; Kassubek et al. 2004; Douaud et al. 2006; Nopoulos et al. 2007, 2010;
Paulsen 2009; Tabrizi et al. 2011). Importantly, Rosas et al. (2002) showed
widespread cortical thinning of 11 HD cases with varying clinical severity. The
thinning of the cortex appeared to be progressive and followed a posterior to
anterior regional pattern of cortical degeneration. Cortical thinning also occurred
early in the disease and showed specific regional thinning in different cases. The
greatest amount of thinning was observed in the sensorimotor cortex in cases at all
stages of the disease. In addition, the primary motor (area 4), sensory (superior
portions of areas 3, 2, 1) and visual cortical regions were the most affected, and the
thinning was extended to other regions that include posterior superior frontal,
posterior middle frontal, superior parietal, and the parahippocampal gyrus (Rosas
et al. 2008). The degree of thinning varied between different cortical regions, with
the greatest thinning of more than 15 % occurring in the primary visual and primary
motor cortices. In addition, the decrease in cortical thickness was found to progress
from sensorimotor and primary visual cortical areas to include frontal motor
association cortex, parieto-occipital cortex, entorhinal cortex, and eventually the
entire cortex. Furthermore, the thinning in the different cortical areas correlated with
the varying cognitive deficits and motor disorder of the different individuals with
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HD. Also, anterior cingulate cortex atrophy has been found to correlate with
emotion and depression clinical scores in HD cases (Hobbs et al. 2011).

In line with the in vivo imaging investigations, in a recent pathologic study, the
variable neuropathology in the cerebral cortex has been correlated with specific
symptoms of HD (Thu et al. 2010) (Fig. 7). Detailed stereological cell counts in
motor and cingulate cortical regions of 12 HD cases have shown a variation in the
total number of neurons (NeuN) in the primary motor cortex (24 % loss), and
anterior cingulate cortex (36 % loss). In addition, the number of SMI32-positive
pyramidal neurons was also affected in these regions which followed the pattern of
total neuronal loss, with 27-34 % reduction in the pyramidal cell number in the two
cortical regions. Interestingly, the loss of total neurons and pyramidal neurons
varied between HD cases which expressed different clinical symptoms (Thu et al.
2010). For example, a significant cell loss in the primary motor cortex was asso-
ciated with HD cases with predominant motor abnormalities (28 % loss in total
neuronal population Fig. 7a, b) but no significant cell loss was observed in the
motor cortex in HD cases with major mood symptoms (Fig. 7c). In contrast, a
significant cell loss in the anterior cingulate cortex was associated with HD cases
with dominant mood symptom profiles (54 % loss in total neuronal population
Fig. 7f), but no significant loss was observed in the cingulate cortex in HD cases
with a dominant motor symptom profile (Fig. 7e). This study clearly illustrated for
the first time how cortical degeneration in specific functional brain regions corre-
lates with varying symptom profiles of different HD cases.

Although degeneration of cortical pyramidal neurons in layers III, V, and VI has
been well documented, relatively few studies have been conducted in the HD cortex
on cortical interneurons. Pathological studies on the cortical interneurons have
shown that there was relative sparing of PV and neuropeptide Y (NPY) expressing
interneurons in the superior frontal cortex of HD cases (Cudkowicz and Kowall
1990) and Macdonald and Halliday (2002) showed no significant change in the
interneuron populations defined by CB, CR, and PV in motor cortical regions in
five HD cases examined in their study. In contrast, Ferrer et al. (1994) observed a
significant decrease in PV expressing interneurons in the frontal cortex, but sig-
nificant difference was not observed in the occipital and temporal lobes. These
results suggest that there is a heterogeneous topographical pattern of GABAergic
interneuron loss in the different functional regions of the cortex in HD.

Extending these observations, our recent preliminary studies on the pattern of
cell loss of cortical interneurons in the motor and cingulate cortex demonstrated a
heterogeneous loss of interneurons in the two cortical regions in HD cases with
different symptom profiles compared to control cases. These findings suggest that
the loss of inhibition of pyramidal cells by the death of specific types of inter-
neurons in HD may be a critical determinant in shaping the output activity of the
cerebral cortex. The differential loss of inhibition by these interneurons in different
cortical regions may lead to hyperexcitability of the pyramidal neurons which may
further exacerbate the disease process and contribute to the striatal excitotoxic
processes in HD (Beal 1994; Sieradzan and Mann 2001; Cepeda et al. 2007).
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Fig. 7 Cell loss in the primary motor cortex and cingulate cortex in Huntington’s disease.
a—c [llustrates variability in the labeling of cortical neurons stained with neuronal marker Neuronal
(NeuN) in the primary motor cortex, showing marked cell loss in the HD motor cortex in motor
dominant cases (b), but no loss in mood dominated cases (c¢). d—f Variability in the labeling of
cortical neurons stained with neuronal marker Neuronal (NeuN) in the anterior cingulate cortex
showing marked cell loss in the HD cingulate cortex in mood dominated cases (f), but no loss in
motor dominated cases (e). Modified from (Thu et al. 2010). Scale bars a—¢, d—f = 30 um

6 Other Brain Regions

In general, the grade of striatal degeneration correlates with the atrophy of other
brain regions than the striatum in HD. In general, in Grades 1 and 2, non-striatal
structures of the brain are apparently normal, or show only mild atrophy, unless
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there is age-related volumetric loss, or a superimposed disease, such as Alzheimer
disease. However, in Grades 3 and 4, non-neostriatal structures including globus
pallidus, neocortex, thalamus, STN, substantia nigra, white matter, and cerebellum
are smaller than normally expected. As detailed below, these gray matter structures
may show mild or marked neuronal loss usually without reactive astrocytosis, the
most frequent exceptions being the GPe and the centromedian nucleus of the
thalamus especially in Grade 4, and to a lesser extent in Grade 3.

6.1 Thalamus

The thalamus is often within normal limits on gross examination. The centrum
medianum shows astrocytosis and neuronal loss especially in Grade 4, and to a
lesser extent, in Grade 3; otherwise the thalamus is microscopically normal in lower
grades. A recent MRI analysis (Kassubek et al. 2005) shows that there is variability
in thalamic degeneration which agrees with neuropathological studies in the post-
mortem brain. The main regions of atrophy described in the thalamus so far are that
of the dorsomedial nucleus (DM) (Heinsen et al. 1999), the centromedial/ventro-
lateral nucleus (CM/VLa) nuclear group, and the centromedial/parafascicular
nucleus (Heinsen et al. 1996). The parafascicular nucleus is part of the thalamic
intralaminar nuclear group which projects to the striatum and its terminals are
thought to label specifically for VGlut2 based on animal studies (Doig et al. 2010;
Deng et al. 2013). The loss of these terminals is thought to occur in HD, but this is
still not confirmed in human HD striatum.

6.2 Hypothalamus

The hypothalamus contains a large number of interconnected nuclei involved in
regulation of metabolic functions as well as the control of sleep. Sleep disturbances,
alterations in circadian rthythm, and weight loss have been found to be altered in HD
patients (Morton et al. 2005; Petersen et al. 2005; Petersen and Bjorkqvist 2006;
Aziz et al. 2008; Hult et al. 2010). Atrophy of the lateral tuberal nucleus (LTN) in the
basolateral region of the hypothalamus in HD cases was described by Vogt and Vogt
(1951). Further neuropathological changes were described by Kremer et al. (1990,
1991) and Kremer (1992) with up to 90 % neuronal cell loss as well as gliosis in the
LTN of the hypothalamus. Other studies in the lateral hypothalamus have found a
loss of orexin (hypocretin)-positive and somatostatin co-expressing neurons in the in
HD cases (Timmers et al. 1996; Petersen et al. 2005; Aziz et al. 2008). Also gray
matter atrophy in the hypothalamus using voxel-based MRI analyses (Kassubek
et al. 2004; Douaud et al. 2006) and in vivo PET studies (Politis et al. 2008) have
been observed in early stage and symptomatic HD cases. However, the detailed
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neuropathology of hypothalamic cell populations in the various hypothalamic
nuclei in HD and their role in the overall pathogenetic mechanisms are yet to be
determined.

6.3 Hippocampus

Reports on the hippocampal involvement in HD have been outlined in several
studies. An early study showed no reduction in cell density in the hippocampus in
HD (Dunlap 1927) however a more recent morphometric study has reported a
reduction of hippocampal area of about 20 % in 30 HD patients (de la Monte et al.
1988). Also significant volume reductions in the hippocampal region (9 % volume
reduction compared to control volume) have been observed early in patients with
HD (Rosas et al. 2003). Additionally, Vonsattel and DiFiglia (1998) observed
neuronal loss and reactive gliosis in the hippocampal formation in a number of HD
cases. A further quantitative stereological technique to assess neuronal populations
in four areas of the hippocampus (the granule cell layer of the dentate and CAl,
CA3, and CA4 fields) in 11 HD cases showed significant changes in neuronal
density restricted to the CA1 region while no significant decrease was observed in
the other regions of the hippocampus (Spargo et al. 1993). Selective vulnerability of
various regions of the hippocampus in HD is yet to be fully determined, and
whether the variation reported in studies to date reflects a variation in cases with
different symptom profiles.

6.4 Cerebellum

The neuropathological findings pertaining to the cerebellum in HD were for a
longtime controversial, perhaps because they were mainly obtained using con-
ventional methods of neuropathological evaluation. However, Riib et al. (2013)
recently found that the HD mutation is specifically harmful to neurons of the
cortical and deep nuclei of the cerebellum. The conflicting findings regarding the
HD cerebellum are multifactorial including the use of a wide range of methods
applied for the analyses. For example, Dunlap reported that among the 29 cases
with chronic chorea (17 with proven family history), only one case with HD had
cerebellar atrophy. He identified the fraction of the weight of cerebrum/cerebellum
to be 1/5.8 in HD compared to 1/7.2 in controls (Dunlap 1927). Spielmeyer
described gliosis involving gray and white matter without systematic selectivity in
the cerebella of two cases (Spielmeyer 1926). McCaughey found “possible patchy
loss of Purkinje’s cells” in six, and loss of neurons involving the dentate nucleus in
nine of his series of 21 HD brains (McCaughey 1961). Rodda found three in “about
300” HD brains, which showed “severe atrophy of the cerebellum” (Rodda 1981).
One of those three cases had adult onset symptoms, and no definite family history
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of HD. The third patient had a family history of HD, epilepsy, and died at the age of
6 years. Jeste et al. (1984) conducted a quantitative study of the cerebellar cortex of
17 HD cases, two of whom had epilepsy. There was no cerebellar atrophy noticed
on gross examination. They found a decrease (up to 50 %) of the density of
Purkinje cells but normal thickness of granular and molecular layers. The Purkinje
cell loss was variable in its extent in different cases.

Cerebellar atrophy is often reported in cases with JOHD (age of onset <20 year)
(Harper et al. 1991). The four cases with JOHD and severe cerebellar atrophy
reported by Jervis all had epilepsy (Jervis 1963). The nine-year-old patient reported
by Markham and Knox had epilepsy, severe cerebellar atrophy, but “no focal
atrophy in Sommer’s sector” (Markham and Knox 1965). Byers et al. reported four
juvenile HD cases all with severe cerebellar atrophy (Byers et al. 1973). The
hippocampal formation was available in three of the four cases; of these three
hippocampi, two showed neuronal loss, and reactive gliosis suggesting that to some
extent the cerebellar atrophy may have been secondary to remote hypoxic-ischemic
events. Juvenile HD cases are prone to seizures. Thus, seizures may account for
some cerebellar or hippocampal neuronal loss, two sites notably vulnerable to
hypoxic-ischemic events.

By conventional methods of evaluation, the cerebellum is smaller than normally
expected in Grades 3 or 4. Despite this volume loss, neuronal density in the cer-
ebellar cortex frequently appears within normal limits. Segmental loss of Purkinje
cells with or without Bergmann gliosis may occur; however, these changes are
inconsistent. As mentioned, Riib et al. (2013) have shown recently with quantitative
studies that the cerebellum is a site of primary degeneration in HD and recently
were able to find that the HD mutation is specifically harmful to neurons of the
cerebellar cortex and all of the deep nuclei of the cerebellum. These investigators
compared eight, well-characterized HD cerebella with eight control cerebella using
morphometric analysis and immunohistochemistry and found a pronounced loss of
neurons especially in the fastigial nucleus as well as loss of CB-labeled Purkinje
cells throughout the cerebellum. The Purkinje cells also showed disrupted dendrites
and cytoplasmic inclusions.

6.5 Subventricular Zone and Neurogenesis in Huntington’s
Disease

The subventricular zone (SVZ) which lies along the margin of the caudate nucleus
adjacent to the lateral ventricle has become a region of intense interest with the
discovery of adult neural stem cells in this region. In the control, human SVZ neural
precursors have been identified (Curtis et al. 2005; Kam et al. 2009) using PCNA as
a marker for proliferating cells coupled with neuronal stem cell markers to identify
their neuronal phenotype. In HD, an increase in cell proliferation was found in the
SVZ with evidence for increased neurogenesis and increasing thickness of the SVZ
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with increasing grade (Curtis et al. 2003). This raises the exciting possibility of
stimulating the production of new neurons through neurogenesis from precursors in
the SVZ and subsequent migration directly or via the rostral migratory stream (Curtis
et al. 2007) into the cell-depleted HD striatum as a possible therapy for HD. The
subsequent integration of these newly formed neurons into the basal ganglia circuitry
will be critical. Studies in the rat indicate that stem cells have the ability to migrate
into the quinolinic acid lesioned rat striatum (Tattersfield et al. 2004) but further
studies are needed to determine whether this is a potentially viable therapy in
humans. New research into reprogramming fibroblasts or other cell types to produce
new neurons is ongoing (Vierbuchen et al. 2010), with the possibility of trans-
planting new neurons into regions of neuronal death as a form of treatment for HD.

The other neurogenic region in the human brain is the subgranular zone of the
dentate gyrus in the hippocampus where neurogenesis in the human brain was first
shown (Eriksson et al. 1998). Intensive research has followed this discovery
especially in animals as to what drives this neurogenesis. However, a recent study
in the human brain has found no increased neurogenesis in this proliferative zone in
the Huntington’s diseased brain (Low et al. 2011). This in contrast to the SVZ in the
same brains and agrees with animal models of HD, which also tend to show no
proliferation in the hippocampus (Curtis et al. 2012).

7 Gliosis

Reactive gliosis is defined as the increase in number and activation of astrocytes,
microglia, and oligodendrocytes and form part of the inflammatory response of the
diseased brain. Increases of the three types of glial cells astrocytes, microglia, and
oligodendrocytes have been observed in the Huntington’s diseased brain in a range
of observations starting from the earliest historical studies (Roizin et al. 1976).
These studies found a heterogeneous pattern of gliosis throughout the brain. More
recent studies found increased gliosis occurred in the dorsal striatum, which was the
region of major cell loss in HD (Myers et al. 1991). Additionally, in the caudate
nucleus, microglia and astrocytes increased with increasing grade particularly near
the ventricular edge and internal capsule, while oligodendrocytes were markedly
increased in all grades and were localized throughout the degenerated region of the
caudate nucleus. Focal regions of astrocytic gliosis within the striatum that were
identified as striosomes were found in lower grades of HD (Hedreen and Folstein
1995), and this finding proposed that the earliest changes in HD were associated
with striatal striosomes. More specific markers for microglia found that activated
microglia correlated with neuronal loss in the neostriatum, globus pallidus, cerebral
cortex, and white matter, but microglia displayed a different morphology in the
striatum compared to the cerebral cortex. In the cerebral cortex, they were asso-
ciated with the dendrites of pyramidal cells (Sapp et al. 2001). Microglia also stain
with ferritin, an iron storage protein, and activated microglia were shown to contain
abnormally high levels of iron in HD (Simmons et al. 2007). Newer methods using
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positive emission topography have investigated microglial activation in the brain of
HD and have found widespread microglial activation throughout the striatum,
pallidum, frontal and cingulate cortices and brainstem in HD cases, which was
evident also in presymptomatic HTT gene carriers (Gomez-Tortosa et al. 2000;
Pavese et al. 2006; Tai et al. 2007). This close association of neuronal dysfunction
and microglial activation needs further investigation. Astrocytes in the white matter
of the HD brain were shown to have intranuclear inclusions (Shin et al. 2005), and
it was estimated that approximately 12 % of astrocytes have nuclear inclusions in
late-stage HD. The metabolism of astrocytes may thus be compromised and
therefore may play a role in metabolic dysfunctions of the HD brain.

8 Aggregates

The wild-type huntingtin is a large protein (3144 amino acid residues) expressed
mostly in the cytoplasm, dendrites, and axon terminals of neurons in the brain
(Trottier et al. 1995; Ferrante et al. 1997). Huntingtin is associated with various
intracellular organelles, including endoplasmic reticulum (ER), Golgi apparatus
(DiFiglia et al. 1995; Hilditch-Maguire et al. 2000), and microtubules (Li et al.
2003). A small proportion is also found in the nucleus (Kegel et al. 2002).
Huntingtin has no clear homology to known proteins, and its normal function is yet
to remain fully understood. However, a considerable effort in understanding hun-
tingtin structure and function has led to suggested roles in development (Duyao
et al. 1995; Zeitlin et al. 1995), protein trafficking (Huang et al. 2004; Li and Li
2004), anti-apoptotic role (Zeitlin et al. 1995; Lunkes et al. 2002), and transcrip-
tional regulation (Zuccato et al. 2003). The mutant huntingtin (mHtt) shows a
similar expression level and regional distribution to the wild-type huntingtin in the
brain (Aronin et al. 1995), but a difference in huntingtin epitope localization has
been observed, and abnormal accumulation of N-terminal fragments of mutant
huntingtin form aggregates/inclusions in the nucleus, cytoplasm, and dystrophic
neurites in HD brains (Davies et al. 1997; DiFiglia et al. 1997). These protein
aggregates are thought to be formed by associations of polyglutamine (polyQ)
regions, which act as a “polar zipper” (Perutz et al. 1994; Perutz 1996). Protein
aggregates have been observed in immunohistochemical studies using various
antibodies directed against the huntingtin N-terminal region such as EM48
(Gutekunst et al. 1999; Hodgson et al. 1999), S830 (Landles et al. 2010), huntingtin
protein (Goldberg et al. 1996; Zuccato et al. 2001), and antibody 1C2, which is
directed against the CAG repeat region of the TATA-binding protein (Trottier et al.
1995; Herndon et al. 2009) (Fig. 8). It has been suggested that the toxic influence of
these inclusions leads to a differential loss of specific subsets of neurons; however,
this is still a topic of debate as there is evidence for both deleterious and protective
effects of huntingtin aggregation (Davies et al. 1999; Arrasate et al. 2004; Reiner
et al. 2007). The important steps of the aggregate toxicity hypothesis may involve
proteolysis, nuclear translocation, and aggregation. The mHtt possess a higher
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Fig. 8 Aggregates in the human cerebral cortex and striatum in Huntington’s disease. Photomi-
crographs showing various types of aggregate labeling in the human brain in Huntington’s disease
cases localized with different antibodies directed against the N-terminal region of the huntingtin
protein (Htt) and the CAG repeat region of the TATA-binding protein. a, b Aggregates labeled with
(a) 1C2 (raised against the expanded CAG repeat in the TATA-binding protein) and (b) EM48 (raised
against amino acids 1-256 of Htt) (arrows) in the striatum of HD brain. ¢, d Aggregates labeled with
(a) 1C2, (b) EM48 shown by arrows in sections of the frontal cortex of HD brain. e, f S830 directed
against the N-terminus of human huntingtin exon 1 protein stained in the cingulate gyrus of HD brain
(e) at low magnification and (f) at high magnification. illustrating immunodetection of polyQ
aggregates (indicated by arrows). Scale bars a, b, d, f =40 um; ¢, e =50 pm
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likelihood of proteolytic cleavage than its wild-type counterpart (Goldberg et al.
1996; Saudou et al. 1998). The smaller cleaved fragments are suggested to be more
toxic (Gong et al. 2008), and the toxicity is also associated with nuclear translo-
cation (Martindale et al. 1998; Atwal et al. 2007).

The immunohistochemical analyses of postmortem human HD brain (Fig. 8)
have demonstrated the presence of aggregates that can form neuronal intranuclear
inclusions (NIIs) or cytoplasmic and neuropil extranuclear inclusions (NEIs), and
huntingtin aggregates also form in axons and dendritic spines. The nuclear aggre-
gates were originally mentioned as “filamentous inclusions” examined using
electron microscopy in the neuronal nuclei of the human HD brain (Roizin et al.
1979). Thus, aggregates are described as being made of granular and filamentous
material, which is not membrane bound. NIIs tend to be round, oval, or rod shaped,
larger than the nucleolus and more frequent in juvenile than adult onset cases. In
contrast, the neuropil aggregates occur more frequently than NIIs in adult cases and
tend to be round or oval and may be arranged in thin extensions along a process
(DiFiglia et al. 1995, 1997; Gutekunst et al. 1999; Maat-Schieman et al. 1999) (see
Fig. 8). The inclusions are present prior to symptomatic development of the disease
in the HD human brain and found throughout the cortex, but less frequently in the
striatum (Becher et al. 1998; Gutekunst et al. 1999; Maat-Schieman et al. 1999; Van
Roon-Mom et al. 2006; Herndon et al. 2009). Within the cortex, the cells tend to
display combinations of nuclear and cytoplasmic as well as neuropil aggregations
(Herndon et al. 2009) with the highest levels of intranuclear inclusions found in
juvenile cases, which tend to have relatively very high CAG repeat numbers
(Gutekunst et al. 1999). Elucidating the exact molecular mechanisms for mHtt
cytotoxicity is an ongoing challenge. The mHtt aggregates are mostly ubiquitinated
and are enriched in truncated polyglutamine containing fragments generated by
several proteases; however, the precise mechanisms responsible for the toxicity of
these proteolytic products remain elusive. It is generally thought that mHtt confers a
toxic gain-of-function, which elicits a cytotoxic cascade. Indeed, overexpression in
various types of cells is cytotoxic (Lievens et al. 2008; Weiss et al. 2009). However,
the soluble, non-aggregated forms of mHtt in tissues have been implicated more
recently to be the neurotoxic culprit (Saudou et al. 1998; Arrasate et al. 2004;
Kitamura et al. 2006; Ratovitski et al. 2009). By contrast, there is also evidence to
suggest that the aggregated forms of mHtt may have no effect or even be protective
to cells (White et al. 1997; Saudou et al. 1998; Arrasate et al. 2004). The substances
that are toxic to cells generally elicit a myriad of effects, and therefore, it is difficult
to isolate which are primary, secondary, or tertiary (Landles and Bates 2004; Ross
and Poirier 2004; Kaltenbach et al. 2007). In addition, the expression of huntingtin
does not reflect the distribution of selective vulnerability (Kuemmerle et al. 1999).
Some have even presented the view that cortical neurons may actively destroy
MSNSs in the striatum, rather than the MSN death being due to specifically mHtt
itself (Fusco et al. 1999). Nevertheless, inclusions play a role in HD and are
commonly used as biological markers for the testing and development of new
therapeutic strategies aimed at reducing inclusion formation (Yamamoto et al. 2000;
Schiefer et al. 2002; Rodriguez-Lebron et al. 2005; Machida et al. 2006).
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9 White Matter Changes

White matter changes have been reported in HD brains, although detailed sys-
tematic studies have not been carried out. Earlier studies such as de la Monte et al.
(1988) measured 29-34 % changes in overall white matter area in slices through
HD brains although these varied with the level measured. The loss of white matter
correlated closely with the amount of cerebral cortex gray matter lost, and in
addition, the loss of white matter and cerebral cortex correlated more strongly with
dementia and depression (de la Monte 1988). Activated microglia and activated
astrocytes have been variably reported in the white matter tracts (Vonsattel et al.
2011), but detailed studies of gliosis throughout the white matter have not been
reported. Most of the more recent studies on white matter changes in HD have been
carried out with neuroimaging techniques such as DTI and MRI. These have shown
pre-symptomatic changes in the white matter in the brain throughout different
regions. In particular, specific changes are detected in the microstructure of the
corpus callosum as well as the internal capsule more than a decade before onset of
symptoms which may reflect degeneration of cortical pyramidal neurons, loss of
cortical connectivity, and compromised associative processing leading to cognitive
deficits in HD (Rosas et al. 2006, 2010). Also disproportionate loss of white matter
was found in the prefrontal cortex (Aylward et al. 1998) in HD brains.

10 Degeneration in Peripheral Tissues

Although the most dramatic changes in HD occur in the brain, abnormalities of
peripheral tissues have also been recently documented. Non-neurological abnor-
malities of HD include weight loss, muscle wasting, cardiac problems, insulin
sensitivity, and gastrointestinal disorders, and many of these may be due to mal-
functions in the peripheral tissues. These are only recently being recognized and
documented in studies in humans and in animal models, and is highlighted in a
recent review by Van der Burg et al. (2009).

The following peripheral tissues are affected in the disease. The digestive system
is known to be affected which may affect nutrient uptake. Patients suffer from
xerostomia or dry mouth, which may be due to lack of saliva, and also can affect taste
and swallowing, which patients also suffer from. Ghrelin-producing cells, which
produce Grehlin that aids in food intake, are reduced in number in the stomach. The
pancreas is affected, and the islet cells are atrophic and contain nuclear inclusions,
which may lead to the high incidence of impaired glucose tolerance and diabetes
(Podolsky et al. 1972; Andreassen et al. 2002; Hunt and Morton 2005; Lalic et al.
2008). Another major problem in HD patients is skeletal muscle wasting despite
being highly active due to hyperkinesia and chorea characteristic of HD, and in HD
mice, there are aggregates in the muscle cells (Ribchester et al. 2004); additionally,
there are also mitochondrial enzyme dysfunctions in the muscles of HD patients
(Arenas et al. 1998).
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Cardiac failure is much higher in the HD population with a 30 % incidence
compared to 2 % in the normal population and a leading cause of death in HD
(Lanska et al. 1988). It is unclear whether this is from the underlying genetic effects
on the heart muscle or due to peripheral nerve damage.

The testes are also affected, and this correlates with the very high levels of Htt
protein found in testicular tissue. There is testicular degeneration (Van Raamsdonk
et al. 2007) with degeneration of the germ cells and thickening of the seminiferous
tubes, which appeared to correlate with CAG repeat length.

All of these studies indicate that it is not just the brain that is affected although it
is still not clear if these effects are directly gene related or related to endocrine
imbalance from the hypothalamus, from peripheral nerve dysfunction or other
indirect causes (Van Raamsdonk et al. 2007; Van der Burg et al. 2009) which
require further investigation.

11 Mechanisms of Neuropathology

The exact mechanisms of neuronal cell death in HD are currently unclear. What has
been observed in recent neuroimaging studies is that the neuropathological changes
are occurring up to 10 years before clinical diagnosis and striatal atrophy becomes
more severe closer to clinical onset and clinical onset can be predicted within about
2 years (Aylward et al. 2004; Bohanna et al. 2008). Even though only one gene is
mutated in HD, the genetics of HD are extremely complex. The expanded CAG
repeat of the HTT gene is expected to interact with large numbers of other genes as
evidenced by the results of gene microarray studies showing large numbers of
affected genes in studies on both postmortem HD tissue (Hodges et al. 2006) and
mouse models of HD (Luthi-Carter et al. 2000). These interactions lead to a
complex set of parameters that may involve transcriptional dysregulation, excito-
toxicity, oxidative stress, changes in neurotransmitters, disruption of cortical BDNF
production, and breakdown of cellular and vesicular transport mechanisms in
neurons of the striatum, cerebral cortex, and other regions throughout the brain
(Cha 2000; Cattaneo et al. 2001; Morton et al. 2001; Zuccato and Cattaneo 2007,
Rosas et al. 2008; Thu et al. 2010). In the striatum, it is the medium spiny neurons
which are the most vulnerable, particularly the subset of enkephalin-containing
striatopallidal neurons which are found throughout the striatum; however, the loss
of these neurons can be quite variable in relation to the striosome-matrix com-
partments. Recent transgenic animal studies have implicated dysfunction of the
cortex as one of the major indicators of phenotype; this may occur through cortical
synaptic dysfunction even before cell death (Cepeda et al. 2007; Cummings et al.
2009) and that dysfunction of the corticostriatal neurons could lead to anterograde
neurodegeneration of striatal neurons. Also, abnormal glutamate receptor functions
in the cerebral cortex have been implicated in behavioral and motor impairments in
transgenic mice with physiological and morphological cortical changes predicting
the onset and severity of behavioral deficits (Sapp et al. 1997; Laforet et al. 2001;
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Andre et al. 2006). Furthermore, studies in the conditional mouse model where
cortical and/or striatal cells selectively express mHtt showed that dysfunction of the
cortical neurons was essential to the development of significant behavioral and
motor deficits (Gu et al. 2007). Other transgenic mouse studies have implicated
dysfunction of both the cortical projection and interneurons of the cerebral cortex in
the development of HD pathology (Gu et al. 2005; Spampanato et al. 2008). All of
these animal studies provide accumulating mechanistic evidence that the cortex
plays a major role in the initiation and development of the HD phenotype and that
dysfunction in the corticostriate neurons plays a major role in HD forebrain
pathology. The dysfunction of the growth factor BDNF in the glutamatergic cor-
tico-striatal pyramidal neurons has also been implicated in either causing the death
of these pyramidal neurons and/or causing a dysfunction of their firing resulting in
excess glutamate release causing the death of striatal neurons (Cepeda et al. 2007;
Strand et al. 2007; Zuccato and Cattaneo 2007). It has long been known that the
cerebral cortex is not a homogeneous structure as evidenced by the different
morphological compositions of the Brodmann areas. Furthermore, genetic studies
show that neurons in the different regions of the cerebral cortex have a variable
genetic expression profile which defines their particular subtype (Molyneaux et al.
2007). This suggests that neurons throughout the brain but particularly in specific
cell types throughout the different regions of the cerebral cortex and basal ganglia
may interact differently with the mutant HTT gene and cause degeneration in
variable populations of pyramidal neurons, cortical interneurons, and striatal neu-
rons. This could be an underlying factor in the major susceptibility of the human
forebrain to the HD process as well as regional and cellular variability observed
within the various regions of the human forebrain.

The neuropathology of HD is constantly being re-evaluated. The most recent
studies have shown that the neurodegeneration throughout the brain is highly
heterogeneous. Although the most severe pathology occurs in the basal ganglia and
cerebral cortex, in the striatum, there is a continuum of degeneration related to the
striosome and matrix compartments, in the cerebral cortex, there is a highly variable
distribution of degeneration of neurons and related gliosis, and regions of the brain
outside of the basal ganglia and cortex such as the thalamus, hypothalamus, cere-
bellum, and brainstem still await detailed investigation. Additionally, the various
inputs to the striatum which have been described recently such as feedback loops
from the GPe (Bevan et al. 1998), the thalamic intralaminar nuclei (Smith et al.
2004), and the hyperdirect pathway from the cortex to the STN (Nambu et al. 2002)
may all influence basal ganglia pathways in complex ways. The heterogeneous
nature of the symptomatology of HD is clearly associated with the heterogeneous
nature of the neurodegeneration and major pathways that occur throughout the
different regions of the brain in different individuals, and the great challenge is to
relate this pattern of heterogeneity to the mutant genotype and its variable effects on
gene expression profiles across the entire human genome.
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Abstract Of the neurodegenerative diseases presented in this book, Huntington’s
disease (HD) stands as the archetypal autosomal dominantly inherited neurode-
generative disorder. Its occurrence through generations of affected families was
noted long before the basic genetic underpinnings of hereditary diseases was
understood. The early classification of HD as a distinct hereditary neurodegener-
ative disorder allowed the study of this disease to lead the way in the development
of our understanding of the mechanisms of human genetic disorders. Following its
clinical and pathologic characterization, the causative genetic mutation in HD was
subsequently identified as a trinucleotide (CAG) repeat expansion in the huntingtin
(HTT) gene, and consequently, the HTT gene and huntingtin protein have been
studied in great detail. Despite this concentrated effort, there is still much about the
function of huntingtin that still remains unknown. Presented in this chapter is an
overview of the current knowledge on the normal function of huntingtin and some
of the potential neurobiologic mechanisms by which the mutant HTT gene may
mediate neurodegeneration in HD.
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1 HD Introduction

1.1 Introduction

In 1872, George Huntington published a short yet concise report entitled “On
Chorea” based on his study of a seemingly hereditary and discrete disorder found in
several generations of an American family (Huntington 1872). It was described as a
disease primarily affecting adult individuals, causing both motor and cognitive/
psychiatric deficits. This clinical report so encapsulated the symptoms and hered-
itary nature of this particular disorder that the disease itself became named Hun-
tington’s Chorea after George Huntington and is now known as Huntington’s
disease (HD) today.

HD is a progressive neurological disorder with predominantly adult onset that
occurs in all human populations (world wide prevalence of 2.71 per 100,000
individuals), but has the highest prevalence in individuals of European origin
(Pringsheim et al. 2012). Due to the hereditary nature and strong penetrance of HD,
this disease has become the embodiment of efforts aimed at treating adult-onset
neurological disorders. This chapter will outline the main clinical, genetic, and
neurological features of HD and review the current understanding of wild-type HTT
gene function and the effects of the disease-causing mutation on this gene and their
potential pathogenic role in this devastating neurodegenerative disease.

1.2 Clinical Features

Many of the clinical features first described by George Huntington in “On Chorea”
remain part of the clinical diagnosis used today, and primary of these are the
movement disorders associated with HD with chorea being the defining feature.
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Chorea is described as abnormal “dance-like” movements of the limbs, trunk, or
face. The movement abnormalities in HD affect both voluntary and involuntary
motor functions, with motor disturbances often occurring in a sequential manner as
disease progresses (Mahant et al. 2003). During the first stages of HD, the motor
symptoms primarily affect involuntary movements with chorea, hypotonia, and
hyper-reflexia being the motor symptoms most commonly observed. As the disease
progresses, voluntary movements become affected with rigidity and bradykinesia
being most prominent. Voluntary motor abnormalities occur later in disease pro-
gression than involuntary ones and contribute to the majority of functional disability
described by HD patients.

Cognitive deficits also follow a similar progression, generally beginning slowly
at first and worsening as the disease progresses. Early in the disease process,
patients often present with a slowing of intellectual processes, changes in person-
ality, disinhibition, and reduced mental flexibility (Craufurd and Snowden 2002).
As the disease worsens, there is a reduction in cognitive speed, flexibility, con-
centration, and patients progress toward “subcortical dementia” with aphasia and
agnosia not commonly present. Neuropsychiatric symptoms are not uncommon in
HD patients; however, they do not follow disease progression like the motor and
cognitive deficits. These symptoms include depression, apathy, suicidal ideation,
and anxiety (Craufurd and Snowden 2002). While the motor and cognitive symp-
toms described above are the major characteristics of HD and remain the focus of
clinical diagnosis and treatment, other symptoms are also prevalent, and though
they have historically received less attention, they still significantly impact patient’s
quality of life. These additional symptoms include sleep and circadian rhythm
disorders, metabolic abnormalities primarily weight loss despite normal caloric
intake, and testicular degeneration (Van Raamsdonk et al. 2007; Craufurd and
Snowden 2002).

1.3 Neuropathology

The most striking neuropathologic feature of HD is the relatively selective and
progressive degeneration of the caudate and putamen (collectively known as the
striatum) (Vonsattel and DiFiglia 1998). This progressive shrinkage of the striatum
correlates with disease progression and severity, with almost no striatal tissue
remaining in very advanced stages of the disease. The neurodegeneration of the
striatum 1is cell-type specific, with the medium spiny neurons (MSNs) being the
neuronal subtype specifically affected in HD. The other major types of neurons in
the striatum, the aspiny interneurons, are largely unaffected and relatively spared in
HD. While other brain regions also show evidence of selective neurodegeneration
in HD, none of them display degeneration to the extent seen in the striatum and
most of degeneration outside of the striatum occurs later in disease (Hedreen et al.
1991; Spargo et al. 1993). These additional regions include the pyramidal projec-
tion neurons in layers V and VI of the cerebral cortex, the CAl region of the
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hippocampus, the globus pallidus, subthalamic nucleus, substantia nigra, cerebel-
lum, and thalamus. Ubiquitinated HTT protein inclusions or aggregates are also a
key neuropathologic feature of HD that were first described in mouse models of HD
and were then later observed in HD patients (Davies et al. 1997).

1.4 Genetics

Despite the early characterization of HD as a well-defined clinical entity and
subsequent studies that clearly established HD as an autosomal dominant disorder,
the discovery of the causative gene did not occur until 1993 (The Huntington’s
Disease Collaborative Research Group 1993). This was due in part to the novel
nature (at the time) of the HD mutation, a trinucleotide repeat expansion of the
nucleotides cytosine, adenine, and guanine (a CAG repeat expansion). The dis-
covery of the gene responsible for HD required large HD families to be identified
and for novel molecular techniques capable of resolving the CAG expansion to be
developed. Since its discovery in 1993, we have gained a better, though by no
means comprehensive, understanding of the Huntington’s disease gene, renamed
the huntingtin gene (HTT) from its original designation of IT15 (standing for
Interesting Transcript 15). The CAG repeat expansion is a dynamic mutation,
meaning that the length of the CAG expansion on a single allele can expand or
contract as it is transmitted between generations and can vary between the cells of a
single individual (Gonitel et al. 2008). Expansions of greater than 35 CAG repeats
can result in Huntington’s disease, and there is also a threshold of at least 39 CAG
repeats after which the penetrance of HD is almost 100 %. In the following sections,
we will discuss the main features of the HTT gene and protein and how these
features are affected in the presence of a pathogenic CAG expansion.

2 Normal Huntingtin Function

2.1 HTT Gene

The identification of the HTT gene as the mutated gene in HD in 1993 has led to
20 years of intensive study into both the wild-type and mutated functions of the
huntingtin protein (HTT). Despite this, there is much about the function of this
protein that remains unknown. This section describes our current understanding of
the wild-type function of the HTT protein. The HTT gene is found on chromosome
4 and is comprised of 67 exons that are translated to form a 348-kDa protein. While
the HTT gene itself can be found in both invertebrates and vertebrates, it is most
highly conserved among vertebrates (80 %) (Baxendale et al. 1995; Gissi et al.
2006; Tartari et al. 2008). The protein sequence of HTT, however, bears little
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overall homology to any other known protein making inferences about the function
of the HTT protein through comparisons of related proteins difficult, though not
impossible.

2.2 Huntingtin Protein Sequence

Through computational analyses, searching for similarities to known protein
domains, HTT has been found to contain 37 putative HEAT domains that are
thought to be involved in protein—protein interactions (Andrade and Bork 1995;
Takano and Gusella 2002). These 37 HEAT domains are conserved throughout
vertebrates and suggest that the protein—protein interactions they dictate are similar
across vertebrates. Shortly upstream of the HEAT repeats is another region con-
served only in higher vertebrates designated as the polyproline stretch (Steffan et al.
2004). This short repeat of proline amino acids is thought to be important in the
folding of the HTT protein and may function to keep the protein soluble. Sequence
analysis has also revealed a fully functional and active C-terminal nuclear export
signal and a less active nuclear localization signal (Xia et al. 2003). The presence of
the nuclear export signal and that of the multiple HEAT protein—protein domains
suggest that HTT may be involved in transportation of molecules from the nucleus.

2.3 Posttranslational Modification of Huntingtin

Consistent with the role for HTT in molecular transport hypothesized by its HEAT
domains are some of its posttranslational modifications, namely palmitoylation
(Young et al. 2012). Palmitoylated proteins are often involved in the assembly of
vesicle trafficking control complexes and assembly of synaptic vesicle function
complexes (Huang et al. 2004). HTT is palmitoylated by huntingtin-interacting
protein 14 (HIP14). In addition to palmitoylation, HTT is also sumoylated and
ubiquitinated at N-terminal lysines K6, K9, and K15 (Kalchman et al. 1996; Steffan
et al. 2004). The proteins that sumoylate or ubiquintinate these sites compete for
modification, with ubiquitination being a marker for degradation of the HTT protein
through the ubiquitin-ligase degradation pathway and sumoylation preventing this
degradation (Ehrnhoefer et al. 2011). HTT is also phosphorylated at serines 421 and
434, and this phosphorylation influences the cellular localization, function, and
cleavage of the HTT protein, discussed below (Humbert et al. 2002; Luo et al.
2005; Warby et al. 2005).
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2.4 Cleavage of the Huntingtin Protein

The HTT protein contains three protease cleavage consensus sites that generate
shorter fragments from the full-length HTT protein (Goldberg et al. 1996; Wellington
et al. 1998). In addition to these three sites, there are an additional three caspase
cleavage sites and two calpain cleavage sites N-terminal to the primary caspase
cleavage sites. Both the wild-type and mutant forms of the HTT protein can be cleaved
(more on mutant cleavage in the following section), producing fragments of varying
length, function, and cellular localization. Brain region-specific cleavage of HTT
protein has also been described, suggesting that different fragment lengths may have
cell-type-specific functions adding additional complexity to the function of this
protein (Mende-Mueller et al. 2001).

2.5 Regional Expression of Huntingtin

Despite the association of mutant huntingtin with selective neurodegeneration in
specific brain regions, HTT is actually ubiquitously expressed, at low levels,
throughout the body (Van Raamsdonk et al. 2007), the expression in the brain and
testis being generally about ~ 5-fold greater than that in other peripheral tissues.
The function of HTT outside of the CNS has not been studied extensively, and we
can only hypothesize, based on HTT’s potential role in neuronal survival (discussed
below), that in peripheral cells, it may have a similar primary function. It is also
unknown what cellular pathways drive this differential expression between the CNS
and periphery. Studies into the composition and function of the HTT gene promoter
have highlighted a few important regulatory regions and transcription factors within
the proximal promoter; however, none of these have identified potential mecha-
nisms for this differential expression (Lin et al. 1995; Holzmann et al. 2001; Tanaka
et al. 2004; Feng et al. 2006; Wang et al. 2012). In terms of furthering our
understanding of the function of this protein, two studies have found that HTT
expression is in part regulated by the transcription factor p53, which is a well-
known regulator of cell survival (Feng et al. 2006). This suggests that HTT may
function in cell survival both within and outside the CNS. Once produced, the HTT
gene transcript has two alternate transcripts, with the larger of the two being
preferentially expressed in the brain (Lin et al. 1993). The functional relevance of
these two transcripts remains unclear; however, in mutant condition, an additional
short splice variant encompassing exon 1 has been recently identified and may play
a role in HD pathogenesis (Sathasivam et al. 2013).
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2.6 Developmental Function of Huntingtin

So far, we have discussed genetic and molecular features that have given us insights
into the function of the HTT protein, and we now turn to functional studies based on
these inferences to further explore the function of this protein. Starting with the
inference that given HTT’s high conservation across several phyla, we can assume
that this is a very important protein and that loss of the HTT gene would have serious
consequences for the organism. This has been shown to be true in mouse HTT
“knockout” models (Hdh nullizygous mice) which are embryonic lethal (Nasir et al.
1995; Duyao et al. 1995; Zeitlin et al. 1995). Interestingly, embryonic lethality in
these mice occurs before embryonic day 8.5. This is prior to gastrulation and for-
mation of the nervous system, highlighting the role of HTT not only within the CNS,
but in other peripheral tissues. In this case, it seems that complete loss of HTT within
extra-embryonic tissues results in defects in organization of these tissues causing
embryonic lethality (Leavitt et al. 2001; Van Raamsdonk et al. 2005a). Other studies
have shown that a reduction in embryonic HTT, below 50 %, after gastrulation, while
not lethal, leads to abnormalities in the formation of the epiblast (White et al. 1997).
This is the structure that gives rise to the neural tube. These abnormalities in turn lead
to a reduction in neurogenesis and abnormalities in the structure of the cortex and
striatum. In addition to these studies, work with chimeric mice, where Hdh null stem
cells are introduced into a wild-type blastocyst, revealed a region-specific need for
HTT in both the cortex and striatum as these regions were devoid of Hdh null cells
(Reiner et al. 2003). Combined, these studies into the requirement of HTT early in
development highlight HTT’s important function both outside of the CNS and within.

2.7 Huntingtin and Cellular Survival

The studies highlighted above demonstrate HTT’s important role in actively dividing
cells during development, but it also appears to play a role in post-mitotic cells of the
adult brain. HD is an adult-onset disorder, and HTT is widely expressed in adult
tissues, especially post-mitotic neuronal cells. It is important to understand the
potential differences in HTT function between these different cell types. As described
previously, HTT has been suggested to play a role in cellular survival. This proposed
function has been studied in both in vitro and in vivo experiments. Using conditionally
immortalized striatum-derived cells that stably overexpress wild-type human HTT,
various toxic stimuli were applied. Overexpression of wild-type human HTT was able
to protect against these toxic stimuli (Rigamonti et al. 2000). In vivo, it has been found
that overexpression of wild-type HT T protects against ischemic and excitotoxic injury
(Zhang et al. 2003; Leavitt et al. 2006). The mechanisms through which HTT conducts
its pro-survival activities have been suggested to include prevention of processing
of pro-caspase 9, as well as preventing the formation of the pro-apoptotic protein
huntingtin-interacting protein 1 complex (Rigamonti et al. 2000, 2001).
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One of the most convincing mechanisms for HTT’s pro-survival role in the CNS
is via HTT’s regulation of brain-derived neurotrophic factor (BDNF), a neurotro-
phin that plays a critical role in the survival of striatal cells. BDNF is not produced
in the stratum itself, but is expressed by pyramidal cells in the cerebral cortex and
anterogradely transported along cortico-striatal afferents where it is released at axon
terminals and taken up by striatal neurons (Mizuno et al. 1994; Ventimiglia et al.
1995; Altar et al. 1997). This interaction between cortical and striatal neurons
allows the striatal neurons to be resistant to glutamate-mediated excitotoxic neu-
rodegeneration (Bemelmans et al. 1999; Pineda et al. 2005). The HTT protein has
also been shown to act directly on BDNF levels, with in vivo and in vitro data
showing that overexpression of wild-type HTT results in an increase in BDNF
levels and overexpression of mutant HTT results in a decrease in BDNF levels
(Zuccato et al. 2001). Further analysis has shown that this increase is due to HTT
acting directly on transcription of the BDNF through HTT’s interaction and
sequestration of RE1-silencing transcription factor (REST also known as neuronal
restrictive silencing factor (NRSF)). REST/NRSF binds to a repressor element in
the BDNF promoter responsible for generating the particular type of BDNF that is
transported to the striatum (Zuccato et al. 2001, 2003). By sequestering REST/
NRSF and not allowing it to interact with the BDNF promoter, HTT allows for
increased transcription, and therefore translation, of BDNF. As the REST/NRSF
transcription factor is not specific for the BDNF promoter, REST/NRSF response
elements can be found in other promoters, and HTT may play a role in the regu-
lation of other REST/NRSF genes.

2.8 Huntingtin and Vesicle Transport

As mentioned previously, HTT has been predicted to be involved in vesicular
transport, and this has been found to be true both in the case of BDNF transport and
in the case of other neurotransmitters. In cortical neurons that project to the stria-
tum, wild-type HTT colocalizes with BDNF, suggesting that HTT may play a role
in guiding BDNF toward striatal cells (Gauthier et al. 2004). In cultured cells, wild-
type HTT increases the vesicular transport of BDNF along microtubles, but if HTT
is knocked down using RNAI, this transport is slowed down. HTT has also been
found to interact with the p150 (Glued) subunit of dynactin, a key component of the
molecular motor which moves vesicles along microtubules (Imarisio et al. 2008).
Through interactions with huntingtin-associated protein 1 (HAP1), Glued, and
BDNF, HTT can increase the transport of BDNF along microtubles. More recently,
HTT has been found to regulate the transport of the BDNF receptor TrkB in striatal
neurons, further highlighting the role of HTT in BDNF function (Liot et al. 2013).
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2.9 Huntingtin and the Synapse

The interaction between HTT and vesicles does not end once they have reached their
intended cellular destination. Once HTT and its vesicular payload reach the cortical
synapse, HTT appears to play additional roles in synaptic vesicle transmission. HTT
interacts with several proteins involved for exocytosis and endocytosis at synaptic
terminals such as HIP1, HIP14, HAP1, HAP40, PACSIN1, SH3GI3, clatherin, and
dynamin. A key synaptic transmission molecule that HTT interacts with is PSD-95,
one of a family of proteins that binds the NMDA and Kainate receptors at the
postsynaptic density (Sheng and Kim 2002). In addition to direct interaction with
proteins at the synapse, HTT appears to regulate the expression of proteins that are
involved with synapse function. Complexin II and rabphilin 3A are both proteins
involved in the exocytosis of vesicles both of which display altered expression in
mouse models and human cell lines of HD (Morton and Edwardson 2001; Smith
et al. 2005). Finding additional roles for HTT at the synapse reinforces the concept of
HTT as a positive regulator of neuronal cell survival and function.

3 Mutant Huntingtin

3.1 The Mutation

As previously discussed in the introduction, the causative mutation in HD is a CAG
trinucleotide repeat expansion in the HTT gene. This CAG expansion is localized in
exon 1 of the HTT gene; when the gene is translated into the HTT protein, the
expansion results in an expanded polyglutamine stretch. The CAG expansion itself is
a dynamic mutation, with the length of the CAG changing both between generations
and within different cells in an individual. With longer expansions, there is a pre-
disposition toward lengthening of the CAG repeat versus shortening (MacDonald
et al. 1999; Djoussé et al. 2004; Chattopadhyay et al. 2005). HD patients have a HIT
allele that contains at least 39 CAG repeats, and this is quite longer than the average
17-20 repeats found on most WT alleles (Warby et al. 2009). Patients with longer
repeats, on average, have an earlier age of onset and a more severe phenotype. This
inverse correlation between length and age of onset accounts for between 60 and
70 % of the variance in age of onset of HD patients (Andrew et al. 1993).

The inverse correlation between CAG repeat length and age of onset and the
dynamic nature of this mutation combine to create the phenomenon of anticipation
in HD families. Anticipation is defined as the phenomenon where subsequent
generations of family members experience earlier ages of onset or more severe
disease than their ancestors. Anticipation is also a concern for individuals carrying
so-called intermediate alleles, 27-35 CAGs. It has been found that a specific genetic
haplotype is found on 95 % of HD alleles and this same haplotype is overrepre-
sented on intermediate alleles compared to wild-type alleles (Andrew et al. 1993).
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This suggests that there may be predisposing factors present in this haplotype that
increase the instability of the CAG repeat. As the CAG lengths on these interme-
diate alleles further expand/contract as they traverse generations, it is expected that
they will eventually lead to fully expanded HD alleles and new proband patients
and families.

3.2 Mutant Huntingtin Toxicity

3.2.1 Gain of Function and Loss of Function

Given that the CAG repeat expansion results in an expanded polyglutamine tract
which affects the conformation of the HTT protein, it is important to understand
how the altered polyglutamine tract affects the function of the protein. As we will
discuss in the following sections, the HD mutation does not appear to be a complete
loss of function but is primarily a novel toxic gain of function mutation, although
elements of both appear to play a role in HD pathogenesis. It is interesting to note
that while the mutation may affect certain aspects of wild-type HTT function, the
mutant protein appears to retain much of the basic function of the wild-type protein.
This is best displayed in Hdh knockout mice that, as mentioned above, are
embryonic lethal; however, if mutant HTT is added back to these mice, they survive
and their early development remains normal (Van Raamsdonk et al. 2005a).

In addition, individuals who are homozygous for the mutant allele develop
normally and have no apparent defects until later on in life (Wexler et al. 1987,
Myers et al. 1989). It appears, at least early in development, that mutant HTT
performs all the functions of wild-type HTT, and it is only later that the CAG
expansion may interfere with wild-type function. As discussed in the previous
section, postnatal removal of wild-type HTT in mature neurons results in cellular
death, and mutant HTT also causes similar cellular death, indicating that perhaps
loss of the wild-type function due to the CAG expansion is having a similar effect.
It is likely that the combination of loss of wild-type HTT function as well as new
toxic gain of function by mutant HTT that results in the phenotype seen in HD.

3.2.2 Protein Aggregation

Before furthering our discussion of the effect, the CAG expansion has on the HTT
protein the issue of HTT inclusions or aggregates must be addressed. Protein
aggregates that are visible on pathologic examination were first described in mouse
models of HD and were then later observed in HD patients (Davies et al. 1997).
These aggregates are made up of insoluble proteins, of which HTT is a main
component—however, other proteins have been found in the aggregates as well. It
was only after the identification of these aggregates in mouse models that they were
identified in HD patient brain tissues as well. The presence of these misfolded
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protein aggregates places HD within the family of neurodegenerative diseases
including Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral scle-
rosis (ALS) as diseases that have a proteinopathy as their putative pathologic basis. It
was initially believed that these insoluble protein aggregates were directly patho-
genic and contributed to the neurodegeneration seen in HD. This view has changed
as it has been found that the cells containing these aggregates are not necessarily the
ones that are dying. In fact, it appears that cells that do not form aggregates are more
sensitive to neurotoxicity (Gauthier et al. 2004). This suggests that the aggregates
may in fact be a natural compensatory mechanism that protects neurons from
degeneration. The regional expression of huntingtin and the pattern and timing of
inclusion formation do not correlate with selective neurodegeneration in HD and are
not thought to be primary determinants of pathology. In addition, not all mouse
models of HD demonstrate aggregate formation concurrent with neuronal cell loss,
further providing evidence that the insoluble aggregates seen in HD are not neces-
sarily causative of disease (Arrasate et al. 2004; Van Raamsdonk et al. 2005b).

3.2.3 Cleavage of Mutant HTT

As discussed in the wild-type section, the HTT protein is cleaved at several sites,
generating fragments of different lengths. Mutant HTT is also cleaved, although in
addition to the wild-type cleavage sites, it appears that mutant HTT is further cleaved
and generates additional fragments. These additional fragments are thought to be
the toxic species and contribute to disease pathogenesis. Reducing the activity of
caspases and calpains reduces the generation of these additional fragments and in turn
delays disease progression (Gafni and Ellerby 2002; Gafni et al. 2004). In addition to
altered cleavage of the HTT protein, it has been found that alternate splicing of the
mutant HTT allele also produces a short exon 1 mRNA that is later translated into a
exon 1 fragment (Mende-Mueller et al. 2001; Sathasivam et al. 2013).

3.2.4 Mutant HTT and BDNF

As discussed in the previous section, HTT plays a role in the regulation and
transport of BDNF. It is therefore unsurprising to find that the mutant CAG
expansion alters the relationship between HTT and BNDF. The CAG expansion
prevents HTT from stimulating BDNF transcription in cortical neurons. This is due
to mutant HTT’s inability to sequester REST/NRSF in the cytoplasm, which allows
it to translocate to the nucleus and repress BDNF transcription (Zuccato et al. 2001,
2003). Mutant HTT also represses BDNF vesicular trafficking along microtubules,
resulting in less BDNF being transported from the cortex to the striatum (Gauthier
et al. 2004). This reduction in the amount of BDNF reaching the striatum may
account for the selective degeneration of striatal neurons seen in HD. This
hypothesis is supported by evidence from mice with conditional knockout of BDNF
in the cortex (Baquet et al. 2004). These mice have decreased cortical and striatal
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volumes and morphological differences in MSN numbers. In addition, using an
exon 1 fragment mouse model of HD, R6/1, in combination with only one func-
tional BDNF allele caused an earlier onset of phenotype and enhancement of motor
abnormalities compared to R6/1 mice with two functional BDNF alleles (Canals
et al. 2004; Pineda et al. 2005).

3.2.5 Transcriptional Dysregulation

As was mentioned in the wild-type function section of this chapter, HTT regulates
BDNF transcription through its interaction with the transcriptional repressor REST.
Given this known interaction with a transcriptional regulator, it is unsurprising to
find that in its mutated form, HTT disrupts the normal expression of not only BDNF
but a multitude of other genes regulated by REST including non-coding RNAs
(Zuccato et al. 2007; Johnson et al. 2008). The transcriptional dysregulation seen in
HD is not localized to REST-regulated genes alone. The conformational changes
conferred by the CAG repeat result in mutant HTT abnormally interacting with
several other transcription factors, resulting in widespread transcriptional changes.
These transcription factors include TATA-binding protein/TFIID, TAFII130 (a
coactivator in CREB-dependent transcription), SP1, p53, and nuclear receptor
corepressor (NCoR) (Boutell et al. 1999; Steffan et al. 2000; Shimohata et al. 2000;
Dunah et al. 2002). Mutant HTT further affects transcriptional regulation by
interacting with CBP and the p300/CBP-associated factor P/CAF which are
involved in chromatin remodeling through posttranslational modification of his-
tones (Boutell et al. 1999; Steffan et al. 2000). In total, more than 81 % of striatal-
enriched genes are downregulated in both mouse models and human HD caudate
samples, signifying the impact this dysregulation has on disease pathogenesis
(Desplats et al. 2006).

3.2.6 Mitochondrial Dysfunction

As mentioned briefly in the clinical features section of this chapter, HD patients
experience metabolic abnormalities and evidence for energetic dysfunction. A main
contributing factor to these symptoms is mutant HTT’s effect on mitochondria.
Mutant HTT has been found to increase mitochondrial fragmentation, disrupt the
biogenesis and trafficking of mitochondria, and lower mitochondrial membrane
potential (Panov et al. 2003; Chang et al. 2006; Milakovic et al. 2006; Wang et al.
2009). ATP production by mitochondria has also been found to be altered in the
presence of mutant HTT via reduced expression of oxidative phosphorylation
enzymes that mediate the production of ATP (Gu et al. 1996; Benchoua et al.
2006). In line with the transcriptional dysregulation discussed above, mutant HTT’s
abnormal interaction with transcription factors required for CREB-dependent
transcription factors results in the downregulation of PGCl-a, a well-characterized
regulator of mitochondrial biogenesis (Cui et al. 2006). Mutant HTT also prevents
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mitochondria from regulating cellular calcium homeostasis. This results in ineffi-
cient respiration, lowered levels of calcium capacity in mitochondria, and sensi-
tivity to increases in calcium resulting from glutamate excitotoxicity as discussed
below (Milakovic et al. 2006; Fernandes et al. 2007).

3.2.7 Excitotoxicity in HD

Excitotoxicity specifically refers to neuronal death induced via overstimulation by
excitatory neurotransmitters and is proposed to be a major contributor to the
selective neurodegeneration of MSNs in HD. MSNs primarily receive excitatory
glutamatergic input from the cortex and are particularly sensitive to toxicity induced
from the glutamate analogues quinolinic and kainic acid (McGeer and McGeer 1976;
Schwarcz et al. 1984). Glutamate activates receptors including the NMDA receptor,
which transports calcium into the neuron. Mutant HTT disrupts mitochondrial cal-
cium homeostasis, making neurons more sensitive to changes in calcium levels
including calcium influx from NMDA receptor stimulation. NMDA receptors are
composed of two subunits, one of which, NR2, has two main subtypes, A and B, that
react differently to the presence of mutant HTT. NMDA receptors containing NR2B
influx more calcium in the presence of mutant HTT when stimulated, and this
subtype can be found in tissues with higher vulnerability to mutant HTT (Li et al.
2003, 2004). The subcellular localization and posttranslational modification of
NMDA receptors are also known to alter the specific type of response induced by
stimulation. NMDA receptors are located both in the synaptic and in the extra-
synaptic plasma membranes, and this localization is specified through posttransla-
tional modification. Cleavage of the C-terminus by calpain and de-phosphorylation
of NMDA receptor subunits by the phosphatase STEP result in reduced NMDA
receptor localization to the synaptic membrane (Gladding et al. 2012). Both calpain
and STEP are expressed at higher levels in the presence of mutant HTT and may
explain the higher frequency of extra-synaptic NMDA receptors seen in HD mouse
models (Cowan et al. 2008; Graham et al. 2009).

3.2.8 RNA Toxicity

The predominant view in the field of HD research is that the HD mutation confers a
novel structural or functional change in the HTT protein and it is the change in the
protein conformation that results in pathogenesis. The prevailing view of HD
pathogenesis may be challenged by recent findings implicating a potential role of
mutant RNA transcripts in mutant HTT toxicity. The majority of our understanding
of RNA toxicity comes from studying the CTG expansion in myotonic dystrophy
type 1 (DM1) (Fiszer and Krzyzosiak 2013). In DM, the CTG expansion in
patients ranges from 50 to 3,000 repeats present in the untranslated region of the
dystrophia myotonica protein kinase gene and it is the presence of this repeat in
the mRNA transcript of the mutated allele that causes pathogenesis. While the
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threshold of repeats differs greatly between HD and DM1, with DM1 being higher,
there remains a significant proportion of HD alleles with repeat sizes within the
pathogenic range seen in DMI1. In addition, analysis of the hairpin structures
generated by CAG and CUG (remember that during transcription, Ts are tran-
scribed as Us, converting a CTG repeat into a CUG repeat) repeats is similar
(Jasinska et al. 2003; Sobczak et al. 2003). In both cases, CAG and CUG repeats of
normal length form small and unstable hairpins and larger repeats form longer and
more stable ones, respectively.

By comparing RNA molecules carrying either pure CAG repeats or CAG repeats
interrupted by CAA codons (both codons translate to glutamine, but the CAA
codon is unable to form hairpins) in Drosophila, it was found that the CAA-
interrupted molecules produced less neurodegenerative features (Sobczak et al.
2003). In addition, studies looking at expanded CAG repeats in human HelL.a and
SK-N-MC cells showed formation of nuclear RNA foci and alternative splicing,
hallmarks found in DM1 (Mykowska et al. 2011). HTT transcripts have also been
found in RNA foci in human HD fibroblasts (Fiszer and Krzyzosiak 2013).
Aberrant splicing of the HTT gene has also been attributed to the CAG expansion
using a similar mechanism of RNA toxic gain of function seen in DM1 (Sathasivam
et al. 2013).

RNAi mechanisms have also been implicated in HD, with studies in drosophila
showing that coexpression of expanded complementary CAG and CUG repeats
results in dsRNA that is cleaved by the Dicer-2 pathway forming CAG/CUG
siRNA that causes neurodegeneration (Yu et al. 2011; Lawlor et al. 2011). This
finding is collaborated by studies on the antisense HTT transcript, which contains a
CUG repeat and has been shown to regulate sense HTT transcription in a repeat-
dependent manner and is dependent on the Dicer and RISC pathways (Chung et al.
2011). In addition to this evidence, it has been shown in human cell lines that
expanded CAG repeats flanked by the HTT exon 1 sequence generate small RNA
species through Dicer and cause a downstream silencing of genes through Ago-2
(Bafiez-Coronel et al. 2012). These effects were only seen in CAG repeats and not
in CAA repeats.

The potential contribution of RNA toxicity to HD disease pathogenesis is a new
area of research in the field of HD, and it will take time to develop the necessary
tools to study the potential role of RNA toxicity in vivo.

4 Concluding Remarks

In this chapter, we have endeavored to give the reader an overview of the clinical
features of HD, an appreciation of our current knowledge of the HTT gene and
protein function, and finally a perspective on how the CAG repeat expansion
mutation in the HTT gene causes HD. As with any review, it is impossible to cover
every aspect of the current literature and there is important research that has not
been covered here due to restrictions of space. We have highlighted the complex
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structure and posttranslational processing of the HTT protein and outlined multiple
proposed functions of the wild-type HTT protein. The potential neurotoxic effects
of the CAG mutation in HD, how this may affect the HTT protein or mRNA, and
how this may contribute to disease pathogenesis were reviewed.

The scientific community has known of the HTT gene and the CAG mutation
that causes HD for over 20 years now, and it is understandable to expect that
treatments and cures for HD should be progressing quickly—if not already avail-
able. Unfortunately, given the complexity and uniqueness of the HTT protein,
which we have attempted to highlight throughout this chapter, this is not the case.
There are currently no approved treatments aimed at reducing or eliminating HD
pathogenesis. Current treatments for HD consist of drugs aimed at alleviating
symptoms of the disease. This shortage of treatment options is not due to lack of
effort from the scientific community, but due to the unique challenges that HD
presents. We hope that the reader comes away from this chapter with a greater
appreciation of the complexities of the HTT gene, for the diverse functions of the
huntingtin protein, and the unique challenges facing researchers studying the effects
of the HD mutation and developing novel treatment strategies for this devastating
neurodegenerative disorder.

References

Altar CA, Cai N, Bliven T et al (1997) Anterograde transport of brain-derived neurotrophic factor
and its role in the brain. Nature 389:856—860. doi:10.1038/39885

Andrade MA, Bork P (1995) HEAT repeats in the Huntington’s disease protein. Nat Genet
11:115-116. doi:10.1038/ng1095-115

Andrew SE, Goldberg YP, Kremer B et al (1993) The relationship between trinucleotide (CAG)
repeat length and clinical features of Huntington's disease. Nat Genet 4:398—403. doi:10.1038/
ng0893-398

Arrasate M, Mitra S, Schweitzer ES et al (2004) Inclusion body formation reduces levels of mutant
huntingtin and the risk of neuronal death. Nature 431:805-810. doi:10.1038/nature02998

Baiez-Coronel M, Porta S, Kagerbauer B et al (2012) A pathogenic mechanism in Huntington’s
disease involves small CAG-repeated RNAs with neurotoxic activity. PLoS Genet 8:¢1002481.
doi:10.1371/journal.pgen.1002481

Baquet ZC, Gorski JA, Jones KR (2004) Early striatal dendrite deficits followed by neuron loss
with advanced age in the absence of anterograde cortical brain-derived neurotrophic factor.
J Neurosci 24:4250-4258. doi:10.1523/JNEUROSCI.3920-03.2004

Baxendale S, Abdulla S, Elgar G et al (1995) Comparative sequence analysis of the human and
pufferfish Huntington’s disease genes. Nat Genet 10:67-76. doi:10.1038/ng0595-67

Bemelmans AP, Horellou P, Pradier L et al (1999) Brain-derived neurotrophic factor-mediated
protection of striatal neurons in an excitotoxic rat model of Huntington’s disease, as
demonstrated by adenoviral gene transfer. Hum Gene Ther 10:2987-2997. doi:10.1089/
10430349950016393

Benchoua A, Trioulier Y, Zala D et al (2006) Involvement of mitochondrial complex II defects in
neuronal death produced by N-terminus fragment of mutated huntingtin. Mol Biol Cell
17:1652-1663. doi:10.1091/mbc.E05-07-0607

Boutell JM, Thomas P, Neal JW et al (1999) Aberrant interactions of transcriptional repressor
proteins with the Huntington’s disease gene product, huntingtin. Hum Mol Genet 8:1647-1655


http://dx.doi.org/10.1038/39885
http://dx.doi.org/10.1038/ng1095-115
http://dx.doi.org/10.1038/ng0893-398
http://dx.doi.org/10.1038/ng0893-398
http://dx.doi.org/10.1038/nature02998
http://dx.doi.org/10.1371/journal.pgen.1002481
http://dx.doi.org/10.1523/JNEUROSCI.3920-03.2004
http://dx.doi.org/10.1038/ng0595-67
http://dx.doi.org/10.1089/10430349950016393
http://dx.doi.org/10.1089/10430349950016393
http://dx.doi.org/10.1091/mbc.E05-07-0607

96 R.A.G. De Souza and B.R. Leavitt

Canals JM, Pineda JR, Torres-Peraza JF et al (2004) Brain-derived neurotrophic factor regulates the
onset and severity of motor dysfunction associated with enkephalinergic neuronal degeneration
in Huntington’s disease. J Neurosci 24:7727-7739. doi:10.1523/JNEUROSCI.1197-04.2004

Chang DTW, Rintoul GL, Pandipati S, Reynolds 1J (2006) Mutant huntingtin aggregates impair
mitochondrial movement and trafficking in cortical neurons. Neurobiol Dis 22:388-400.
doi:10.1016/j.nbd.2005.12.007

Chattopadhyay B, Baksi K, Mukhopadhyay S, Bhattacharyya NP (2005) Modulation of age at
onset of Huntington disease patients by variations in TP53 and human caspase activated DNase
(hCAD) genes. Neurosci Lett 374:81-86. doi:10.1016/j.neulet.2004.10.018

Chung DW, Rudnicki DD, Yu L, Margolis RL (2011) A natural antisense transcript at the
Huntington's disease repeat locus regulates HTT expression. Hum Mol Genet 20:3467-3477.
doi:10.1093/hmg/ddr263

Cowan CM, Fan MMY, Fan J et al (2008) Polyglutamine-modulated striatal calpain activity in
YAC transgenic huntington disease mouse model: impact on NMDA receptor function and
toxicity. J Neurosci 28:12725-12735. doi:10.1523/INEUROSCL4619-08.2008

Craufurd D, Snowden JS (2002) Neuropsychological and neuropsychiatric aspects of Huntington’s
disease. In: Harper P, Bates G, Jones L (eds) Huntington’s disease, 3rd edn. Oxford University
Press, Oxford, pp 62-94

Cui L, Jeong H, Borovecki F et al (2006) Transcriptional repression of PGC-lalpha by mutant
huntingtin leads to mitochondrial dysfunction and neurodegeneration. Cell 127:59-69. doi:10.
1016/j.cell.2006.09.015

Davies SW, Turmaine M, Cozens BA et al (1997) Formation of neuronal intranuclear inclusions
underlies the neurological dysfunction in mice transgenic for the HD mutation. Cell
90:537-548

Desplats PA, Kass KE, Gilmartin T et al (2006) Selective deficits in the expression of striatal-
enriched mRNAs in Huntington's disease. J Neurochem 96:743-757. doi:10.1111/.1471-4159.
2005.03588.x

Djoussé L, Knowlton B, Hayden MR et al (2004) Evidence for a modifier of onset age in
Huntington disease linked to the HD gene in 4p16. Neurogenetics 5:109-114. doi:10.1007/
$10048-004-0175-2

Dunah AW, Jeong H, Griffin A et al (2002) Spl and TAFII130 transcriptional activity disrupted in
early Huntington's disease. Science 296:2238-2243. doi:10.1126/science.1072613

Duyao MP, Auerbach AB, Ryan A et al (1995) Inactivation of the mouse Huntington’s disease
gene homolog Hdh. Science 269:407-410

Ehrnhoefer DE, Sutton L, Hayden MR (2011) Small changes, big impact: posttranslational
modifications and function of huntingtin in Huntington disease. Neuroscientist 17:475-492.
doi:10.1177/1073858410390378

Feng Z, Jin S, Zupnick A et al (2006) p53 tumor suppressor protein regulates the levels of
huntingtin gene expression. Oncogene 25:1-7. doi:10.1038/sj.onc.1209021

Fernandes HB, Baimbridge KG, Church J et al (2007) Mitochondrial sensitivity and altered
calcium handling underlie enhanced NMDA-induced apoptosis in YAC128 model of
Huntington's disease. J Neurosci 27:13614-13623. doi:10.1523/INEUROSCI.3455-07.2007

Fiszer A, Krzyzosiak WJ (2013) RNA toxicity in polyglutamine disorders: concepts, models, and
progress of research. J Mol Med 91:683-691. doi:10.1007/s00109-013-1016-2

Gafni J, Ellerby LM (2002) Calpain activation in Huntington's disease. J Neurosci 22:4842-4849

Gafni J, Hermel E, Young JE et al (2004) Inhibition of calpain cleavage of huntingtin reduces
toxicity: accumulation of calpain/caspase fragments in the nucleus. J Biol Chem
279:20211-20220. doi:10.1074/jbc.M401267200

Gauthier LR, Charrin BC, Borrell-Pagés M et al (2004) Huntingtin controls neurotrophic support
and survival of neurons by enhancing BDNF vesicular transport along microtubules. Cell
118:127-138. doi:10.1016/j.cell.2004.06.018

Gissi C, Pesole G, Cattaneo E, Tartari M (2006) Huntingtin gene evolution in Chordata and its
peculiar features in the ascidian Ciona genus. BMC Genomics 7:288. doi:10.1186/1471-2164-
7-288


http://dx.doi.org/10.1523/JNEUROSCI.1197-04.2004
http://dx.doi.org/10.1016/j.nbd.2005.12.007
http://dx.doi.org/10.1016/j.neulet.2004.10.018
http://dx.doi.org/10.1093/hmg/ddr263
http://dx.doi.org/10.1523/JNEUROSCI.4619-08.2008
http://dx.doi.org/10.1016/j.cell.2006.09.015
http://dx.doi.org/10.1016/j.cell.2006.09.015
http://dx.doi.org/10.1111/j.1471-4159.2005.03588.x
http://dx.doi.org/10.1111/j.1471-4159.2005.03588.x
http://dx.doi.org/10.1007/s10048-004-0175-2
http://dx.doi.org/10.1007/s10048-004-0175-2
http://dx.doi.org/10.1126/science.1072613
http://dx.doi.org/10.1177/1073858410390378
http://dx.doi.org/10.1038/sj.onc.1209021
http://dx.doi.org/10.1523/JNEUROSCI.3455-07.2007
http://dx.doi.org/10.1007/s00109-013-1016-2
http://dx.doi.org/10.1074/jbc.M401267200
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1186/1471-2164-7-288
http://dx.doi.org/10.1186/1471-2164-7-288

Neurobiology of Huntington’s Disease 97

Gladding CM, Sepers MD, Xu J et al (2012) Calpain and STriatal-Enriched protein tyrosine
phosphatase (STEP) activation contribute to extrasynaptic NMDA receptor localization in a
Huntington's disease mouse model. Hum Mol Genet 21:3739-3752. doi:10.1093/hmg/dds154

Goldberg YP, Nicholson DW, Rasper DM et al (1996) Cleavage of huntingtin by apopain, a
proapoptotic cysteine protease, is modulated by the polyglutamine tract. Nat Genet
13:442-449. doi:10.1038/ng0896-442

Gonitel R, Moffitt H, Sathasivam K et al (2008) DNA instability in postmitotic neurons. Proc Natl
Acad Sci USA 105:3467-3472. doi:10.1073/pnas.0800048105

Graham RK, Pouladi MA, Joshi P et al (2009) Differential susceptibility to excitotoxic stress in
YAC128 mouse models of Huntington disease between initiation and progression of disease.
J Neurosci 29:2193-2204. doi:10.1523/JNEUROSCI.5473-08.2009

Gu M, Gash MT, Mann VM et al (1996) Mitochondrial defect in Huntington's disease caudate
nucleus. Ann Neurol 39:385-389. doi:10.1002/ana.410390317

Hedreen JC, Peyser CE, Folstein SE, Ross CA (1991) Neuronal loss in layers V and VI of cerebral
cortex in Huntington's disease. Neurosci Lett 133:257-261

Holzmann C, Schmidt T, Thiel G et al (2001) Functional characterization of the human
Huntington's disease gene promoter. Brain Res Mol Brain Res 92:85-97

Huang K, Yanai A, Kang R et al (2004) Huntingtin-interacting protein HIP14 is a palmitoyl
transferase involved in palmitoylation and trafficking of multiple neuronal proteins. Neuron
44:977-986. doi:10.1016/j.neuron.2004.11.027

Humbert S, Bryson EA, Cordelieres FP et al (2002) The IGF-1/Akt pathway is neuroprotective in
Huntington's disease and involves Huntingtin phosphorylation by Akt. Dev Cell 2:831-837

Huntington G (1872) On Chorea. Med Surg Rep 26:317-321

Imarisio S, Carmichael J, Korolchuk V et al (2008) Huntington's disease: from pathology and
genetics to potential therapies. Biochem J 412:191-209. doi:10.1042/BJ20071619

Jasinska A, Michlewski G, de Mezer M et al (2003) Structures of trinucleotide repeats in human
transcripts and their functional implications. Nucleic Acids Res 31:5463-5468

Johnson R, Zuccato C, Belyaev ND et al (2008) A microRNA-based gene dysregulation pathway
in Huntington's disease. Neurobiol Dis 29:438-445. doi:10.1016/j.nbd.2007.11.001

Kalchman MA, Graham RK, Xia G et al (1996) Huntingtin is ubiquitinated and interacts with a
specific ubiquitin-conjugating enzyme. J Biol Chem 271:19385-19394

Lawlor KT, O’Keefe LV, Samaraweera SE et al (2011) Double-stranded RNA is pathogenic in
Drosophila models of expanded repeat neurodegenerative diseases. Hum Mol Genet
20:3757-3768. doi:10.1093/hmg/ddr292

Leavitt BR, Guttman JA, Hodgson JG et al (2001) Wild-type huntingtin reduces the cellular
toxicity of mutant huntingtin in vivo. Am J Hum Genet 68:313-324. doi:10.1086/318207

Leavitt BR, Van Raamsdonk JM, Shehadeh J et al (2006) Wild-type huntingtin protects neurons
from excitotoxicity. J Neurochem 96:1121-1129. doi:10.1111/j.1471-4159.2005.03605.x

Li L, Fan M, Icton CD et al (2003) Role of NR2B-type NMDA receptors in selective
neurodegeneration in Huntington disease. Neurobiol Aging 24:1113-1121

Li L, Murphy TH, Hayden MR, Raymond LA (2004) Enhanced striatal NR2B-containing
N-methyl-D-aspartate receptor-mediated synaptic currents in a mouse model of Huntington
disease. J Neurophysiol 92:2738-2746. doi:10.1152/jn.00308.2004

Lin B, Rommens JM et al (1993) Differential 3’ polyadenylation of the Huntington disease gene
results in two mRNA species with variable tissue expression. Hum Mol Genet 2
(10):1541-1545

Lin B, Nasir J, Kalchman MA et al (1995) Structural analysis of the 5’ region of mouse and human
Huntington disease genes reveals conservation of putative promoter region and di- and
trinucleotide polymorphisms. Genomics 25:707-715

Liot G, Zala D, Pla P et al (2013) Mutant Huntingtin alters retrograde transport of TrkB receptors
in striatal dendrites. J Neurosci 33:6298-6309. doi:10.1523/INEUROSCI.2033-12.2013

Luo S, Vacher C, Davies JE, Rubinsztein DC (2005) CdkS phosphorylation of huntingtin reduces
its cleavage by caspases: implications for mutant huntingtin toxicity. J Cell Biol 169:647-656.
doi:10.1083/jcb.200412071


http://dx.doi.org/10.1093/hmg/dds154
http://dx.doi.org/10.1038/ng0896-442
http://dx.doi.org/10.1073/pnas.0800048105
http://dx.doi.org/10.1523/JNEUROSCI.5473-08.2009
http://dx.doi.org/10.1002/ana.410390317
http://dx.doi.org/10.1016/j.neuron.2004.11.027
http://dx.doi.org/10.1042/BJ20071619
http://dx.doi.org/10.1016/j.nbd.2007.11.001
http://dx.doi.org/10.1093/hmg/ddr292
http://dx.doi.org/10.1086/318207
http://dx.doi.org/10.1111/j.1471-4159.2005.03605.x
http://dx.doi.org/10.1152/jn.00308.2004
http://dx.doi.org/10.1523/JNEUROSCI.2033-12.2013
http://dx.doi.org/10.1083/jcb.200412071

98 R.A.G. De Souza and B.R. Leavitt

MacDonald ME, Vonsattel JP, Shrinidhi J et al (1999) Evidence for the GluR6 gene associated
with younger onset age of Huntington’s disease. Neurology 53:1330-1332

Mahant N, McCusker EA, Byth K et al (2003) Huntington’s disease: clinical correlates of
disability and progression. Neurology 61:1085-1092

McGeer EG, McGeer PL (1976) Duplication of biochemical changes of Huntington's chorea by
intrastriatal injections of glutamic and kainic acids. Nature 263:517-519

Mende-Mueller LM, Toneff T, Hwang SR et al (2001) Tissue-specific proteolysis of Huntingtin
(htt) in human brain: evidence of enhanced levels of N- and C-terminal htt fragments in
Huntington’s disease striatum. J Neurosci 21:1830-1837

Milakovic T, Quintanilla RA, Johnson GVW (2006) Mutant huntingtin expression induces
mitochondrial calcium handling defects in clonal striatal cells: functional consequences. J Biol
Chem 281:34785-34795. doi:10.1074/jbc.M603845200

Mizuno K, Carnahan J, Nawa H (1994) Brain-derived neurotrophic factor promotes differentiation
of striatal GABAergic neurons. Dev Biol 165:243-256. doi:10.1006/dbio.1994.1250

Morton AJ, Edwardson JM (2001) Progressive depletion of complexin II in a transgenic mouse
model of Huntington’s disease. J Neurochem 76:166—172

Myers RH, Leavitt J, Farrer LA et al (1989) Homozygote for Huntington disease. Am J Hum
Genet 45:615-618

Mykowska A, Sobczak K, Wojciechowska M et al (2011) CAG repeats mimic CUG repeats in the
misregulation of alternative splicing. Nucleic Acids Res 39:8938-8951. doi:10.1093/nar/
gkr608

Nasir J, Floresco SB, O’Kusky JR et al (1995) Targeted disruption of the Huntington’s disease
gene results in embryonic lethality and behavioral and morphological changes in heterozy-
gotes. Cell 81:811-823

Panov AV, Burke JR, Strittmatter WJ, Greenamyre JT (2003) In vitro effects of polyglutamine
tracts on Ca2+-dependent depolarization of rat and human mitochondria: relevance to
Huntington’s disease. Arch Biochem Biophys 410:1-6

Pineda JR, Canals JM, Bosch M et al (2005) Brain-derived neurotrophic factor modulates
dopaminergic deficits in a transgenic mouse model of Huntington’s disease. J Neurochem
93:1057-1068. doi:10.1111/j.1471-4159.2005.03047.x

Pringsheim T, Wiltshire K, Day L et al (2012) The incidence and prevalence of Huntington's
disease: a systematic review and meta-analysis. Mov Disord 27:1083-1091. doi:10.1002/mds.
25075

Reiner A, Dragatsis I, Zeitlin S, Goldowitz D (2003) Wild-type huntingtin plays a role in brain
development and neuronal survival. Mol Neurobiol 28:259-276. doi:10.1385/MN:28:3:259

Rigamonti D, Bauer JH, De-Fraja C et al (2000) Wild-type huntingtin protects from apoptosis
upstream of caspase-3. J Neurosci 20:3705-3713

Rigamonti D, Sipione S, Goffredo D et al (2001) Huntingtin’s neuroprotective activity occurs via
inhibition of procaspase-9 processing. J Biol Chem 276:14545-14548. doi:10.1074/jbc.
C100044200

Sathasivam K, Neueder A, Gipson TA et al (2013) Aberrant splicing of HTT generates the
pathogenic exon 1 protein in Huntington disease. Proc Natl Acad Sci USA 110:2366-2370.
doi:10.1073/pnas.1221891110

Schwarcz R, Foster AC, French ED et al (1984) Excitotoxic models for neurodegenerative
disorders. Life Sci 35:19-32

Sheng M, Kim MJ (2002) Postsynaptic signaling and plasticity mechanisms. Science
298:776-780. doi:10.1126/science.1075333

Shimohata T, Nakajima T, Yamada M et al (2000) Expanded polyglutamine stretches interact with
TAFII130, interfering with CREB-dependent transcription. Nat Genet 26:29-36. doi:10.1038/
79139

Smith R, Petersén A, Bates GP et al (2005) Depletion of rabphilin 3A in a transgenic mouse model
(R6/1) of Huntington's disease, a possible culprit in synaptic dysfunction. Neurobiol Dis
20:673-684. doi:10.1016/j.nbd.2005.05.008


http://dx.doi.org/10.1074/jbc.M603845200
http://dx.doi.org/10.1006/dbio.1994.1250
http://dx.doi.org/10.1093/nar/gkr608
http://dx.doi.org/10.1093/nar/gkr608
http://dx.doi.org/10.1111/j.1471-4159.2005.03047.x
http://dx.doi.org/10.1002/mds.25075
http://dx.doi.org/10.1002/mds.25075
http://dx.doi.org/10.1385/MN:28:3:259
http://dx.doi.org/10.1074/jbc.C100044200
http://dx.doi.org/10.1074/jbc.C100044200
http://dx.doi.org/10.1073/pnas.1221891110
http://dx.doi.org/10.1126/science.1075333
http://dx.doi.org/10.1038/79139
http://dx.doi.org/10.1038/79139
http://dx.doi.org/10.1016/j.nbd.2005.05.008

Neurobiology of Huntington’s Disease 99

Sobczak K, de Mezer M, Michlewski G et al (2003) RNA structure of trinucleotide repeats
associated with human neurological diseases. Nucleic Acids Res 31:5469-5482

Spargo E, Everall IP, Lantos PL (1993) Neuronal loss in the hippocampus in Huntington’s disease:
a comparison with HIV infection. J Neurol Neurosurg Psychiatr 56:487-491

Steffan JS, Kazantsev A, Spasic-Boskovic O et al (2000) The Huntington’s disease protein
interacts with p53 and CREB-binding protein and represses transcription. Proc Natl Acad Sci
USA 97:6763-6768. doi:10.1073/pnas.100110097

Steffan JS, Agrawal N, Pallos J et al (2004) SUMO modification of Huntingtin and Huntington’s
disease pathology. Science 304:100-104. doi:10.1126/science.1092194

Takano H, Gusella JF (2002) The predominantly HEAT-like motif structure of huntingtin and its
association and coincident nuclear entry with dorsal, an NF-kB/Rel/dorsal family transcription
factor. BMC Neurosci 3:15

Tanaka K, Shouguchi-Miyata J, Miyamoto N, Ikeda J-E (2004) Novel nuclear shuttle proteins,
HDBP1 and HDBP2, bind to neuronal cell-specific cis-regulatory element in the promoter for
the human Huntington’s disease gene. J Biol Chem 279:7275-7286. doi:10.1074/jbc.
M310726200

Tartari M, Gissi C, Sardo Lo V et al (2008) Phylogenetic comparison of huntingtin homologues
reveals the appearance of a primitive polyQ in sea urchin. Mol Biol Evol 25:330-338. doi:10.
1093/molbev/msm258

The Huntington’s Disease Collaborative Research Group (1993) A novel gene containing a
trinucleotide repeat that is expanded and unstable on Huntington’s disease chromosomes. Cell
72(6):971-983

Van Raamsdonk JM, Pearson J, Rogers DA et al (2005a) Loss of wild-type huntingtin influences
motor dysfunction and survival in the YAC128 mouse model of Huntington disease. Hum Mol
Genet 14:1379-1392. doi:10.1093/hmg/ddi147

Van Raamsdonk JM, Pearson J, Slow EJ et al (2005b) Cognitive dysfunction precedes
neuropathology and motor abnormalities in the YAC128 mouse model of Huntington's disease.
J Neurosci 25:4169-4180. doi:10.1523/JNEUROSCI.0590-05.2005

Van Raamsdonk JM, Murphy Z, Selva DM et al (2007) Testicular degeneration in Huntington
disease. Neurobiol Dis 26:512-520. doi:10.1016/j.nbd.2007.01.006

Ventimiglia R, Mather PE, Jones BE, Lindsay RM (1995) The neurotrophins BDNF, NT-3 and
NT-4/5 promote survival and morphological and biochemical differentiation of striatal neurons
in vitro. Eur J Neurosci 7:213-222

Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol Exp Neurol 57:369-384

Wang H, Lim PJ, Karbowski M, Monteiro MJ (2009) Effects of overexpression of huntingtin
proteins on mitochondrial integrity. Hum Mol Genet 18:737-752. doi:10.1093/hmg/ddn404

Wang R, Luo Y, Ly PTT et al (2012) Spl regulates human huntingtin gene expression. J Mol
Neurosci. doi:10.1007/s12031-012-9739-z

Warby SC, Chan EY, Metzler M et al (2005) Huntingtin phosphorylation on serine 421 is
significantly reduced in the striatum and by polyglutamine expansion in vivo. Hum Mol Genet
14:1569-1577. doi:10.1093/hmg/ddi165

Warby SC, Montpetit A, Hayden AR et al (2009) CAG expansion in the Huntington disease gene
is associated with a specific and targetable predisposing haplogroup. Am J Hum Genet
84:351-366. doi:10.1016/j.ajhg.2009.02.003

Wellington CL, Ellerby LM, Hackam AS et al (1998) Caspase cleavage of gene products
associated with triplet expansion disorders generates truncated fragments containing the
polyglutamine tract. J Biol Chem 273:9158-9167

Wexler NS, Young AB, Tanzi RE et al (1987) Homozygotes for Huntington’s disease. Nature
326:194-197. doi:10.1038/326194a0

White JK, Auerbach W, Duyao MP et al (1997) Huntingtin is required for neurogenesis and is not
impaired by the Huntington's disease CAG expansion. Nat Genet 17:404-410. doi:10.1038/
ngl297-404

Xia J, Lee DH, Taylor J et al (2003) Huntingtin contains a highly conserved nuclear export signal.
Hum Mol Genet 12:1393-1403


http://dx.doi.org/10.1073/pnas.100110097
http://dx.doi.org/10.1126/science.1092194
http://dx.doi.org/10.1074/jbc.M310726200
http://dx.doi.org/10.1074/jbc.M310726200
http://dx.doi.org/10.1093/molbev/msm258
http://dx.doi.org/10.1093/molbev/msm258
http://dx.doi.org/10.1093/hmg/ddi147
http://dx.doi.org/10.1523/JNEUROSCI.0590-05.2005
http://dx.doi.org/10.1016/j.nbd.2007.01.006
http://dx.doi.org/10.1093/hmg/ddn404
http://dx.doi.org/10.1007/s12031-012-9739-z
http://dx.doi.org/10.1093/hmg/ddi165
http://dx.doi.org/10.1016/j.ajhg.2009.02.003
http://dx.doi.org/10.1038/326194a0
http://dx.doi.org/10.1038/ng1297-404
http://dx.doi.org/10.1038/ng1297-404

100 R.A.G. De Souza and B.R. Leavitt

Young FB, Butland SL, Sanders SS et al (2012) Putting proteins in their place: palmitoylation in
Huntington disease and other neuropsychiatric diseases. Prog Neurobiol 97:220-238. doi:10.
1016/j.pneurobio.2011.11.002

Yu Z, Teng X, Bonini NM (2011) Triplet repeat-derived siRNAs enhance RNA-mediated toxicity
in a Drosophila model for myotonic dystrophy. PLoS Genet 7:¢1001340. doi:10.1371/journal.
pgen.1001340

Zeitlin S, Liu JP, Chapman DL et al (1995) Increased apoptosis and early embryonic lethality in
mice nullizygous for the Huntington's disease gene homologue. Nat Genet 11:155-163. doi:10.
1038/ng1095-155

Zhang Y, Li M, Drozda M et al (2003) Depletion of wild-type huntingtin in mouse models of
neurologic diseases. J Neurochem 87:101-106

Zuccato C, Ciammola A, Rigamonti D et al (2001) Loss of huntingtin-mediated BDNF gene
transcription in Huntington’s disease. Science 293:493-498. doi:10.1126/science.1059581

Zuccato C, Tartari M, Crotti A et al (2003) Huntingtin interacts with REST/NRSF to modulate the
transcription of NRSE-controlled neuronal genes. Nat Genet 35:76-83. doi:10.1038/ng1219

Zuccato C, Belyaev N, Conforti P et al (2007) Widespread disruption of repressor element-1
silencing transcription factor/neuron-restrictive silencer factor occupancy at its target genes in
Huntington’s disease. J Neurosci 27:6972-6983. doi:10.1523/JNEUROSCIL.4278-06.2007


http://dx.doi.org/10.1016/j.pneurobio.2011.11.002
http://dx.doi.org/10.1016/j.pneurobio.2011.11.002
http://dx.doi.org/10.1371/journal.pgen.1001340
http://dx.doi.org/10.1371/journal.pgen.1001340
http://dx.doi.org/10.1038/ng1095-155
http://dx.doi.org/10.1038/ng1095-155
http://dx.doi.org/10.1126/science.1059581
http://dx.doi.org/10.1038/ng1219
http://dx.doi.org/10.1523/JNEUROSCI.4278-06.2007

Mouse Models of Huntington’s Disease

Simon P. Brooks and Stephen B. Dunnett

Abstract In this review, we explore the similarities and differences in the
behavioural neurobiology found in the mouse models of Huntington’s disease
(HD) and the human disease state. The review is organised with a comparative
focus on the functional domains of motor control, cognition and behavioural
disturbance (akin to psychiatric disturbance in people) and how our knowledge of
the underlying physiological changes that are manifest in the HD mouse lines
correspond to those seen in the HD clinical population. The review is framed in
terms of functional circuitry and neurotransmitter systems and how abnormalities
in these systems impact on the behavioural readouts across the mouse lines and
how these may correspond to the deficits observed in people. In addition, inter-
pretational issues associated with the data from animal studies are discussed.
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1 Introduction

Huntington’s disease (HD) is caused by an inherited mutation in the gene that codes
for the protein huntingtin (The Huntington’s disease collaborative research group
1993), resulting in a mutant protein (mHtt) containing an expanded polyglutamine
length. This CAG expansion induces a toxic gain of function when expanded over
the critical disease penetrance threshold of 39 CAG repeats. This single mutation
induces a distinctive neuropathological profile which, at a structural level, is
characterised primarily by the early loss of medium spiny neurons (MSNs) from the
caudate nucleus and progressive cortical atrophy (Vonsattel et al. 1985; de la Monte
et al. 1988; Graveland et al. 1985; Myers et al. 1991; Rosas et al. 2005), along with
white matter atrophy (Paulsen et al. 2006, 2010; Tabrizi et al. 2011). Moreover, at a
cellular level, the aggregation of mutant protein into insoluble aggregates within
striatal and cortical regions yields proteinaceous inclusions in affected neurons
(Gomez-Tortosa et al. 2001; DiFiglia et al. 1997; Roizin et al. 1974). As the disease
progresses, the cellular neurodegeneration spreads to other structures within and
beyond the basal ganglia, such as the putamen and cerebellum (Aylward et al. 2011;
Braak and Braak 1992a; Gomez-Tortosa et al. 2001; Rosas et al. 2002; Heinsen
etal. 1999; Rub et al. 2013). As the focal point of the disease is the caudate nucleus,
loss of these cells is associated with a behavioural syndrome characterised
by deficits in corticostriatal-mediated functions within the motor, cognitive and
psychiatric domains which become manifest from the earliest stage of the disease
(Lawrence et al. 1996, 1998, 1999, 2000; Snowden et al. 1998, 2001, 2002, 2003,
2008; Stout and Johnson 2005; Thompson et al. 2002, 2010, 2012; Labuschagne
et al. 2013; Novak et al. 2012; Stout et al. 2012; Tabrizi et al. 2013). Disease
progression broadens the spectrum of functional deficits as more brain regions
become affected. Death usually occurs between 15 and 20 years from clinical
diagnosis (Warby et al. 2008).

As the disease is caused by a single mutation it is highly amenable to modelling in
rodents, resulting in a number of mouse lines that were created with a variety of
constructs and promoters (see Table 1), around 10 of which are in widespread use
(Gray et al. 2008; Lin et al. 2001; Mangiarini et al. 1996; Menalled et al. 2003, 2012;
Schilling et al. 2007; Slow et al. 2003; Wheeler et al. 1999). Many of these mouse
lines demonstrate significant similarity at the behavioural, anatomical and gene
expression level with the human condition, but also significant differences. One of
the key issues in the field is to determine the neurobiological substrates that underlie
the behavioural observations that are reported. The purpose of this chapter is to place
mouse models of the disease into the context of the human condition; we will focus
on the motor and cognitive deficits and underlying aberrant neuronal circuitry found
in the HD mouse lines, and how these deficits relate to what we know of the neu-
robiology of the disease in humans. We start the review with a brief consideration of
issues associated with the interpretation of mouse behavioural data, followed by an
outline of the neuropathology of the HD basal ganglia, which then provides the
context for the succeeding sections on mouse behavioural neurobiology.
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2 Interpreting and Understanding Mouse Behavioural
Readouts

The neurobiological interpretation of motor dysfunction is confounded by the broad
nature of the motor system. For example, if we consider fine motor control, we
consider signals from the motor cortex being transmitted to the striatum and thalamus
where they are then sent to the cerebellum and/or descending motor neurons, and
then out to muscle. Cellular abnormalities at any point in this pathway can disrupt
motor performance, and whilst neurological examination in humans may provide
clues to the underlying locus of neuropathology, this is generally not possible in
rodents. As a result, the readouts from motor tasks in rodents are always open to a
number of interpretations, with researchers generally choosing the explanation that is
most in-keeping with the disease under investigation, often regardless of evidence of
broader pathology in the model. In contrast, the neurobiology of cognitive deficits is
more easily interpreted if the study is well designed, taking account of motor dis-
abilities for example. The circuits and brain structures that underlie cognitive
function tend to be well-defined through lesion and pharmacological studies that may
demonstrate specific patterns of performance deficit if disrupted by disease.

In HD, one of the current focusses of behavioural research is on the psychiatric
aspects of the disease. In this domain, core features of HD have been identified
with apathy and depression being the most predominant, but with others such as
irritability being common. In mouse models, these “behavioural” abnormalities
are difficult to probe due to the human nature of the target phenomena, but tests of
motivation and learned helplessness (behavioural despair) have been used in a
number of mouse lines, and it is clear from the literature that the underlying
neurochemical substrates (dopamine, glutamate, etc.) that mediate many of these
deficits are compromised in HD, as they are also in the mouse models (see below).
Unfortunately, interpretation of the results in the handful of relevant reports with
mice is difficult due to contamination by motor dysfunction in the most commonly
applied test of “depression-like” behaviour (the Porsolt forced swim task). The
absence of studies using more specific tests relevant to human affective or
behavioural deficit in mice means that the final section of this review is brief.

Finally, it should be noted that in reality the distinction among motor, cognitive
and psychiatric (behavioural) abnormalities is somewhat artificial, providing a
framework that allows us to conceptualise the different components of the disease,
but involving functional domains that overlap significantly. Dysfunction in a single
neuronal pathway is likely to contribute to the deficits across all functional
domains with functional readouts never being purely motoric, cognitive or
behavioural in nature. This said, with ongoing test development, the functional
readouts are becoming ever more refined and the work currently being produced in
HD mouse lines is often validated with secondary tests or pharmacological probes
to provide behavioural data with good face and predictive validity. A brief
overview of the human condition is presented below to provide a comparable
context for following the mouse studies.
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3 The Neurobiology of Movement in Huntington’s Disease

In primates the basal ganglia comprise of the neostriatum (caudate nucleus and
putamen divided by the internal capsule), the ventral striatum (nucleus accumbens
and olfactory tubercle), the internal and external globus pallidus and the ventral
pallidum, the substantia nigra and the subthalamic nucleus. The pathways inner-
vating these structures are highly conserved between mammalian species (see
Fig. la for the rodent brain). A first-order overview of the striatum would be to
view it as the major relay for descending cortical afferent neurons whose infor-
mation is channelled back to the cortex or to more distal brain regions via the
thalamus. However, within this simplified framework, there are pathways organ-
ised as distinct parallel circuits subserving operationally distinct behavioural
facets, mediated by the integration of cortical information that is then segregated
to form distinct descending cortico-striatal loops (Draganski et al. 2008; Lehericy
et al. 2004; Alexander et al. 1986, 1990). These pathways are then channelled via
the inhibitory GABAergic medium spiny output neurons of the basal ganglia to the
thalamus via the striatal “direct” pathway:

caudate [inhibitory] — globus pallidus parsinterna [inhibitory)
— thalamus [excitatory)

and “indirect” pathway:

caudate [inhibitory] — globus pallidus parsexterna [inhibitory] — subthalamicnucleus [excitatory]

— globuspallidus parsinterna [inhibitory] — thalamus [excitatory)

where they synapse at specific thalamic nuclei, thus defining the segregation of the
distinct cortico-striatal loops. This information is fed back to the cortex via
ascending excitatory axons that form feedback loops that regulate the cortical
source of each loop as well as open loop connections to output areas of premotor
and motor cortex and other brain areas such as the cerebellum and brainstem.

In HD brains, the reduction in dopamine D2 receptors has been considered as an
early marker of MSN dysregulation (Crook and Housman 2012). The selective
degeneration of enkephalin rich and dopamine D2 receptor containing neurons
from the caudate nucleus to the globus pallidus external reduces the inhibitory
control within the indirect pathway, such that the subthalamic nucleus becomes
more inhibited, reducing excitatory stimulation to the globus pallidus internal
which in turn has less inhibitory influence on the thalamus. This results in
increased glutamatergic feedback to the cortex which itself becomes overactive,
setting in place an overactive cortico-striato-thalamic feedback loop, resulting in
choreic movements. As the disease progresses, the choreic movements often
disappear to be replaced with hypoactivity, reflecting a more widespread and less
specific striatal neurodegeneration that includes the loss of MSNs in the dopamine
DI rich direct pathway, which induces an overarching loss of motor tone
throughout the motor circuits.
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(a) Direct and indirect striatal pathways (b) Cortico-striatal and thalmo-striatal topography
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Fig. 1 Simplified schematics of the neuroanatomical pathways of the rodent cortex and basal
ganglia. a The direct, indirect and hyperdirect pathways of the basal ganglia depicting the
organisation of corticostraital innnervation of thalamic nuclei, via specific striatal regions.
b Generalised topographical map of the functional relationship between the frontal cortex and the
striatum, illustrating motor, cognitive and behavioural (limbic) connectivity to thalamic nuclei.
¢ The ascending DA pathways that innervate the striatum and prefrontal cortex. ACC nucleus
accumbens, AM amygdala, CL central lateral thalamic nucleus, Ctx cortex, CPu caudate-
putamen, DL dorsolateral, GPe globus pallidus external, GPi globus pallidus internal, IMD
interomediodorsal thalamic nucleus, MDN medial dorsal nucleus, NAcc nucleus accumbens, PFC
prefrontal cortex, PV paraventricular thalamic nucleus, SNc substantia nigra pars compacta, SNr
substantia nigra, STN subthalamic nuclei, Thal thalamus, VL ventrolateral striatum, VTA ventral
tegmental area. (For reviews see Alexander et al. 1986, 1990; Bjorklund and Dunnett 2007;
Voorn et al. 2004)

Whilst the striatal neurodegeneration may be the initial site and most severely
affected brain region for HD neuropathology, the cerebral cortex is also recognised
as being severely affected at the early disease stage (Braak and Braak 1992a, b;
Heinsen et al. 1994; Rosas et al. 2002, 2005; Paulsen et al. 2006). Cortical cell loss
is most pronounced in the supragranuler layers of Brodmann’s areas, 1-3, 17 and
41 with cell loss most pronounced in layer III but also layer V (Heinsen et al.
1994). Precisely how this affects the development of motor dysfunction at the
different stages of disease [Vonsattel stages (Vonsattel et al. 1985)] is not known,
but it is likely that overt cell loss contributes to the hypoactivity of the later disease
stages through degradation of the descending glutamatergic tone. In addition to the
degeneration and/or atrophy of cortical and basal ganglia regions, there are reports
of thalamic and cerebellar neuron loss (Heinsen et al. 1999; Schmitz et al. 1999;
Rub et al. 2013), with cerebellar atrophy not correlating with the extent of striatal
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atrophy, but present in grade 2 brains and demonstrating neuronal intra-nuclear
inclusions (NIIs) (Rub et al. 2013).

Post-mortem studies suggest that the ascending nigrostriatal dopamine system
is intact in HD patients (Bird et al. 1980; Spokes 1980; Mann 1989), and that
dopamine-related movement problems in early disease stages are not related to
nigral degeneration per se but rather to loss of post-synaptic striatal neurons
expressing high levels of both D1 and D2 dopamine receptors (Kurlan et al. 1988).
However, reductions in dopamine D1 receptors on substantia nigra neurons have
been reported (Filloux et al. 1990; Cross and Rossor 1983), as has the wholesale
loss of CB1 receptors from the substantia nigra pars reticulate (Glass et al. 1993).
Whether the reductions in D1 and CB1 receptors in turn influence the progression
of neuropathology is not known.

In rodents, the internal capsule fibres that subdivide regions of the striatum into
discrete caudate and putamen nuclei in the human is arranged not as a sheet but as
multiple pencil-like fibre bundles, resulting in a single nucleus, the ‘striatum’. The
rodent striatum incorporates the caudate and putamen (dorsal, ‘caudate-putamen’ or
‘neostriatum’), and the nucleus accumbens and olfactory tubercle (or ‘ventral
striatum’), which has comparable functionality to the human striatal complex,
validating the use of rodent models for modelling basal ganglia disorders. Con-
versely, the closely associated internal and external parts of the globus pallidus that
make up a single structural nucleus in primates and carnivores, is more discretely
subdivided between the globus pallidus and entopeduncular nucleus in rodents
(equivalent to the pars externa and pars interna, respectively, of humans). Nev-
ertheless, it should be remembered that in spite of gross differences in macroscopic
anatomy, rodents and humans show similar organisation of the basal ganglia at the
levels of cell type, the pathways of axonal connectivity and molecules of neuro-
chemical signalling, providing conservation of functional pathways (Fig. 1b).

4 The Neurobiology of Motor Dysfunction in Mouse
Models of HD

Many mouse models of HD share many of the characteristics of the disease—
including mHtt aggregation, inclusion formations, cortical/striatal atrophy and
overt neuronal cell loss (Bayram-Weston et al. 2012a, b, c, d; Davies et al. 1997,
Heikkinen et al. 2012; Hickey et al. 2008; Mangiarini et al. 1996; Morton et al.
2000; Trueman et al. 2008; Van Raamsdonk et al. 2005a, b; Wheeler et al. 2000,
2002). Most of these mouse lines demonstrate pronounced behavioural disturbance
prior to reported cell loss (Brooks et al. 2012c; Lin et al. 2001; Mangiarini et al.
1996; Trueman et al. 2008, 2012b). Similarly, there is considerable debate relating
to the role of the aggregation and inclusion formations in the mouse brain, with the
currently predominant conceptualisation being that NIIs are manifestations of cell
survival mechanisms with the real pathological mechanism of the cell being more
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closely aligned with the soluble species of mHtt during the initial aggregation
stage (Miller et al. 2010; Saudou et al. 1998). As with cell loss, it is clear that
behavioural dysfunction can occur in advance of the signs of overt aggregation
neuropathology (Trueman et al. 2012b; Reddy et al. 1999), leading to the notion
that early stage disease is characterised by synaptic pathology—whether in the
pre-synaptic terminal or post-synaptic receptor changes (Gibson et al. 2005;
Twelvetrees et al. 2010; Ariano et al. 2002; Benn et al. 2005; Nithianantharajah
et al. 2008)—as well as other cellular process not directly related to the aggre-
gation process per se. An important study using the “shortstop” mouse demon-
strated widespread inclusion formation in the absence of behavioural symptoms
(Slow et al. 2005). In fact, studies on the human HD brain demonstrate relatively
few inclusions compared to the murine models (DiFiglia et al. 1997; Roizin et al.
1974; Bayram-Weston et al. 2012a, b, d). At the very least, aggregation of mHtt in
the mouse brain permits us to determine which populations of cells are affected at
any given time and allow us to map the spread of neuropathology throughout the
mouse brain, which can help to target behavioural assessments that probe for
specific abnormalities in affected circuits. With this in mind, the following section
examines the neurobiology of HD mouse lines in terms of dysfunction in neuronal
circuitry (Fig. 1a—c) with only the occasional reference to the effects of gross cell
loss or inclusion pathology.

Whilst there is clearly significant anatomical conservation between mammalian
species, there are substantial differences between the manifestation of HD in
people and the equivalent genetic syndrome as modelled in rodents. The most
obvious difference is that rodent models, whether lesion-based or genetically
modified, do not develop the choreic movements observed in people, although
there are reports of chorea in the highly inbred tgHD rat model (Temel et al. 2006).
However, there are many similarities between the rodent models and the human
condition, including the behavioural findings from HD mouse lines and people that
increased motor activation (chorea in patients) gives way to hypoactivity (apathy
in patients) as the disease advances (Menalled et al. 2003; Slow et al. 2003; Reddy
et al. 1999; Thompson et al. 2012). Evidence from an electrophysiological study
using corticostriatal projection neurons derived from YAC128 mice demonstrated
increased synaptic currents and glutamate release from 1 month of age which later
becomes reduced as the mice age (Joshi et al. 2009), consistent with the notion that
changes in striatal outputs drive motor signals though the cortex which is
expressed as disease-mediated changes in motor activation. In the case of the
YACI128 and HD89 mice, hyperactivity at a young age was reported that was
superceded by hypoactivity as the disease progressed (Slow et al. 2003; Reddy
et al. 1999), as was also reported for the HdhQ140 mice (Menalled et al. 2003).
However, such results tend to be inconsistently reported (Menalled et al. 2009;
Rising et al. 2011), with most HD mouse lines demonstrating a progressive decline
in motor activity levels as the disease progresses (Menalled et al. 2009; Heikkinen
et al. 2012; Rising et al. 2011). Consistent with the notion of disinhibition of
striatal activity underpinning hyperactivity, one study found increased spontaneous
GABAergic excitability in striatal tissue in both the knock-in zQ175 and the R6/2
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mouse lines (Dvorzhak et al. 2013), with increased excitability in the striatal
output neurons in zQ175 also being reported elsewhere (Heikkinen et al. 2012). It
should be noted that both the R6/2 and zQ175 lines fail to demonstrate the initial
motor hyperactivity demonstrated in the YAC128 and HdhQ140 lines. Never-
theless, increased glutamatergic neurotransmission through the cortex should
correspond to increased activity levels and vice versa, and since HD mouse lines
typically demonstrate reduced motor activation especially at late stages in the
disease, it should be expected that this would correspond to reduced cortical input
and output to the striatum. Several mouse lines demonstrate such an effect.
BACHD mice demonstrate a progressive decline in cortical activity from
3 months of age including reduced excitation prior to neuronal degeneration,
which corresponded to the onset of motor dysfunction (Spampanato et al. 2008).
Cortico-striatal dysfunction was found to be both AMPA and NMDA receptor
mediated in YAC128 mice (Milnerwood and Raymond 2007), as also reported for
the R6/2 mouse where reductions in glutamate receptor (AMPA and NMDA)
sensitivity were also present in cortical pyramidal cells at an early age (Andre et al.
2006). This dysfunction may be directly related to the mutant protein aggregation
in the cortical cells, rather than a downstream effect of striatal pathology since
expressing mutant Htt in neuronal cultures has been demonstrated to decrease the
frequency and amplitude of AMPA receptor-mediated synaptic transmission
(Mandal et al. 2011), and in the R6 mouse lines inclusion pathology is present
throughout the brain, including the cortex from an early age (Bayram-Weston et al.
2012b; Davies et al. 1997; Mangiarini et al. 1996). At the level of the striatum,
symptomatic R6/2 mice had marked passive and active MSN membrane potential
abnormalities including abnormal action potentials (Klapstein et al. 2001), and
both knock-in (CAG71 and CAG94) and transgenic (R6/2, YAC128) mouse
models have been found to be more sensitive to striatal NMDA receptor activation
than their wild-type littermates, suggesting that there are changes in NMDA
receptor function within striatal tissue (Cepeda et al. 2001; Levine et al. 1999;
Starling et al. 2005), in contrast to the decreased sensitivity in glutamate-mediated
neurotransmission found in the N171-Q82 neurons (Mandal et al. 2011). One study
was able to dissect NMDA-mediated toxicity from AMPA-mediated toxicity and
found that R6/1 and R6/2 mice were resistant to striatal NMDA but not AMPA
stimulation at the point where nuclear inclusions and behavioural deficits became
present (Hansson et al. 2001). Whilst the different mouse lines demonstrate
abnormalities in striatal and corticostriatal functioning, there is also great con-
sistency suggesting glutamate-mediated mechanisms are central to this dysfunc-
tion, and one study running a direct comparison between a transgenic (YAC128)
line and a knock-in (HdhQ140) mouse line found considerable similarities in MSN
dysfunction which included a lower frequency of spontaneous excitatory post-
synaptic currents and a greater frequency of inhibitory postsynaptic currents
(Cummings et al. 2010). It should be considered that general levels of activity
through the striatal output pathways are not simply related to glutamatergic
mechanisms alone but may also involve abnormalities within the MSNs that may
have non-glutamatergic causes such as disrupted trafficking of GABA receptors,
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as has been found in the N171-Q82 mouse line (Yuen et al. 2012). In addition,
other key modulators of striatal activity such as the dopamine and cholinergic
systems have also been found to be disrupted in HD mouse models with modu-
lators of these systems being used as therapeutic agents such as tetrabenazine (de
Tommaso et al. 2011; Pidgeon and Rickards 2013).

The selective loss of ascending nigrostriatal dopaminergic input into the stri-
atum induces the poverty of movement seen in Parkinson’s disease and may
contribute to motor output in HD. Theoretically MSN cell loss could result in loss
of dopamine sensitivity and alterations in dopamine-mediated GABAergic neu-
rotransmission in the absence of abnormalities in ascending nigrostriatal neurons,
but extracellular striatal dopamine levels have been found to be decreased in R6/2
and YACI128 mice as was dopamine release in response to an amphetamine
challenge (Callahan and Abercrombie 2011), suggesting that in some mouse lines
this is not the case. Similarly, dopamine levels were found to be reduced in R6/2
mice from 8 weeks of age with the dopamine metabolites 3-methoxytyramine and
homovanillic acid reduced in R6/2 mice at 4 weeks of age, when they are still
motorically asymptomatic (Mochel et al. 2011), consistent with other studies in
this strain (Ortiz et al. 2010; Hickey et al. 2002). Reductions in dopamine activity
were linked in some studies to a decline in motor performance in the R6/2 mice
including levels of motor activity, grooming and rotarod performance (Callahan
and Abercrombie 2011; Hickey et al. 2002). One study in BACHD mice has
demonstrated that early disease stereotypy was mediated by D1 receptor activa-
tion, which could be corrected with the administration of tetrabenazine or a
dopamine D1 antagonist (Andre et al. 2011), Moreover, R6/2 mice have been
found to have reduced LTP in dopamine sensitive cells (Kung et al. 2007).
However, it should be noted that a study examining striatal dopamine uptake by
microdialysis in freely moving R6/2 mice, found no difference between wild type
and R6/2 carriers. In this study, greater inhibition of the evoked release of ace-
tylcholine rather than dopamine was found in striatal tissue, suggesting cholinergic
interneurons were more sensitive to the disease (Vetter et al. 2003). It may be that
dopamine stimulation differentially effects cholinergic activity in wild type and
R6/2 mice since striatal cholinergic efflux was found to be unchanged in response
to a GABA agonist, but was reduced in R6/2 mice after a systemic injection of a
dopamine D1 agonist (Farrar et al. 2011). So, whilst it appears that the mutant Htt
affects the integrity of descending glutamatergic neurotransmission in cortico-
striatal neurons, dysfunction in ascending nigrostriatal efferent fibres and changes
in the sensitivity of striatal dopamine receptors are also key components of the
aberrant motor system in HD mouse models.

To further complicate this picture, loss of cannabinoid CB1 receptors, which
are highly expressed throughout the intact striatum, are one of the earliest post-
mortem markers of HD pathology (Allen et al. 2009; Glass et al. 2000; Van Laere
et al. 2010), a finding that has been replicated in the R6/1 (Dowie et al. 2009; Glass
et al. 2004), R6/2 (Bari et al. 2013; Chiodi et al. 2012) and YAC128 mouse lines,
but not in the BACHD mouse (Pouladi et al. 2012). Knockout of CB1 receptors
has been shown to worsen the motor performance on the rotarod in the N171-82Q
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mouse line (Mievis et al. 2011). However, despite the clear evidence that CB1
receptors are lost in HD and mouse models of the disease, treatment of R6/1 mice
with cannabinoid agonists has not been found to be an effective strategy to modify
the deleterious progression of motor symptoms (Dowie et al. 2010), suggesting
that the specific activation of CB1 receptors may not greatly influence motor
aspects of the disease.

In patients and HD mouse models alike, a reduction in striatal brain-derived
neurotrophic factor (BDNF) has also been reported (Zuccato et al. 2001, 2005,
2008; Canals et al. 2004; Giralt et al. 2009, 201 1a; Griffioen et al. 2012; Jiang et al.
2013; Reiner et al. 2012b; Samadi et al. 2013; Xie et al. 2010). Various lines of
evidence suggest that loss of this growth factor is implicated in the loss of striatal
integrity through a number of different mechanisms including the lack of normal
trophic support for striatal cells, and the transport and imbalance in the striatum of
the BNDF receptor target, TrkB (Canals et al. 2004; Liot et al. 2013). Several
mouse models have reported a reduction in BDNF in cortical or striatal tissue
relative to their wild-type littermates: the R6/1 (Giralt et al. 2009; Spires et al.
2004; Canals et al. 2004) and R6/2 (Giralt et al. 2011a; Reiner et al. 2012b;
Samadi et al. 2013) lines, the YAC128 line (Xie et al. 2010), the N171-82Q line
(Griffioen et al. 2012; Jiang et al. 2013) and the BACHD mouse (Gray et al. 2008),
making them useful lines for therapeutic trials directed at BDNF replacement or
stimulation of the TrkB receptor (Jiang et al. 2013; Xie et al. 2010; Giralt et al.
2009, 2011a; Reiner et al. 2012b). Loss of BDNF in the R6/2 and R6/1 brain has
been found to be closely correlated to the manifestation and severity of motor
deficits (Samadi et al. 2013; Canals et al. 2004). Unlike glutamate, GABA,
acetylcholine and dopamine, BDNF is probably not directly involved in the
modulation of the motor system, but offers neuroprotection through trophic sup-
port. It is of interest that a conditional cortical knockout of BDNF induced a
clasping phenotype and striatal atrophy with MSN cell loss (Baquet et al. 2004),
consistent with the clasping phenotype observed in several HD mouse lines
including the HdhQ150 (Lin et al. 2001), R6/2 (Mangiarini et al. 1996; Deckel
et al. 2002), R6/1 (Van Dellen et al. 2008), YAC128 (Dey et al. 2010) and CAG89
mice (Reddy et al. 1999).

Aside from the measure of gross motor activity, other signs of motor dysfunction
are also present in the mouse lines that are less readily interpreted in terms of striatal
function. The most commonly used behavioural probe in the HD field is the rotarod,
which is generally believed to measure motor coordination as the mouse must
adjust its stride pattern to remain on a rotating rod, which in most studies is
accelerating. Rotarod deficits have been found in practically all HD mouse lines
(Gray et al. 2008; Brooks et al. 2012a, b, e; Menalled et al. 2009; Slow et al. 2003;
Pouladi et al. 2012; Carter et al. 1999; Hickey et al. 2008; Lin et al. 2001), with the
observed deficits generally being attributed to striatal dysfunction. However,
although the readout from this test is very clear there are many underlying aspects
of pathology that could cause the mice to fail at the test, several of which that may
not relate to striatal function. For example, inclusion formation in the cerebellum is
common in most of the mouse lines, often at a young age, but is widely overlooked
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when focussing on striatal loci for functional abnormalities to validate alternative
HD strains as good disease models.

Some mouse lines also demonstrate peripheral pathology, such as atrophy and
inclusion formations in muscle and other peripheral tissues (Moffitt et al. 2009;
Ribchester et al. 2004). Nerve abnormalities have been found in the R6/2 mouse
(Wade et al. 2008). The N171-82Q and R6/1 mice have been found to have heart
rate abnormalities (Griffioen et al. 2012; Kiriazis et al. 2012), and abnormal glu-
cose regulation (Martin et al. 2009; Josefsen et al. 2008), the latter problem being
well described previously in the R6/2 mouse (Bjorkqvist et al. 2005; Hurlbert et al.
1999). Dysfunction in any or all of these peripheral systems could contribute to
motor dysfunction. To further emphasise this point, the HdhQ92 mouse line has a
highly specific pattern of aggregation and inclusion development that begins in the
olfactory tubercle, piriform cortex and ventral striatum before 8 months of age, but
which, even in aged mice, does not progress beyond the striatum; this mouse has
no motor deficits until it is over 2 years of age (Brooks et al. 2012c), despite
marked cognitive deficits on tasks that probe striatal function (Trueman et al.
2012a, b). This suggests that diffuse staining of mutant huntingtin in the striatum
and the subsequent inclusion formations have no effect on motor readouts. Further,
striatal atrophy and cell loss are frequently reported to be late onset events in some
mouse lines and often do not correlate with the appearance of motor abnormalities.
The results from all behavioural tests are open to a number of interpretations, but
the more specific the aspect of behaviour being measured the clearer the inter-
pretation of the results often is.

In this sense, aspects of the balance beam test which measures motor coordi-
nation and balance of the mouse as it crosses a narrow-raised bridge can be highly
informative. Whilst the speed that the mouse crosses the bridge has been used as a
measure of motor decline and balance in several HD lines including the R6 lines,
YAC128, HdhQ150 lines (Brooks et al. 2012a, e; Carter et al. 1999; Heng et al.
2007), the number of foot-slips as a measure of fine motor control, has been found
to offer a more sensitive and informative measure of performance in YAC128 and
R6/1 mice (Brooks et al. 2012a, e). In humans, fine motor control is mediated at
the level of the cortex, and the cerebellum regulates balance via thalamic and
cortical outputs. A further insight into fine motor control can be gained through the
use of runway tests with footprint analyses, which measure deterioration in gait as
mice age (and notwithstanding other factors that may also influence performance,
such as muscle tone and joint integrity). These tests have been found to be highly
sensitive in several HD mouse lines including the R6/2 (Menalled et al. 2009;
Carter et al. 1999; Pallier et al. 2009; Reiner et al. 2012a), HdhQ150 (Heng et al.
2007), HdhQ140 (Hickey et al. 2012) and the BACHD mouse (Abada et al. 2013).

Tests of the acoustic startle response and the effects of pre-pulse inhibition
(PP]) provide another measure of reflexive motor activity that has proven sensitive
in a broad range of HD mouse lines including the R6/1 and R6/2 lines, the
HdhQ150, YAC128, BACHD and the N171-82Q line (Brooks et al. 2012a, b, e;
Carter et al. 1999; Pouladi et al. 2012; Van Raamsdonk et al. 2005b; Norflus et al.
2004; Menalled et al. 2009). Although the interpretation of PPI deficits in terms of



Mouse Models of Huntington’s Disease 113

a functional impairment in ‘sensorimotor gating’ can be difficult to dissect, the
primary startle stimuli is an excellent measure of an automatic unconditioned
sensorimotor reflex, and the pre-pulse aspect of the task provides a sensitive
measure of the integration of motor systems with more sensory inputs into specific
brain regions, including the striatum. Empirically, deficits on the startle aspect of
the task denote abnormalities in the lower motor neurons and/or brain stem,
whereas selective deficits in the prepulse trials as found in HD mice, do appear
more specifically to reflect striatal dysfunction.

Other motor readouts tend to demonstrate more variation between studies lar-
gely due to the use of different tests used to measure the same phenomena, such as
in grip strength tasks where grip strength metres, elevated wires, inverted screens or
cage lids are used (Menalled et al. 2009; Brooks et al. 2012a, c; Hickey et al. 2012).
To summarise this far, the use of motor tasks to determine changes in the neuro-
pathology of HD mouse lines is informative but only in a very general way as they
fail to probe the underlying neuroanatomical substrates with sufficient specificity,
and arguably the real value of many of these tests is to provide a general disease-
related readout for therapeutic trials. In contrast, the neurobiology of cognitive
function has been very well defined in lesion and pharmacological studies making
the interpretation of cognitive deficits in well-controlled and designed experiments
more insightful when considering the underlying neurobiology.

5 The Neurobiology of Cognitive Dysfunction in Mouse
Models of HD

With improved diagnostics and more sensitive clinical assessments, the chorea
associated with HD is now considered to be a mid-stage disease characteristic.
Increasingly, the focus of research in both the clinic and pre-clinical laboratory is
the identification and characterisation of cognitive and psychiatric (behavioural)
abnormalities, and it is certainly these functions that yield the greater disability and
distress for patients and their families. Within the cognitive domain, short-term
memory loss and attentional dysfunction are amongst the most widely reported
deficits and appear relatively early in the disease development (Snowden et al.
2001; Sprengelmeyer et al. 1995; Thompson et al. 2012; Verny et al. 2007; Wolf
et al. 2012), along with more disease-specific abnormalities such as set-shifting
(Lawrence et al. 1996, 1998). The abnormalities in early stage disease are mediated
particularly by the fronto-striato-thalamic circuits (Fig. 1b), and are consistent with
theories and anatomical studies of disease progression (Alexander et al. 1986, 1990;
Rosas et al. 2002, 2005; Tabrizi et al. 2011, 2013; Novak et al. 2012), and func-
tional neuroanatomical studies designed to characterise (cortico) striatal function
(Bussey et al. 1997; Clarke et al. 2008; Divac et al. 1967, 1978; Kim and Ragozzino
2005; Muir et al. 1993; Ragozzino et al. 2002; Rosvold and DELGADO 1956;
Rosvold et al. 1958; White and Dunnett 2006). To aid conceptualisation of the role
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of the dorsal regions of the striatum in cognitive function, it may be useful to
consider the role as one of mediating choice selection and integrating cognitive
function with motor output. Again, this is a simplification to aid our conceptuali-
sation of the underlying processes and it should be considered that there are no real
divisions among the motor, cognitive and psychiatric faculties as all are integrated
to produce the functional outputs that are measured.

In mouse models of HD, the most consistently reported cognitive deficit is in
reversal learning (Brooks et al. 2012d; Lione et al. 1999; Murphy et al. 2000; Abada
et al. 2013; Van Raamsdonk et al. 2005b). In part, these findings probably reflect the
ease with which the discrimination tests can be applied as they provide a simple
means by which to produce datasets that probe specific aspects of the HD neuro-
pathology. The circuitry underlying this deficit is well characterised with a particular
role for the anterior cingulate and orbitofrontal cortices (Clarke et al. 2008; Furr et al.
2012; Kim and Ragozzino 2005; Klanker et al. 2013), which may mediate positive
response feedback (Hampshire et al. 2012; Clarke et al. 2008), in the fronto-striatal-
thalamic feedback loop. At the striatal level, lesions of the dorsomedial or medial
striatum disrupt reversal learning (Clarke et al. 2008; Divac et al. 1978; McCool
et al. 2008; Pisa and Cyr 1990; Ragozzino et al. 2002). As HD mice demonstrate
neuropathology in the form of striatal and/or cortical atrophy or cell loss, or diffuse
staining and/or inclusion formations in striatum and/or cortex (Bayram-Weston et al.
a, b, ¢, d; Davies et al. 1997; Heikkinen et al. 2012; Hickey et al. 2008; Lin et al.
2001; Menalled et al. 2003; Reddy et al. 1999; Van Raamsdonk et al. 2005a, b;
Lerner et al. 2012), the reversal learning task represents a task with good face
validity for corticostriatal dysfunction. Reversal learning deficits are considered to
be more of a mid-stage deficit in HD patients (Lawrence et al. 1996), whereas set-
shifting deficits were considered to be early stage (Lawrence et al. 1998). In contrast
to the reversal learning, set- and task-shifting deficits are mediated by similar
neuronal substrates, mediated by more medial aspects of the prefrontal cortex
(Bissonette et al. 2008; Floresco et al. 2008) that can loosely be described as mea-
suring attentionally mediated cognitive flexibility. Both the HdhQ150 and the
YACI128 lines have been found to have difficulty with the cognitive shifting types of
task (Brooks et al. 2006, 2012d; Van Raamsdonk et al. 2005b).

Related to attentional shifts, another common component of the HD profile of
cognitive deficits is attentional dysfunction (Josiassen et al. 1983; Lawrence et al.
1996; Roman et al. 1998; Sprengelmeyer et al. 1995). To study attentional dys-
function in mice requires specialist equipment and expertise, consequently there are
relatively few studies in the HD mouse lines. A series of studies in the HdhQ92
mouse using an operant test in the 9-hole box chamber which was designed to probe
for implicit learning deficits (Serial Implicit Learning Task—SILT), and based in
part on the classic visuo-spatial attentional probe the 5-choice serial reaction time
task (5-CSRTT), revealed attentional deficits from 4 months of age (Trueman et al.
2007, 2008, 2012a). Similar results were reported in the YAC128 mouse line
(Brooks et al. 2012f). Different aspects of attentional function are mediated by
different regions with the prefrontal cortex and basal ganglia (Chase et al. 2012;
Lindgren et al. 2013; Muir et al. 1993; Agnoli et al. 2013) and involve a broad range
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of neurotransmitter systems (Chudasama and Robbins 2006). One interesting paper
that examined the role of attention in bimanual performance suggested that the
cognitive deficits observed in patients may reflect the inability of patients to
automate behaviours resulting in greater attentional loads required to perform
normal tasks (Thompson et al. 2010), suggesting that attentional deficits may be the
result of an underlying problem of habit learning rather than an initial problem with
attention per se. This has yet to be tested directly in HD mice but procedural
learning (spatial or non-spatial), which forms the basis of habit acquisition, has
been found to be disrupted in a number of HD mouse lines using a simple swim tank
test. Mice are trained to swim to one or other end of a swim tank using egocentric
cues, for example following a specific non-spatial cue such as a light. This swim
tank procedural learning protocol measures the ability of the mice to acquire and
maintain a simple rule and is often followed by a reversal procedure. Many mouse
lines demonstrate deficits in this type of task including the R6/1 and R6/2 lines, the
YAC128 and BACHD lines, the zQ175 line (Heikkinen et al. 2012; Menalled et al.
2012; Brooks et al. 2012d; Abada et al. 2013; Ciamei and Morton 2009; Van
Raamsdonk et al. 2005b; Lione et al. 1999).

Despite the fact that short-term memory deficits are routinely found to be one of
the most robust of the cognitive deficits observed in HD patients (Snowden et al.
2002; Solomon et al. 2007; Stout et al. 2012; Tabrizi et al. 2013), there are few
studies in HD mouse lines. Working memory is encoded in corticostriatal circuits at
the synapses between descending glutamatergic afferent fibres from the cortex and
recipient MSNs and cholinergic inter-neurons, which can undergo both long term-
potentiation (LTP) and long-term depression (LTD) (Calabresi et al. 1992a, b).
LTD was found to be dependent on the co-activation of dopamine D1 and D2
receptors and on the metabotropic mGluR1 receptors (Calabresi et al. 1992a; Gu-
bellini et al. 2001, 2004), whereas LTP was found to be dependent on NMDA
glutamine receptors and dopamine D1 and D5 receptors (Schotanus and Chergui
2008; Kerr and Wickens 2001), with the activation of cholinergic M1 and deacti-
vation of M2 receptors also influential (Calabresi et al. 1992b, 1999). Whilst several
other neurotransmitters are able to influence corticostriatal plasticity including CB1
receptors (Gerdeman et al. 2002), it is clear that the reported changes in dopamine
and glutamate transmission in the mouse models and the HD brain (Andre et al.
2011; Callahan and Abercrombie 2011; Glass et al. 2000), may be responsible for
the early onset of working memory deficits. Spatial and non-spatial working
memory deficits, sometimes defined as the ability to alternate, have been reported in
a number of mouse lines including the R6/2, R6/1 and HdhQ92 mice (Lione et al.
1999; Nithianantharajah et al. 2008; Pang et al. 2006; Ruskin et al. 2011; Trueman
et al. 2009), as have deficits in recognition memory using objects as discriminants
(Doria et al. 2013; Giralt et al. 2011b), and in the R6/2 mouse LTP was found to be
reduced in dopamine sensitive cells of the dorsal striatum (Kung et al. 2007). It
should also be noted that plastic changes can be achieved through increasing
synaptic throughput (Daoudal and Debanne 2003), providing a mechanism for
subtle changes within the striatum where increased neuronal activity has been
reported in a number of mouse lines (Joshi et al. 2009; Heikkinen et al. 2012;
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Dvorzhak et al. 2013). Whilst the alternation type of task probes corticostriatal
function, the object recognition task is mediated by the hippocampus and associated
structures including the entorhinal and perirhinal cortices (Tatro et al. 2013;
Soontornniyomkij et al. 2010, 2012; Albasser et al. 2010; Le Merrer et al. 2013),
suggesting that deficits in this test may not be representative of the earlier stages of
HD pathology.

With regard to other indicators of hippocampal function, spatial learning using
the Morris water maze has been examined in the HD mouse lines. In addition to
the presence of inclusion pathology (Bayram-Weston et al. 2012b, d; Murphy et al.
2000), HD mouse lines exhibit a broad range of hippocampal abnormalities
including NMDA receptor changes, BDNF down regulation and reductions in
neurogenesis (Giralt et al. 2009, 2011b, 2012; Murphy et al. 2000; Rattray et al.
2013; Ransome and Hannan 2013; Orvoen et al. 2012), which may contribute to
spatial learning deficits. In addition, a degree of functional compensation has been
found to exist between the hippocampus and striatum in both HD and the R6/2
mouse models (Ciamei and Morton 2009; Voermans et al. 2004), but anatomical
studies suggest the major functional innervation of the striatum is to ventral striatal
regions from the CAI region in the hippocampus (Groenewegen and Trimble
2007), and not to dorsal striatal regions that would be expected to contribute to
learning. Spatial learning deficits have been found in the R6/1 and R6/2 mice,
HdhQ150 line and YAC128 mice (Brooks et al. 2012a, b, e; Lione et al. 1999;
Murphy et al. 2000).

In summary, cognitive deficits in mouse models of HD are varied but generally
consistent with what we would expect from the disease state in humans. The
obvious difference is the involvement of hippocampal pathology that can be
pronounced in some models which detract from the face validity of the disease
state, especially as it can be prominent from an early age in some mouse lines.

6 The Neurobiology of Behavioural Dysfunction
in Huntington’s Disease Mouse Lines

There is significant evidence that people with HD have a broad range of psychi-
atric and behavioural problems. These include a high preponderance of depression
(Van Duijn et al. 2007, 2008), but also anxiety, irritability impulsiveness and
associated maladies, and rarely overt schizophrenia-like psychosis (Duff et al.
2007; Kingma et al. 2008; Marshall et al. 2007; Van Duijn et al. 2007, 2008).
Probably the single most robust deficit within the behavioural domain is apathy
(Baudic et al. 2006; Reedeker et al. 2011; Vaccarino et al. 2011; Van Duijn et al.
2010), which can increase with disease progression and supercede other early stage
behavioural abnormalities such as irritability (Thompson et al. 2012), which is also
a significant marker of early stage disease (Kloppel et al. 2010; Paulsen et al. 2001;
Reedeker et al. 2012; Thompson et al. 2002, 2012).
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In mice, many of these behavioural abnormalities are difficult to test in part due
to the species differences in levels of consciousness, and the inability to use verbal
and questionnaire means of testing. Thus, we can conceive that mice may be able
to experience hallucinations for example, yet the challenge lies in how to probe
and test these functions through observation and measurement of non-verbal
behaviour. Nevertheless, we can operationally define the aspects of psychiatric
dysfunction in terms of corresponding behavioural readouts. For example, anhe-
donia (reduced perception of reward) in humans may correlate in part with reduced
motivation to work for a reward in mice, and it is possible to design tests of
decision and choice behaviour that can reflect aspects of impulsivity. There is vast
literature on these aspects of behaviour that focuses on ventral striatal regions and
implicates monoaminergic substrates, dopamine especially (Fig. 1c), as underlying
these behavioural phenomena (Bari and Robbins 2013; Dalley et al. 2008;
Furuyashiki and Deguchi 2012; Gorwood 2008; Nestler and Carlezon 2006;
Robbins et al. 2012). In addition, the HD mouse literature that describes striatal
abnormalities in these neurotransmitter systems and circuits (see above) suggests
that tests to probe these deficits will be of great value. These operationally defined
aspects of rodent behaviour allow us to develop tests that can then be validated
pharmacologically with existing compounds previously tested against the human
malady.

In HD mouse lines, very few studies exist that have attempted to investigate
these phenomena and where they do exist, the data are often difficult to interpret due
to operational issues. The classical pharmacological test of depression-like
behaviour is the Porsolt forced swim test, where animals are placed in a bowl of
water and allowed to swim. The latency to inactivation is taken as a measure of
“behavioural despair”, akin to learned helplessness in people. The problem with
this approach is that if the HD mice are motorically impaired, they are likely to
swim less than their wildtype littermates: so what exactly is being measured,
behavioural despair or swimming proficiency? As some mouse lines such as the
YACI128, BACHD and R6 lines demonstrate early motor deficits, can these lines
really be considered to be exhibiting behavioural despair, especially since swim-
ming behaviour is a good measure of motor dysfunction? Several HD mouse lines
have been found to be impaired on the forced swim type of task including the
BACHD, YACI128, R6/1 and R6/2 mice, N171-82Q and the HdhQ111 lines (Chiu
etal. 2011; Hult et al. 2013; Orvoen et al. 2012; Renoir et al. 2011, 2012, 2013), but
in most cases these results have been validated through the use of secondary tests of
depression-like behaviour or with pharmacological probes (Chiu et al. 2011; Hult
etal. 2013; Orvoen et al. 2012; Renoir et al. 2011, 2012, 2013). In one study the use
of a standard selective serotonin reuptake inhibitor (SSRI) sertraline failed to
reverse these effects suggesting that the depression-like observations were not
mediated by serotonin in the BACHD mouse line (Hult et al. 2013). In contrast,
studies by another group (Renoir et al. 2011, 2012, 2013) found that sertraline
action particularly in the hippocampus was responsible for the improvement in the
depression-like phenotype in the R6/1 mouse line, and that environmental
enrichment improved an anxiety-like phenotype independently of these effects.
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In other studies with sertraline, retardation of disease-induced anatomical changes
and motor readouts has been reported, with the authors suggesting that these effects
were BDNF and/or neurogenesis mediated (Cheng et al. 2011; Duan et al. 2008;
Peng et al. 2008). However, in these studies, the authors did not examine the
depression-like phenotype and the precise mechanism of action of sertraline
remains to be elucidated. The anxiety phenotype was also examined in many of the
studies cited previously and others (Abada et al. 2013; Chiu et al. 2011; Hickey
et al. 2008; Hult et al. 2013; Orvoen et al. 2012; Renoir et al. 2013), but these
deficits are rarely targeted in pharmacological trials or with pharmacological probes
making a dissection of neuronal substrates difficult.

Sleep disturbance in HD is gaining increased attention and has been found in
HD patients and mouse models of the disease (Goodman and Barker 2010;
Goodman et al. 2011; Kudo et al. 2011; Maywood et al. 2010; Pignatelli et al.
2012; Van Wamelen et al. 2013; Williams et al. 2011; Wood et al. 2013; Morton
et al. 2005). In the HD mice there are clear disturbances of circadian rhythms
(Maywood et al. 2010; Kudo et al. 2011; Wood et al. 2013; Morton et al. 2005),
and abnormalities in hypothalamic orexin (important in wakefulness) containing
cells (Petersen et al. 2005; Williams et al. 2011), although most human studies
(Baumann et al. 2006; Gaus et al. 2005; Meier et al. 2005), but not all (Roos and
Aziz 2007), demonstrate normal orexin-A levels. Experiments have been con-
ducted to correct the aberrant rhythmicity in the R6/2 mouse with some therapeutic
benefit being derived (Maywood et al. 2010). These studies are still in the early
stages of development though as sleep research is difficult to conduct even in a
controlled environment, but the study of circadian rhythms has promise as a
potential non-invasive therapeutic intervention.

The study of apathy and irritability is difficult in mice due to lack of clear
operational definitions and validated tasks for mice. However, the research com-
munity is now beginning to address these issues and increasingly novel tests that
focus on behavioural abnormalities, such as impulsivity, are becoming more
prevalent but have yet to be published in the HD field. As a result, the study of the
neurobiology that underlies the behavioural phenotypes in the HD mouse lines is
still in its infancy, but there are considerable efforts being made to advance this
aspect of research.

7 General Conclusions

At present, the development of behavioural probes to accurately gauge these
changes in rodents is crucial to the advancement of the field and is ongoing in
several laboratories. But we have good probes of motor and cognitive symptoms
for the mouse models, allowing trials in a broad range of interventions to be run
with some success. However, it is these same trials that highlight the differences
between the mouse lines and the human condition in that we still have no effective
treatment for HD, despite a wide range of compounds demonstrating positive



Mouse Models of Huntington’s Disease 119

results in mouse models. With the advancement of MRI and other techniques and
the development of more sophisticated clinical assessment with which to study
HD, our understanding of the neurobiology of the disease and how it impacts on
specific functional readouts has improved greatly. These techniques have also
significantly improved our knowledge of the neurobiology of the mouse lines and
increasingly this knowledge is being used to directly probe the multi-layered
effects of novel therapeutic approaches in a highly targeted way, allowing us to
match disease retardation with biological change. The challenge at the time of
writing is to exploit the early manifestation of psychiatric (behavioural) symptoms
to provide early disease readouts, which will allow the efficacy of early therapeutic
interventions to be assessed. This is continuing at some pace and ultimately will
provide a unified (motor, cognitive, behavioural) therapeutic platform more con-
sistent with the human condition and the integrated biology of the mammalian
organism.
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in order to investigate mechanisms of disease, and to evaluate the potency of novel
therapies. Here, we describe the characteristics of the two transgenic rat models:
transgenic rat model of HD (fragment model) and the Bacterial Artificial Chro-
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1 Transgenic Rat Models of HD

Huntington’s disease (HD) is an autosomal dominantly inherited progressive
neurodegenerative disorder characterised by motor and non-motor symptoms. The
mutation involves the expansion of the CAG trinucleotide repeat within exon 1 of
the HTT gene on the short arm of chromosome 4. The result is the formation of the
mutant form of the huntingtin (htt) protein. The symptoms of HD usually appear in
midlife, leading to death within a period of 10-20 years. The cause of death is
mainly due to complications, such as dysphagia, aspiration and overall exhaustion.
Suicide is also an important cause of mortality in patients with HD. At the level of
the neuropathology, late-stage HD is characterised by a profound loss of neurons,
especially in the striatum and the cortex. In particular, the enkephalin positive
medium spiny neurons in the striatum are substantially affected cells, already in
the early stages of the disease. This leads to dysfunctional cortico-basal ganglia-
thalamocortical circuits and as a result neurological and psychiatric symptoms
(Frank and Jankovic 2010). For a detailed description of the symptomatology,
please see other chapters in this book.

Several animal models for HD have been created in order to investigate
mechanisms of disease, and to evaluate the potency of novel therapies. Here, we
describe the characteristics of two transgenic rat models: transgenic model of HD
(tgHD) and the Bacterial Artificial Chromosome HD (BACHD) model. Although
it is more common to use mice for transgenic modifications, the advantages of
having a transgenic rat model are evident. Rats have a bigger brain and skull size,
allowing cranial surgical approaches more conveniently. In addition, rats can be
more easily evaluated using a variety of simple and complex motor, cognitive and
emotional behavioural tests. Last but not least, Rattus norvegicus has been the
species of choice for decades in scientific environments, the pharmaceutical
industry and toxicology with extensive knowledge on its behaviour and physiology
generated, until only during the last few decades, when the feasibility of genetic
manipulation made Mus musculus the mammalian species of choice in biomedical
research. Despite these developments, it should not be forgotten that many phar-
macological and metabolic features are closer to human responsiveness impli-
cating a higher predictability of this species for the development of therapies in
humans (Aitman et al. 2008).
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1.1 Transgenic Rat Models of HD

In 1998, the first transgenic rat model of HD (tgHD) was developed by Riess and
colleagues and characterised by von Horsten and co-workers in the following years
(von Horsten et al. 2003). The tgHD rats carry 51 CAG repeats under the control of
the native rat hst promoter in the genetic background of the Sprague-Dawley
outbred rat strain. The original animals were derived from a Sprague-Dawley (SD)
founder oocyte (Max Delbriick Center, Berlin-Buch, Germany; MDC), by classical
pronucleus microinjection using a transgene with the coding sequence of a trun-
cated (t), mutant (m), huntingtin (htt) protein carrying 51 CAG repeats (human
PCR product) under control of the endogenous rat htt promotor (von Horsten et al.
2003). This model is a so-called “fragment model” and more recently the tgHD
rats’ transgene has been transferred by selective breading onto the genetic back-
ground of Fischer 344 inbred rats (von Horsten et al. unpublished). While SD rats
(the strain of oocyte donors) represent an outbred rat strain, this transgenic line
was subsequently inbred by strict brother x sister matings for >26 generations.
According to the international nomenclature of laboratory rodents, these animals
are coded “SD/MdcSvh-Tg(tmHTTS1CAG)”. Presently, for abbreviation pur-
pose, this transgenic rat model of HD should be referred to as tgHD or “tgHD-
CAGS1n” rats, contrasting the novel BACHD rat model, recently generated.

Very recently, a second transgenic rat model has been described (Yu-Taeger
et al. 2012). This BACHD transgenic rat expresses the full-length human mutant
HTT under the control of the human HTT promoter and all its regulatory elements
(Yu-Taeger et al. 2012).

As far as we are aware of, these models are the only published transgenic rat
models of HD. A detailed description of the characteristics of these two HD
models will be provided below.

2 Construction of the tgHD and BACHD Rats

The tgHD rat was developed by inserting a transgene, which was obtained from
the DNA of a HD patient (19/51 CAGs) (von Horsten et al. 2003). The first 154
nucleotides of a partial huntingtin cDNA spanning 1962 base pairs (bp) of the N-
terminal rat sequence (RHD10) (Schmitt et al. 1995) were replaced by a PCR
(Polymerase Chain Reaction) product from the affected allele of the HD patient.
The cDNA was driven by an 885 bp fragment of the rat HD promoter (position —
900 to —15 bp) (Holzmann et al. 1998) and a 200 bp fragment containing the
SV40 polyadenylation signal was added downstream of the cDNA resulting in
RHD/PromS51A (Holzmann et al. 1998). Finally, the insert was microinjected into
oocytes of Sprague-Dawley female rats (von Horsten et al. 2003). In order to
verify the transgene, DNA was extracted from the tails of the offspring animals
and a Southern blot was performed. Western blot analysis showed the expression
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of mutant htt in the frontal and temporal cortices, hippocampus, basal ganglia and
mesencephalon (Schmidt et al. 1998; von Horsten et al. 2003).

The BACHD rat was generated by microinjection of a BAC construct con-
taining human genomic DNA expressing the full-length HTT gene with 97 CAG/
CAA repeats, as well as all regulatory elements (Gray et al. 2008) into the oocytes
of Sprague-Dawley female rats. Determination of BAC transgene integrity and
genotype was done by PCR analysis of genomic DNA extracted from ear biopsy
tissue (Yu-Taeger et al. 2012). The BACHD construct was designed by using a
BAC containing the full 170 kb of the HTT genomic locus with approximately
20 kb upstream and 50 kb downstream flanking sequences (Yu-Taeger et al.
2012). Wild-type (WT) HTT exon 1 was replaced by mutant HTT exon 1 con-
taining 97 mixed CAA/CAG repeats flanked by two LoxP sites. Therefore, the
BAC construct permitted a conditional and inducible elimination of the mutant
HTT exon 1 by Causes recombination (Cre) recombinase activity. The number of
CAG repeats was analysed and the conclusion was that the polyQ encoding
sequence was stable in different brain regions, at different ages and gender over the
generations (Yu-Taeger et al. 2012).

2.1 Behavioural Phenotype

In this section we will describe the motor and non-motor features of both rat
models of HD. The tgHD rats have been characterised reasonably well. However,
the BACHD model has recently become available for studies, and therefore to this
end there are only limited data available.

2.2 Motor Symptoms

The motor symptoms of the tgHD rats have been reasonably well studied. Gait and
balance abnormalities, hyper and hypokinetic features and chorea-like movements
are the main motor symptoms observed in this model (Zeef et al. 2012b; von
Horsten et al. 2003; Cao et al. 2006; Hohn et al. 2011; Nguyen et al. 2006;
Vandeputte et al. 2010; Ortiz et al. 2012). The accelerod is a test that is used to
assess motor coordination and balance of the fore and hind limbs (von Horsten
et al. 2003). While at younger ages being significantly better than corresponding
WT littermate controls, at 6 months of age, tgHD rats show a significant decreased
performance when compared to WT animals (Nguyen et al. 2006). The perfor-
mance on the accelerod worsens at 10 months of age, indicating a progression of
the symptoms (von Horsten et al. 2003). Using a different test for gait and balance,
the force-plate actometer, abnormalities were found in 12—15-month-old animals
(Ortiz et al. 2012).
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Another characteristic motor abnormality is the hypermobility in these animals,
already at the early stage of the disease. In the open field test, a test to assess
spontaneous locomotion and generalised anxiety-like (“emotional”) behaviour,
the animals show increased mobility times (Zeef et al. 2012b). This hypermobility
decreases after the age of 12 months, and is probably indicative of bradykinesia at
the later stage.

An interesting movement disorder, again observed in the fragment tgHD model,
is the chorea-like movement. These are abrupt, rapid, brief and unsustained
irregular movements of the neck, also classified as opisthotonus-like movements
(Cao et al. 2006; von Horsten et al. 2003). These movements, which are only seen
at the level of the neck, have similarities with the human HD chorea (Cao et al.
2006). It is also claimed that the tgHD rat model is the first animal model to show
this type of choreiform movement disorder (Cao et al. 2006). The frequency of the
choreiform movements increases with disease progression and are present till
death in these animals.

The BACHD animals have been evaluated using the rotarod test and the
footprint analysis method (Yu-Taeger et al. 2012). The rotarod performance was
significantly worse in the transgenic animals already at 1 month of age, which
further deteriorated with disease progression. Older animals, 14 months of age,
showed also gait abnormalities in the footprint analysis. They made shorter steps
(Yu-Taeger et al. 2012).

2.3 Non-motor Symptoms

The non-motor symptoms are an important aspect of the disease, since patients
with HD often are suffering more from the non-motor symptoms when the disease
progresses.

The tgHD rats show several non-motor deficits including cognitive and emo-
tional disturbances at the early and late stages of the disease. The onset of these
symptoms is usually prior to the development of the classical motor symptoms.
Several studies have investigated the non-motor features of the tgHD rats (Kirch
et al. 2013; Lawrence et al. 1996; Vlamings et al. 2012b; Nguyen et al. 2006; Zeef
et al. 2012a, b; Cao et al. 2006). Cognitive decline starts between 6 and 9 months
of age and this decline increases with ageing (Nguyen et al. 2006). Animals have
difficulty with acquisition in the water maze and the double-H maze tasks (Kirch
et al. 2013). In the object location task and object recognition task, tgHD rats show
impaired visuospatial and visual object memory (Zeef et al. 2012a). Reduced
spatial learning and working memory has been reported as well (Ortiz et al. 2012).

Impulsivity-related symptoms have been observed in the tgHD rats. Increased
numbers of premature responses were found in the choice reaction time test, which
increased with disease progression (Cao et al. 2006). Another non-motor feature of
the tgHD rats is the impaired anxiety levels. Reduced anxiety-like behaviour was
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noticed in the social interaction test when compared to the WT littermates
(Nguyen et al. 2006). Similar findings were found in the open field test and the
elevated zero maze, already at a very early stage of the disease (Zeef et al. 2012b).

The BACHD rats have been evaluated using an automated homecage tracking
system. The animals showed decreased exploratory behaviour and similarly to the
tgHD rats, decreased levels of anxiety-related behaviour (Yu-Taeger et al. 2012).

2.4 Neuropathological Phenotype

From a neuropathological perspective, in the tgHD rats intranuclear polyglutamine
(polyQ) aggregates and neuropil aggregates can be found (Nguyen et al. 2000).
PolyQ aggregates have been detected in the caudate-putamen, thalamus, substantia
nigra pars compacta and the deep layers of the cortex (Nguyen et al. 2006). There
is a profound progressive striatal cell loss in tgHD rats, contributing to reduced
striatal volumes and enlarged ventricles (Kantor et al. 2006). In addition, we
observed at the later stages of the disease, a profound cortical thinning (Fig. 1).
Another neuropathological finding in this animal model was the significantly
higher number of dopaminergic cells in the substantia nigra pars compacta, ventral
tegmental area and the dorsal raphe nucleus, leading to an enhanced dopamine
release into the dorsal and ventral striatum (Jahanshahi et al. 2010; Jahanshahi
et al. 2013). This hyperdopaminergic status has been linked to the choreiform
movements observed in this model (Fig. 2).

Neuropathologically, BACHD rats develop polyQ aggregates in axons, synaptic
terminals, as well as dark neurons (Yu-Taeger et al. 2012). There are also early
changes in the pattern of the striosome and matrix compartments, accompanied by
a decrease in the total and mean striosome area (Yu-Taeger et al. 2012).

2.5 Neurophysiological Phenotype

The metabolic and neuronal activities of basal ganglia nuclei in the tgHD rats have
been investigated at different levels. First, the overall neuronal activity at a su-
pracellular level, by cytochrome oxidase histochemistry was determined. Second,
the subcellular metabolic activity was assessed, by immunohistochemistry for
peroxisome proliferator-activated receptor-y transcription co-activator (PGC-1a), a
key player in the mitochondrial machinery. Finally, extracellular single unit
recordings were performed to determine the cellular activity. Results showed a
significantly increased cytochrome oxidase levels in the globus pallidus and
subthalamic nucleus in the tgHD animals. PGC-1o expression was only enhanced
in the subthalamic nucleus and electrophysiological recordings revealed decreased
firing frequency of the majority of the neurons in the globus pallidus and increased
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Fig. 1 Representative low-power photomicrographs, showing Nissl stained coronal brain
sections of a 16-month-old WT and a 16-month-old transgenic Huntington’s disease rat (tgHD).
Note the striatal volume and cortical volume loss in the tgHD rat. There is an evident enlargement
of the lateral ventricles, which is considered as a ex vacuo dilatation effect due to tissue loss. cc
corpus callosum, LV lateral ventricle, aca anterior commissure ant, scale bar = 1 mm

_— WT () tgHD(++)

Fig. 2 Representative low-power photomicrographs of frontal brain sections stained for TH
tyrosine hydroxylase showing the SNc substantia nigra pars compacta, OT optic tract and a small
part of the VTA ventral tegmental area of a WT littermate rat and a transgenic HD homozygous
(+/+) rat. Note the increased TH containing cell density in the SNc of the transgenic HD rat upon
close inspection adopted from Jahanshahi et al. 2010. Scale bar is approximately 500 um

firing frequency of the majority of the neurons in the subthalamic nucleus. These
data suggest that the globus pallidus and subthalamic nucleus play a role in the
neurobiology of HD (Vlamings et al. 2012a). Another line of data suggested
already an impaired corticostriatal information processing using a combined
electrophysiological-behavioural approach (Hohn et al. 2011).

The BACHD rats are being characterised in terms of neurophysiological
activity of brain structures.
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3 Conclusion

To our knowledge there are two published transgenic rat models of HD. The first is
the tgHD rat model and the second is the BACHD model. The tgHD model is a so-
called “fragment model” and the BACHD is a full-length model. The tgHD rats
are relatively well characterised (Table 1).

The tgHD rats have a slow progressive behavioural and neuropathological
phenotype. In general, the symptoms can be divided into two stages: early and late.
The early stage is characterised by hypermobility and reduced anxiety behaviour.
Although some scientists have found early subtle cognitive changes, in our hands
these do not have a large impact on the animals. This early stage is not accom-
panied with striatal cell degeneration or cortical cell damage, which occur later in
the disease (Kantor et al. 2006; Nguyen et al. 2006). Nevertheless, there might
already be striatal cell dysfunction (Miller et al. 2010). Already some choreiform
movements can be seen in this early stage. We think that this stage ends around
11-12 months of age. The later stage is mainly characterised by the presence of
more choreiform movements. Upon testing, the animals show impaired cognitive
functioning and features of increased impulsivity (Cao et al. 2006; Zeef et al.
2012a). There is a profound loss of striatal cells and signs of cortical cell damage
(Kantor et al. 2006). The life expectancy of these animals is shorter than controls,
probably a few months (unpublished observations).

There are a few issues that need to be considered in this animal model. The first
is the effect of sex. There are differences in the behavioural phenotype between the
sexes (Bode et al. 2008). This needs to be taken into account when comparing sets
of data. In our studies, we often used males. The second is the gene-dose effect.
We have been working with both homozygous and hemizygous animals. Homo-
zygous animals show more robust behavioural and neuropathological features
(Cao et al. 2006; Kantor et al. 2006), mimicking human HD. We decided to work
only with homozygous rats. The third issue is a potential gene-drift effect. In a
recent publication, researchers could not establish robust cognitive changes in this
animal model (Fielding et al. 2012; Brooks et al. 2009). One explanation could be
a potential gene-drift, but the existence of such mechanism still needs to be
demonstrated. Furthermore, standardization of breeding might be an issue of
differences observed between labs. TgHD rats should be bred by strict brother x
sister matings of hemizygous (HET) males and females. From the offspring of
25 % WT, 50 % HET, and 25 % HOM animals, in most studies male WT lit-
termates were compared with male HOM transgenics. In our colonies of animals,
we have observed slight differences between generations of further inbred
homozygous rats, but consistently found the clear behavioural and neuropatho-
logical phenotypes as described above. The congenic tgHD rat line on F344 rat
genetic background confirms the impact of the truncated mHtt transgene in
producing an HD-like phenotype in rats, even in front of a different genetic
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Table 2 This table summarises the main findings with respect to the different features of the
BACHD rats

Study Domain Test/Procedure Main findings Age
authors

Yu-Taeger Emotion

et al. Elevated plus Reduced anxiety-like behaviour 1, 4 and
(2012) maze 12 months
Motor
Accelerated Balance problems with subsequent Progressive
rotarod falls worsening
from
1 month
onwards
till
15 months
Footprint analysis Shorter steps and reduced overlap 14 months
limbs
Automated home Reduced rearing and locomotor Only at 3- and
cage-like activity in BACHD animals 6-months
environment old
Pathology
Hit aggregates In the cortex, nucleus accumbens, bed 3 months
nucleus of stria terminalis and
hippocampus.
Electron Htt deposits are found in axons and 13 months
microscopy synaptic terminals
Dynamic PET Reduction of dopamine receptor 18 months
scan in the binding 6 months
striatum
Metabolic
Food intake Reduced food consumption 3-18 months

These findings were reported by Yu-Taeger et al. 2012

background. After evaluating the different phenotypes of the tgHD rats, we con-
sider the tgHD rat model suitable to evaluate therapeutic approaches.

The phenotype of the BACHD model in terms of behaviour and neuropathology
seems to be clinically relevant and therefore it is a promising model (Table 2).
However, thus far there are no hyperkinetic movements observed in these animals.
The model needs more characterisation to draw final conclusions.

There are differences between the two models in terms of construct validity as
well, such as the number of trinucleotide repeats (51 CAG in tgHD vs. 97 CAG-
CAA in BACHD), being a fragment model (tgHD) versus a full-length model
(BACHD), using homozygous animals (tgHD) versus heterozygous (BACHD),
keeping an inbred background (tgHD) versus outbred background (BACHD),
which should be taken into account when a model is chosen for a specific purpose.
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Large Animal Models of Huntington’s
Disease

Xiao-Jiang Li and Shihua Li

Abstract Huntington’s disease is caused by the expansion of a polyglutamine
repeat (> 37 glutamines) in the disease protein huntingtin, which results in pref-
erential neuronal loss in distinct brain regions. Mutant huntingtin causes late-onset
neurological symptoms in patients in middle life, though the expression of mutant
huntingtin is ubiquitous from early life. Thus, it is important to understand why
mutant huntingtin selectively causes neuronal loss in an age-dependent manner.
Transgenic animal models have been essential tools for uncovering the patho-
genesis and therapeutic targets of neurodegenerative diseases. Genetic mouse
models have been investigated extensively and have revealed the common path-
ological hallmark of age-dependent formation of aggregates or inclusions con-
sisting of misfolded proteins. However, most genetic mouse models lack striking
neurodegeneration that has been found in patient brains. Since there are consid-
erable species differences between small and large animals, large animal models of
Huntington’s disease may allow one to identify the pathological features that are
more similar to those in patients and also help uncover more effective therapeutic
targets. This chapter will focus on the important findings from large animal models
of Huntington’s disease and discusses the use of large animal models to investigate
the pathogenesis of Huntington’s disease and develop new therapeutic strategies.
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1 Introduction

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and several other neurodegenerative diseases share a common pathological fea-
ture, which is selective neurodegeneration that occurs in an age-dependent manner.
All these diseases are caused by misfolded proteins that form aggregates in the
brains of affected patients. For example, in the brains of patients with AD,
extracellular aggregates (senile plaques), which are formed by beta amyloid (Af)
proteins, are the pathological hallmark of AD, whereas Lewy bodies, which
contain alpha-synuclein, are a characteristic brain pathology of patients with PD.
In HD, nuclear inclusions and neuropil aggregates are formed by N-terminal
mutant huntingtin fragments that carry more than 37 polyglutamine repeats
(Gusella et al. 1993; Vonsattel and DiFiglia 1998). Although whether these
aggregates are toxic or protective remains to be investigated, it is clear that these
aggregates are formed by small misfolded peptides and result from the accumu-
lation of misfolded proteins. Consistently, the age-dependent formation of these
aggregates in patient brains is correlated with the progression of neurological
symptoms in AD, PD, and HD.

All these neurodegenerative diseases affect distinct types of neuronal cells
despite the widespread expression of the disease proteins. For example, AD mainly
affects the cortical neurons, whereas PD selectively affects dopaminergic neurons
in the brain region known as the substantia nigra. HD, on the other hand, pref-
erentially affects the medium spiny neurons in the striatum (Vonsattel et al. 1998).
The selective neuropathology in each disease indicates that protein context is
important for the specific neuronal toxicity in these diseases. Because all these
disease proteins have different functions and interact with different partners,
protein misfolding is likely to alter their functions and association with other
proteins, resulting in a gain of toxicity in specific types of neurons.

HD shares common pathological changes with other neurodegenerative dis-
eases but is caused by an autosomal dominant genetic mutation, making HD an
ideal model to study how protein misfolding leads to selective neurodegeneration.
The mechanistic insight obtained from studying HD would be very helpful for
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understanding other neurodegenerative diseases, such as AD and PD, which are
also caused by protein misfolding. Thus, this chapter will focus on HD and its
animal models.

2 HD and Polyglutamine Expansion

HD is characterized by motor dysfunction, cognitive decline, and psychological
dysfunction. HD displays selective neurodegeneration that occurs preferentially in
the brain striatum (Gusella et al. 1993; Vonsattel and DiFiglia 1998). The majority
of patients with HD show symptoms in midlife and often die 1015 years after the
onset of symptoms. The genetic cause of HD is the expansion of a CAG repeat
(>36 CAGs) in exonl of the HD gene. Thus, the CAG repeat expansion results in
an expanded polyglutamine (polyQ) tract in the N-terminal region of htt, a large-
sized protein (3,144 amino acids) that is ubiquitously expressed in various types of
cells and interacts with a number of proteins (Harjes and Wanker 2003; Li and Li
2004). As a result, mutant htt with an expanded polyQ tract forms insoluble
aggregates or inclusions in the brains of patients with HD in an age-dependent
manner.

The selective neurodegeneration in HD occurs early in the medium spiny
neurons in the striatum. Other brain regions, such as the deep layers of the cortex,
the hypothalamus, and the hippocampus, also undergo neurodegeneration in the
later stages of HD (Vonsattel et al. 1998). While the primary function of htt has yet
to be determined, it is known to be essential for early development and probably
plays a role in cellular trafficking as a scaffold protein (Harjes and Wanker 2003;
Li and Li 2004). It is evident that only N-terminal mutant htt is able to form
aggregates and is more toxic than full-length mutant htt (Gutekunst et al. 1999;
Zhou et al. 2003), which has led to extensive studies to identify the proteolytic
cleavage sites mediated by various proteases, including calpains, aspartyl prote-
ases, and caspases, which can degrade mutant htt to generate N-terminal htt
fragments (Qin and Gu 2004). In addition to having the abilities to misfold and
aggregate, N-terminal mutant htt fragments can also accumulate in the nucleus,
whereas the majority of full-length mutant htt remains in the cytoplasm (DiFiglia
et al. 1997; Gutekunst et al. 1999). The nuclear localization of N-terminal mutant
htt can lead to abnormal binding of mutant htt to various transcription factors,
subsequently affecting transcriptional expression (Harjes and Wanker 2003; Li and
Li 2004).

3 HD Mouse Models

Identification of the genetic mutation for HD has led to the establishment of
various transgenic HD mouse models. These models include transgenic mice (R6/
2,N171-82Q) expressing N-terminal mutant htt (Davies et al. 1997; Schilling et al.
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1999), full-length mutant htt transgenic mice (YAC and BAC) (Slow et al. 2003;
Gray et al. 2008), and HD repeat knock-in (KI) mice (Wheeler et al. 2000; Lin
et al. 2001; Menalled et al. 2002). R6/2 and N171-82Q mice display abundant htt
aggregates in their brains at 3—4 months, as well as severe neurological symptoms
and earlier death at 3—6 months (Davies et al. 1997; Schilling et al. 1999). Yeast
artificial chromosome transgenic mice (YACI128), HD KI mice, and BACHD
transgenic mice, which express full-length mutant human htt with an expanded
polyQ repeat (114-150Q), display obvious htt aggregates only at older ages
(7-10 months), show milder neurological symptoms than R/2 and N171-82Q
mice, and can survive as wild-type mice (Lin et al. 2001; Slow et al. 2003; Gray
et al. 2008; Wang et al. 2008). A careful analysis of HD150Q KI mice at
22 months, however, demonstrated that these mice develop the well-characterized
htt aggregates, which could be seen in R6/2 mice at the age of 12 weeks
(Woodman et al. 2007). Thus, characterization of various HD mouse models
provides clear evidence that small N-terminal htt fragments with expanded polyQ
tracts become misfolded and form aggregates. Consistently, polyQ-containing
N-terminal htt fragments also form aggregates in HD cellular models (Li and Li
1998) and in HD patient brains (DiFiglia et al. 1997; Gutekunst et al. 1999).
Despite the milder phenotypes of HD mice that express full-length mutant htt, such
as YAC128 and HD knock-in mice, these mice show preferential accumulation of
mutant htt in the striatum, consistent with the preferential loss of the medium spiny
neurons in the striatum of HD patients. Thus, the accumulation of mutant htt in
neuronal cells is clearly a prerequisite for neuronal dysfunction and degeneration.
Since mutant htt is ubiquitously expressed in various types of cells and local-
ized in different subcellular regions including the nucleus and synapses, it would
be important to investigate how mutant htt in different cell types and subcellular
localization contribute to the disease progression. Transgenic mouse models allow
for the selective expression mutant htt in neuronal and glial cells in the brain.
Expression of N-terminal mutant htt in astrocytes is sufficient to cause age-
dependent neurological symptoms (Bradford et al. 2009). Recently, transgenic
mice that selectively express N-terminal mutant htt in presynaptic terminals were
established and also show severe neurological phenotypes, providing convincing
evidence for the critical role of synaptic mutant htt in the disease (Xu et al. 2013).
Although HD mouse models have been used widely to uncover the pathogen-
esis of HD and to develop treatments, most of these mouse models show no
apoptosis or overt neurodegeneration in their brains. Similarly, in other polyQ
mouse models, the lack of striking neurodegeneration is also a noteworthy phe-
nomenon. Further, transgenic mice for AD and PD do not show typical neuro-
degeneration, either (Lee et al. 2012; LaFerla and Green 2012), although
neurodegeneration is the major pathological event in AD and PD patients (Mattson
2000; Yuan and Yankner 2000). All these facts point out that, although mouse
models are used widely to investigate the pathogenesis of HD and other neuro-
logical diseases, they have their limitations and do not replicate the full range of
neurological phenotypes seen in human diseases. Such limitations reflect the
importance of species differences in the development of neurodegeneration.
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4 The Large Animal Models of HD

Although biological differences between humans and mice may account for the
failure of some mouse models to replicate pathology in humans, whether larger
transgenic animal models can mimic important neurodegenerative features caused
by misfolded proteins remains to be rigorously tested. The creation of a transgenic
monkey in 2001 (Chan et al. 2001) demonstrated that the monkey genome could
be genetically modified and has led to the generation of transgenic nonhuman
primate models expressing disease genes or exogenous foreign genes (Yang et al.
2008; Sasaki et al. 2009; Niu et al. 2010). Of which, transgenic HD rhesus
monkeys express exonl mutant htt with 84Q under the control of the human
ubiquitin promoter (Yang et al. 2008). These HD monkeys were generated by
injecting lentiviruses into fertilized oocytes to express mutant htt. Unlike trans-
genic mice, which can survive after birth when expressing the same exonl mutant
htt with an even longer polyQ repeat (150Q) (Davies et al. 1997; Cheng et al.
2013), HD transgenic monkeys with 84Q could die postnatally and this early death
is associated with the levels of mutant htt (Yang et al. 2008). Despite their early
death, some transgenic monkeys developed key clinical HD features including
dystonia, chorea, and seizure (Yang et al. 2008), which have not been replicated by
mouse models and other small animal models. Like the brains of HD mouse
models and patients, the HD monkey brains also show abundant htt aggregates in
the neuronal nuclei and neuronal processes (Fig. la). More importantly, the
transgenic HD monkeys display the degeneration of axons and neuronal processes
in the absence of obvious cell body degeneration, suggesting that neuronal
degeneration in HD may initiate from neuronal processes (Fig. 1b). Such findings
provide us with valuable information to understand the pathogenesis of HD.

Our collaboration with Dr. Liangxue Lai at the Guangzhou Institutes of Bio-
medicine and Health (GIBH), Chinese Academy of Sciences, also led to the
generation of transgenic HD pigs that express N-terminal mutant htt consisting of
the first 208 amino acids with 105Q (N208-105Q) (Yang et al. 2010). The
transgenes were expressed under the control of the cytomegalovirus enhancer and
chicken beta-actin (CAG) promoter to allow the ubiquitous expression of
transgenes in all tissues. Primary porcine fetal fibroblast cells expressing this
mutant htt fragment were used to generate transgenic HD pigs via nuclear transfer.
Six early pregnancies were established, and four of them went to term, with five
live births. Like transgenic monkey models of HD, most of these transgenic HD
piglets die postnatally, and some transgenic HD pigs show a severe chorea phe-
notype before death. We also generated transgenic mice expressing the same
mutant htt and found that transgenic HD mice could live up to 9 months. Thus, the
postnatal death of transgenic HD piglets also suggests that mutant htt is more toxic
to larger animals. More importantly, in all transgenic pig brains examined, there
were apoptotic cells (Fig. 2, Yang et al. 2010), which have not been reported in
any HD mouse models.
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Fig. 1 Axonal degeneration in transgenic HD monkey brains. (a) Htt (EM48) immunostaining
showing the presence of htt aggregates (arrows) in the neuronal nuclei in the cortex and striatum
and in the neuronal processes (multiple arrowheads). (b) Htt immunostaining also revealed
axonal degeneration (arrows) in HD monkey brain. Arrowhead indicates a glial cell

However, transgenic HD sheep expressing full-length mutant htt with a 73Q
tract live normally and show only a decrease in the expression of the medium
spiny neuron marker DARPP-32 (Jacobsen et al. 2010). The differences between
full-length htt and N-terminal htt transgenic pigs provide further evidence for the
toxicity of N-terminal mutant htt. Thus, as with HD mouse models, the expression
of N-terminal mutant htt can cause robust neurological phenotypes and patho-
logical changes in large animals. These studies also suggest that protein context
and the length of htt fragments may determine the nature of the neuropathology.
For example, exonl (1-67 amino acids) mutant htt in monkey brains causes axonal
degeneration, whereas N-terminal 208 amino acids of mutant htt in pig brains can
mediate apoptosis; however, in transgenic pigs (Uchida et al. 2001; Baxa et al.
2013) expressing a larger mutant htt fragment and in transgenic HD sheep
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Fig. 2 Apoptotic cells in the brains of transgenic HD pigs. (a) Anti-polyQ (1C2) immunocy-
tochemistry revealed the presence of mutant htt in the neurons of the brain striatal (upper) and
cortical (lower) sections of HD transgenic pig (7-9). (b) Htt (EM48) immunocytochemistry also
revealed apoptotic neurons (arrows) in transgenic HD pigs (7-1-1, 7-1-2, 7-9, and 6-15). Scale
bars: 10 pm

(Jacobsen et al. 2010) expressing full-length (3,144 amino acids) mutant htt, there
was no apoptosis, early animal death, or neurological phenotype reported. It is
possible that neurodegeneration in large animals only occurs when sufficient
degraded N-terminal fragments have accumulated in old animals. Thus, expressing
N-terminal mutant htt fragments can facilitate disease progression, resulting in the
early postnatal death of transgenic HD pigs and monkeys.

5 Insights from HD Models

It is clear that species differences play a critical role in the neurological phenotype
differences in small and large animal models. There are considerable differences in
development, life span, physiology, genetics, and anatomy between small and
large animals (Table 1). An interesting issue is what the mechanisms behind these
differences are. Certainly, there are a number of possible explanations. The short
life span of mice is often believed to be responsible for the failure of HD mouse
models to develop overt neurodegeneration. It is also possible that the misfolded
form of N-terminal mutant htt is more toxic to the neuronal cells of pigs and
monkeys than to rodent neurons. Considering that gestation in monkeys and pigs is
much longer than in mice, this longer time period may allow overexpression of the
toxic form of mutant proteins, such as N-terminal mutant htt, to cause more severe
neurotoxicity in the pig and monkey brains. Also, because the brain circuitry in
pigs and monkeys is more complex than in mice, this complexity may render
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Table 1 Major differences in some species

Species Sex maturity ~ Generation (day)  Life span (year) Body weight (kg)
Human 15-18 years 266 75 50

Monkey (Rhesus)  3-5 years 165 25 6

Pig 9-11 months 114 7 80

Mouse 7 weeks 19-21 2 0.03

neurons in large animals more vulnerable to misfolded mutant htt. Finally, the
cellular ability to cope with misfolded proteins during development and adulthood
may be different between species. The rapid maturation of rodent neurons during
early brain development may reduce their sensitivity to misfolded proteins, which
can also explain why mouse models can survive to adulthood even when they
express the same mutant htt N-terminal fragment.

Considering that HD and other neurodegenerative disease are age-dependent
disorders, it is important to understand the differences in the aging process among
different animal species when these animals are used to model neurodegenerative
diseases. The life spans of these species differ drastically, indicating that aging
processes in different species are not identical. Also, the early development of
these mammalian species requires significantly different periods of time. For
example, the gestation period for mice is 21 days, whereas pigs and monkeys
require 4-5 months to reach full-term development. In addition to these significant
differences, the anatomy, physiology, function, and circuitry of pig and monkey
brains are much more complex than mouse brains (Table 1). These differences
clearly indicate that monkeys and pigs are much closer to humans than mice and
also explain why larger animal models would be better to mimic the pathological
features seen in human patients. Indeed, a genetic pig model of cystic fibrosis
replicates abnormalities seen in cystic fibrosis patients that do not occur in mouse
models (Rogers et al. 2008). Of the large animals, monkeys are the best to model
neurological diseases of humans, especially for cognitive behavioral analysis. Pigs,
on the other hand, have a long life span (12—15 years), are easily bred, and reach
puberty at 5-6 months, so they also offer advantages for biomedical research over
other large animals, such as primates, for ethical and economic reasons (Lind et al.
2007).

6 Future Studies with Large Animal Models

Nevertheless, generation of genetic models using large animals is much more
challenging than establishing genetic mouse models. So far, there are no ES cells
from pigs, monkeys, or other large animals that can be used for generating gene-
targeted animals. Induced pluripotent stem (iPS) cells are similar to embryonic
cells and can be potentially used for altering endogenous genes and gene targeting
in various species of animals. However, use of iPS cells for gene targeting is still
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under development. Most work done on transgenic monkeys involved the use of
lentiviral vector infection of fertilized oocytes and embryo transplantation (Yang
et al. 2008; Sasaki et al. 2009; Niu et al. 2010), which requires a considerable
number of donor and surrogate monkeys. Successful generation of transgenic pigs
can also be achieved via nuclear transfer, a cloning strategy that has a low rate
(<1-2 %) for transferred pig embryos to develop to term (Lai and Prather 2003).
In addition, the costs in maintaining and breeding large animals as well as the
ethical concerns and strict regulation of the use of large animals also make it
difficult to use them for biomedical research.

Recent advances in gene targeting have opened new avenues for gene targeting
in large animals. The new technology, called TALEN and cas9, enable gene
targeting via transcription activator-like effector nucleases (TALENs) and the
Cas9 endonuclease from the type II bacterial CRISPR/Cas system, respectively.
Gene targeting via TALENs or Cas9 can occur in embryos without involving ES
cells (Shen et al. 2013; Wang et al. 2013). The new technology involves the use of
DNA binding peptides that can bind specific target DNA sequences to allow
cleavage DNAs by nuclease, thus creating the loss of function of a specific gene.
This approach can be applied to one-cell fertilized embryos to cause null mutations
of specific genes in the body. It has been reported that replacement of an
endogenous gene via Cas9-mediated DNA cleavage can also be achieved (Wang
et al. 2013).

Although the rodent models of neurodegenerative diseases will remain as a
major modeling system for investigating a variety of diseases because of the
difficulty and expense of generating and characterizing large animals, large animal
models will make a more rigorous system for validating the relevance of critical
findings from small animal models. The large animal models will help us to
address the following important issues. It would be interesting to know how
mutant htt possesses neuronal toxicity in adult transgenic animals. Such studies
would require new transgenic animal models that can survive to adulthood, which
can be accomplished by using different transgenic vectors that express mutant htt
at a lower level or in an inducible manner. To verify that N-terminal mutant htt,
rather than its overexpression, is indeed toxic, it would also be important to use a
knock-in approach to express N-terminal mutant htt at the endogenous level.
Transgenic models using higher mammalian species or large animals to model
important neurodegenerative diseases would give us deeper insight into the
pathogenesis of neurodegenerative diseases. In addition, given the frequent fail-
ures when it comes to clinical trials of drugs that have been found to work in small
animal models, transgenic large animals could yield a more reliable system for
verifying therapeutic efficacy before moving to clinical trials.
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Therapeutic Strategies for Huntington’s
Disease

Ladislav Mrzljak and Ignacio Munoz-Sanjuan

Abstract Huntington’s disease (HD) is a devastating autosomal dominant
neurodegenerative disease, caused by expansion of the CAG repeat in the hun-
tingtin (HTT) gene and characterized pathologically by the loss of pyramidal
neurons in several cortical areas, of striatal medium spiny neurons, and of hypo-
thalamic neurons. Clinically, a distinguishing feature of the disease is uncontrolled
involuntary movements (chorea, dyskensias) accompanied by progressive cogni-
tive, motor, and psychiatric impairment. This review focuses on the current state of
therapeutic development for the treatment of HD, including the preclinical and
clinical development of small molecules and molecular therapies.

Keywords Huntington’s disease - Huntingtin - CAG repeats - Kynurenine - PDE
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1 Introduction to Huntington’s Disease

Huntington’s disease (HD) is a devastating, autosomal dominant, neurodegener-
ative disorder, which is caused by a CAG triplet repeat expansion in exon 1 of the
huntingtin (HTT) gene, encoding an abnormally expanded polyglutamine (polyQ)
tract (The Huntington’s Disease Collaborative Research Group 1993; Zuccato
et al. 2010). HD is the most prevalent of all triplet repeat diseases. The CAG-
repeat length (>35 CAGs) is inversely correlated with age at diagnosis of clinical
symptoms (typically motor symptoms), accounting for 60-70 % of this variation
(Langbehn et al. 2010). Although the disease can manifest at any age, clinically
relevant symptoms begin in mid-life (35-50 years) and progression is slow, taking
~20 years to death. In juvenile cases of HD (<20 years of age, with CAG repeats
typically >60) the disease is accelerated and symptoms include more severe
bradykinesia, rigidity, seizures, and severe dementia with little to no chorea
(Vonsattel and DiFiglia 1998).

Clinically, adult HD is characterized by motor, cognitive, and psychiatric dis-
turbances. These include impairments in executive function, planning, and
working memory, impulsivity, loss of attention, motivation and self-care, and
deficits in movement control (chorea, dyskinesias). In later stages, the patients
develop rigidity, bradykinesia, and dementia (Biglan et al. 2009; Duff et al. 2007,
2010; Sanberg et al. 1981). There is also loss of body weight and muscle bulk even
when patients are on a high-calorie intake (Fischbeck 2001). By the time a patient
is clinically diagnosed with onset of disease there is an estimated 60—80 % loss of
the striatum (Margolis and Ross 2001). The medium spiny neurons of the dorsal
striatum appear to be the most vulnerable, even though HTT is ubiquitously
expressed. Difficulty in swallowing leading to choking, pneumonia, and compli-
cations with lack of mobility generally result in death.

HD prevalence varies around the world with most countries having 3—10 cases
per 100,000 people. Studies in Japan and Africa have shown lower prevalence
rates; among the lowest are found in black South Africans with 0.01 in 100,000
(Folstein et al. 1987; Hayden et al. 1980; Wright et al. 1981). However, given an
aging population and the inverse correlation between age at motor onset and length
of the CAG, the current prevalence is expected to be considerably higher than
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previously estimated (Hayden et al. 1980). In addition, in some large Latin
American clusters (Colombia, Brazil, Peru, and Venezuela), the prevalence of the
disease can be a staggering 10 % of the population (Wexler et al. 2004).

The discovery of the disease-causing mutation in H7TT and the development of
genetically engineered rodent models has enabled investigation of the potential
pathogenic mechanisms in HD, through pharmacological/molecular intervention
as well as genetic manipulation (Hult et al. 2010). Most of these transgenic animal
models have large (>70) CAG repeats, similar to the repeat lengths common in
juvenile HD; adult-onset HD is typically due to CAG repeat lengths in the low-to-
mid 40s (Figiel et al. 2012; Switonski et al. 2012). Mouse models with a more
physiological adult-onset CAG-repeat length develop few or no symptoms
(aggregation of HTT, behavioral alterations), although more sensitive approaches
to evaluating dysfunction need to be explored in aged animals. One of the greatest
challenges in neuroscientific drug discovery, including HD, is the uncertainty of
the predictive value of rodent models to clinical pathophysiology, and we must
recognize their limitations and understand which pathways or mechanisms cor-
relate to the human pathophysiology. As discussed previously, this would require a
much more extensive effort to dissect pathogenic mechanisms during longitudinal
studies in HD subjects, and to compare juvenile HD (caused by large expansions in
HTT) and adult-onset HD (Munoz-Sanjuan and Bates 2011).

The mechanisms associated with HD pathogenesis share similar biology with
other neurodegenerative diseases, and in general we lack a deep understanding of the
specificity of the molecular networks triggered by continuous expression of mutant
HTT. We have only recently begun to dissect molecular alterations in the various
cells types specifically affected in HD, through genetic, molecular, and optogenetic
techniques. Mechanisms implicated in HD include those relevant to DNA repair,
transcriptional and translational modulation of expanded trinucleotide repeats
(including somatic expansion), mitochondria and energy homeostasis, vesicular
trafficking dynamics, oligomerization of mHTT (chaperone biology), autophagy,
and synaptic signaling (Cattaneo et al. 2005; Hult et al. 2010; Munoz-Sanjuan and
Bates 2011). Although these mechanisms are of significant interest, most studies
have not provided sufficient molecular understanding of the dysfunction to enable a
drug discovery program. Existing therapeutic programs target either HTT itself or its
aggregation, or mechanisms thought to play a major role in progression, and which
are amenable for traditional drug development: drugs aimed at restoring the circuitry
changes observed in HD, and thought to underlie its symptomatology, or drugs
aimed at restoring energetic deficits, autophagy induction in brain cells, or deficits in
BDNF/TrkB signaling. Ongoing clinical trials are given in Table 1. Preclinical-
stage therapeutic approaches are described in more depth in Table 2.
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Table 1 Ongoing randomized clinical trials in HD (2013)

Clinical trial name or Intervention Size Starting Current

sponsor date status

CREST-E Creatine 650 2008 Recruiting

2CARE Coenzyme Q10 608 2008 Completed

MGH

MIG-HD Fetal transplantation 60 2008 Completed

TREND-HD Amarin Ethyl-EPA (Miraxion™) 300 2005 Completed
Neuroscience Ltd.

NEUROHD Tetrabenazine olanzapine tiapride 180 2008 Completed

Teva pharmaceutical ACR16 437 2008 Completed
industries

Heinrich-Heine University DBS of the globus pallidus 6 2009 Completed
(Germany)

Raptor Cysteamine 98 2010 Completed

Charite University Buproprion 90 2010 Recruiting
(Germany)

REACH2 PBT2 100 2011 Completed

University of British Memantine 25 2011 Recruiting
Columbia

Charite University Epigallocatechin gallate 54 2011 Recruiting

(Germany) ETON study
GW Pharmaceuticals Ltd.  Delta-9-tetrahydrocannabinol (THC) 25 2011 Completed
and cannabidiol (CBD)
Auspex SD-809 ER 100 2013 Recruiting
Pfizer PF-02545920 65 2013 Recruiting

Completed studies included have not reported findings. Trials are shown in order of starting date

2 Modulation of Huntingtin Expression: Molecular
Therapeutics

HTT is a soluble protein that is ubiquitously expressed with a biological function
that is not well understood in the adult. HTT loss of function is lethal during early
mouse development, so it is likely that HTT functions can be elucidated using
developmental systems (Cattaneo et al. 2005; Munoz-Sanjuan and Bates 2011;
Reiner et al. 2003; Woda et al. 2005). HTT is a 3,144 amino acid protein with a
polyglutamine stretch and a polyproline domain located in the N-terminus, nuclear
import and export signals, numerous regions predicted to form highly structured
HEAT repeats, and novel recently identified aggregation motifs outside the
polyglutamine tract itself (Andrade and Bork 1995). HTT can be found in the
cytosol, in cell membranes (with a strong association with the endoplasmic
reticulum and Golgi apparatus), and in the nucleus. A pathological hallmark of HD
is the presence of intranuclear and neuropil inclusions composed of aggregated N-
terminal HTT fragments and a variety of ubiquitinated proteins (Becher et al.
1998; Martin-Aparicio et al. 2001; Yamamoto et al. 2000).
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Table 2 Preclinical therapeutic programs at CHDI, past and present

Target/agent Status Partners/comments
KMO inhibitor Active Evotec

HDAC Class II inhibitor Active BioFocus

HTT Antisense Oligonucleotides Active ISIS/Roche

HTT siRNAs Active Alnylam/Medtronic
HTT Zinc-finger repressor (ZFPs) Active Sangamo/Shire

HTT miRNA Active Genzyme/Sanofi

HTT small-molecule modulator Active BioFocus

TrkB agonist monoclonal antibody Active Pfizer

BDNF protein (AAV) Active

JNK3 inhibitor Active AMRI

PDE2 inhibitor Active Pfizer

PDED9 inhibitor Active Pfizer

PDEI10 inhibitor Active Pfizer

PDE4D negative allosteric modulator Active deCode genetics

p38 inhibitor Active POC molecule testing
Flupirtine Active POC molecule testing
GlyT1 inhibitor Active POC molecule testing
M4 potentiator Active POC molecule testing
P2X7 inhibitor Active Lundbeck POC molecule testing
Myostatin neutralizing monoclonal antibody  Active Pfizer POC molecule testing
SHT6 antagonist Active POC molecule testing
H3 antagonist Active POC molecule testing
mGluR2/3 potentiator Active POC molecule testing
Hsp90 inhibitor Discontinued  Kings College London
A2a inhibitor Discontinued POC molecule testing
TG2 inhibitor Discontinued  Evotec

mGluR5 antagonist Discontinued Roche POC molecule testing
Caspase-6 inhibitor Discontinued Evotec

Caspase-2 inhibitor Discontinued Evotec

PDHK inhibitor Discontinued AMRI

GLT-1/EAAT?2 activator Discontinued Evotec

Sirtuin-1 activator Discontinued  BioFocus

POC molecule testing: proof-of-concept tool molecule used to query target in R6.2 or Q175 mice

Given the monogenic nature of HD, lowering levels of mutant HTT is predicted
to alleviate disease burden, and this appears substantiated by data in rodent models
of HD (Kordasiewicz et al. 2012; Martin-Aparicio et al. 2001; Yamamoto et al.
2000). HD patients with homozygous expansions do not seem to manifest
increased severity or accelerated progression of the disease (Wexler et al. 2004),
although in rodents there is a clear HTT dose-dependent alteration in symptom
onset and progression (Crook and Housman 2011; Figiel et al. 2012; Heikkinen
et al. 2012; Switonski et al. 2012). In hypomorphic mice, transgenic mice with
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inducible expression of mutant HTT, or mice expressing inducible shRNAs tar-
geting HTT expression, greater than 70 % knockdown of both alleles is toxic in
embryonic and adult contexts. However, additional studies in adult mice and in
nonhuman primates (NHPs) locally administered with HTT-lowering therapeutics
have demonstrated that the reduction of both alleles to 50 % levels for an extended
period of time appears to be well tolerated (Grondin et al. 2012; Hilditch-Maguire
et al. 2000; Kordasiewicz et al. 2012; Woda et al. 2005).

Given that the function of HTT is unclear and that it lacks domains amenable to
modulation by traditional small-molecule therapeutics, the main approach to slow
disease progression has centered on decreasing HTT expression, and four distinct
clinical approaches are being pursued. Lowering of HTT mRNA, mostly in a
nonallele selective manner, is being pursued via a variety of strategies, including
antisense oligonucleotides (ASOs; ISIS Pharmaceuticals; and Roche), small
interfering RNAs (siRNAs; Alnylam; and Medtronic), or micro RNAs (miRNAs;
Genzyme; and Sanofi-Aventis) (Grondin et al. 2012; Sah and Aronin 2011; Stiles
et al. 2012). In addition to these RNA-targeting modalities, a DNA-targeting
strategy is being developed by Sangamo and Shire, via the development of CAG-
directed zinc-finger repressor (ZFP) proteins. All these programs are in late pre-
clinical development stages. We are working with these partners to enable clinical
development for all these programs, although our current efforts at the moment are
directed toward the development and validation of HTT-dependent biological
readouts of the effectiveness of the therapeutics by focusing on detection methods
for HTT levels, or early alterations after HTT suppression which can be applied in
a clinical setting as early measures of drug-induced effects.

The RNA-directed therapeutics target regions of the mRNA that are down-
stream of the pathogenic exonl sequences. A recent study shows that a mis-spliced
form of HTT message is transcribed in animals and in human tissues, and is
predicted to generate a truncated amino-terminal fragment of HTT, with presumed
enhanced toxicity (Sathasivam et al. 2013). This alternatively spliced HTT mRNA
would not be modulated by existing RNA-directed therapeutics, which could
therefore limit their effectiveness if indeed this mRNA is important in disease
pathogenesis. In contrast to the RNA-directed therapies, using DNA-directed ZFPs
would not be affected by this finding. Similarly, second generation RNA therapies
targeting the expanded CAG tract would also target this readthrough spliced
isoform of HTT.

The various modalities in clinical development, expected to reach patients in
the next 24 months, also differ in their delivery to areas thought to be important for
disease progression: ISIS and Roche will deliver the ASO therapeutic via an
intrathecal route, aiming to lower HTT expression in cortical areas, which has
been shown to be important for symptom modification in transgenic animals (Gu
et al. 2005); the Medtronic siRNA will be delivered to the putamen via a surgically
implanted pump and catheter; and the ZFPs and miRNAs will be delivered via
viral vectors, most likely adeno-associated virus (AAV). A critical difference
between the delivery approaches is that, since AAVs integrate into the host gen-
ome, transduction needs to take place only once and a lifetime expression of the
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HTT-suppressing agent is envisioned. As far as we are aware, these therapeutic
agents will be delivered to the caudate-putamen region. In Parkinson’s disease
trials with GDNF and neurturin, AAV delivery has been well tolerated and
transgene expression appears stable several years after initial transduction (Bartus
et al. 2013).

2.1 Biomarker Strategies to Enable Clinical Trials
Jor Molecular Therapeutics

A major outstanding question for the clinical development of the HTT-directed
molecular therapeutics is the assessment of proximal alterations to disease pro-
gression that reflect a change in mutant (or total) HTT protein levels in a region-
specific manner. Ideally, in Phase II trials, evidence of proof of mechanism needs
to be determined. Traditionally, pharmacodynamic endpoints are incorporated in
Phase II to validate that the administered drug is able to modulate the target or
biological mechanism of interest. This is challenging in the context of a protein
(HTT) whose expression is the desired endpoint.

To address these challenges we are exploring endpoints that will assess lowered
HTT levels, or an evaluation of biological endpoints proximal to HTT itself.
CHDI, in collaboration with BioFocus, has developed a panel of ELISA-based
Meso Scale Discovery (MSD) electro-chemiluminescence assays to enable the
detection of nonexpanded and polyQ-expanded primate and rodent HTT in a
variety of cells and tissue samples. These assays are highly sensitive (detecting
fmols of protein) and robust, and can detect HTT proteins in complex tissue
samples. These set of assays (manuscript in review) add to the existing TR-FRET-
based assays developed by Novartis (Baldo et al. 2012; Weiss et al. 2012).
Recently, Novartis in collaboration with CHDI and UCL have applied the TR-
FRET assay to detect mHTT in peripheral human monocytes, enabling HTT
measurements for the development of therapeutics with a peripheral effect on HTT
levels (Baldo et al. 2012; Weiss et al. 2012).

As in the Alzheimer’s disease field, we also initiated a program to develop
imaging agents that can bind selectively to HTT to visualize, noninvasively, HTT
levels in the brain. Some of these small molecules display nanomolar affinities for
mutant HTT and are being developed to enable a Phase II study in HD. Other
imaging modalities are being explored to understand whether changes in biological
endpoints subject to modulation via mutant HTT levels can be incorporated into
clinical trials. For instance, one of the most conserved alterations in HD patients
and all HD animal models is the downregulation of several neurotransmitter
receptors and enzymes critical for basal ganglia function, such as the dopamine
signaling components (D1, D2 receptors, and the DAT transporter) (Andre et al.
2010; Brandt et al. 1990), the cannabinoid receptor CB1 (Van Laere et al. 2010),
the enzyme PDE10 (Giampa et al. 2010; Sadri-Vakili et al. 2007; Sugars 2003),
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and the metabotropic glutamate receptor (mGIluR5) (Ribeiro et al. 2010), all of
which can be visualized with existing, clinically used, PET or SPECT tracers.

Recent evidence suggests that lowering mutant HTT, even late in disease
progression, leads to an increase in the expression of some of these genes, which
can presumably be clinically monitored by imaging agents. The existing imaging
tracers can therefore be used as indirect markers of mHTT lowering. Additional
technologies under consideration to monitor early signs of disease modification
will likely include noninvasive assessment of metabolic measurements, such as
FDG-PET, or of sensitive measures which can monitor changes in the underlying,
altered, basal ganglia circuitry, such as qEEG or fMRI measurements (Eidelberg
and Surmeier 2011; Gray et al. 2013; Hunter et al. 2010; Wolf et al. 2013).

Due to the challenges of central delivery, distribution, and safety of the
molecular therapies, CHDI has recently embarked on a small-molecule HTT
expression modulation program. The recent development of quantitative assays to
monitor wildtype and mutant HTT expression levels has enabled the use of these
assays in high throughput screens to identify small molecules or genes which can
modulate HTT expression. Small molecules targeting novel mechanisms such as
RNA-stability or translational efficiency of the expanded HTT mRNA (perhaps
distinguishing CAG tract length) might be identified in such a screen. The hits
from these screens will need to be deconvoluted to understand the mechanism of
action, selectivity over other proteins, and their putative molecular targets.

3 Small-Molecule Therapeutics

A key challenge in translational research is prioritizing—with scant data from
human studies—mechanisms relevant to human disease pathogenesis. To identify
the mechanisms that can significantly slow disease progression, CHDI has formed
five biological mechanism teams to design, oversee, and implement key preclinical
and clinical experiments to investigate mechanistic hypotheses in HD. These
biological mechanisms include autophagy/clearance of HTT and energetic and
synaptic mechanisms, including the modulation of TrkB signaling. In this review,
we only cover strategies in advanced stages of preclinical development or in the
clinic, so the approaches targeting autophagy in the brain are not described.
Alterations in HD synaptic function may be responsible for many of the early
symptoms of HD. Normal HTT interacts with various cytoskeletal and synaptic
vesicle proteins essential for exocytosis and endocytosis (Caviston and Holzbaur
2009; Qin et al. 2004), and altered interactions of mHTT likely contributes to
abnormal synaptic transmission in HD. Synaptic alterations in corticostriatal
transmission have been well documented and are one of the earliest changes
detected in rodent HD models (Figiel et al. 2012; Heikkinen et al. 2012; Switonski
et al. 2012). In addition, both in rodent models and in numerous clinical studies,
neurotransmitter receptors critical to the function of the affected circuitry display
altered levels, such as dopamine and cannabinoid receptors (Cattaneo et al. 2005;
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Munoz-Sanjuan and Bates 2011). Although initial reports focused on the distur-
bances and cell death of striatal medium spiny neurons (MSNs) it is now apparent
that significant alterations to striatal interneurons exist that are likely to play a very
significant role in synaptic pathogenesis (Cepeda et al. 2013; Eidelberg and Sur-
meier 2011; Horne et al. 2013; Pisani et al. 2007; Vlamings et al. 2012). In
addition, ongoing efforts to refine our understanding of the molecular and neu-
rochemical alterations in cortico- or thalamo-striatal connectivity, as well as the
physiological alterations in the output nuclei of the basal ganglia, will lead to the
identification of novel targets for intervention, with the aim of understanding (and
restoring) time-dependent alterations in this circuitry.

We and others have evaluated the neurochemical and physiological alterations
that develop over time in HD rodent models by analyzing neurotransmitter
alterations and changes in neuronal firing in the affected circuitry in vivo as the
disease develops, and in slice preparations derived from the affected circuitry
during disease progression (Cepeda et al. 2013; Heikkinen et al. 2012; Andre et al.
2010). As part of this broad effort to ‘map’ the alterations in synaptic physiology in
an HD context and the system’s responsiveness to pharmacological or electrical
manipulations, we are testing a large set of clinical-stage molecules known to
modulate the underlying circuitry, such as agents able to query pathways modu-
lated by glutamate, GABA, histamine, monoamines, dopamine, and cannabinoids
in the basal ganglia. Some of these molecules have been developed for the
treatment of HD in collaboration with pharmaceutical companies (such as selective
inhibitors of phosphodiesterases (PDEs) 2, 9, and 10 in collaboration with Pfizer;
see below) or exclusively as CHDI-driven projects (such as inhibition of kynu-
renine monooxygenase). Much of the ongoing preclinical research at our collab-
orating laboratories testing various clinical candidates are part of an ongoing
scientific and clinical collaboration between CHDI and industry, reflecting a
change in the willingness of pharmaceutical companies to actively develop ther-
apeutics for HD.

4 Synaptic Mechanisms

4.1 Existing and Experimental Therapeutics Targeting
the Dopaminergic System

Antidopaminergic drugs such as tetrabenazine and antipsychotics are still the most
frequent therapy in the management of hyperkinetic (chorea) or psychiatric
symptoms in HD (Chen et al. 2012; Frank 2010; Ross and Tabrizi 2011).
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4.1.1 Tetrabenazine

First introduced in the 1970s to treat hyperkinetic movement disorders, tetraben-
azine became the first FDA-approved drug to treat HD more than 30 years later
(Frank 2010). Tetrabenazine inhibits the vesicular monoamine transporter 2
(VMAT?2) that is predominantly localized in the brain (Paleacu 2007; Pettibone
et al. 1984a, b), preventing monoamine transport from the cytoplasmic pool into
the synaptic vesicles and enhancing their catabolism, with more selectivity to
dopamine than norepinephrine. (Pettibone et al. 1984a, b) Two features distinguish
tetrabenazine from the known VMAT inhibitor reserpine; tetrabenazine is a
reversible VMAT inhibitor in contrast to the irreversible inhibition of reserpine,
and tetrabenazine is highly selective for centrally localized VMAT?2 while reser-
pine targets both peripherally localized VMATI1 as well as VMAT2 (Paleacu
2007). These tetrabenazine features result in a much shorter action than reserpine
(hours vs. days) and avoid reserpine’s major peripheral side effects, such as
orthostatic hypotension and diarrhea (Frank 2010; Mehvar et al. 1987; Paleacu
2007; Roberts et al. 1986).

Two randomized, double-blind, placebo-controlled studies were crucial for the
approval of tetrabenazine for HD in the US: the TETRA-HD study conducted by
the Huntington Study Group (HSG) that evaluated treatment of chorea (Hun-
tington Study Group 2006) and a study by Frank et al. (2008), that evaluated the
reemergence of chorea after discontinuation of tetrabenazine dosing. The TETRA-
HD study found a significant reduction of chorea score in the Unified Huntington’s
Disease Rating Scale (UHDRS) versus placebo, and Frank et al. found the
worsening of chorea score upon tetrabenazine withdrawal (Frank 2010). However,
while improving chorea, tetrabenazine leads to numerous side effects due to its
mechanism of central inhibition of the monoaminergic system. The major side
effects during the treatment-titration phase include insomnia, somnolence and
depressed mood, sedation, anxiety, Parkinsonism, fatigue, akathisia, drowsiness,
and potential cognitive impairment during the chronic treatment phase (Frank
2010). Therefore, there is still a need for small molecules and other approaches to
manage hyperkinetic symptoms.

Currently, CHDI in collaboration with academic and pharmaceutical industry
collaborators is exploring therapies focused on the modulation of the hyperex-
citability of the direct D1 pathway in the basal ganglia with small molecules like
M4 muscarinic receptor positive allosteric modulators and KCNQ2/3 channel
openers (M-current modulation), as well as deep brain stimulation (DBS)
approaches (see below and Table 2). Modulation of glutamatergic neurotrans-
mission by mGIuRS and Group II metabotropic glutamate receptor (mGluR2/3)
agonists, alone or in combination with neuroleptics, may be another alternative
given the evidence in rodent HD models of a beneficial effect of metabotropic
glutamate receptor signaling modulators (Doria et al. 2013; Reiner et al. 2012;
Ribeiro et al. 2010; Schiefer et al. 2004).
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4.1.2 ACR16 (Pridopidine)

ACRI16 targets the dopamine D2 receptor and is currently in clinical development
for treatment of HD (Lundin et al. 2010). In vitro the drug behaves as a low
affinity, low efficacy partial agonist with fast dissociation properties (Dyhring et al.
2010; Kara et al. 2010). In vivo the drug is described as a “dopamine stabilizer”
since in rodents it normalizes hyperdopaminergic states and reduces hyperloco-
motion induced by amphetamine, but preserves spontaneous locomotor activity
and has stimulatory action in the habituated states where the dopaminergic tone is
considered to be low (Ponten et al. 2010; Rung et al. 2008). ACR16 also reverses
the increased locomotor behavior induced by the NMDA antagonist MK-801 and
elevates the levels of dopamine and norepinephrine in the cortex, striatum, and
nucleus accumbens (Ponten et al. 2010). It is hypothesized that state-dependent
stabilization of psychomotor activity by ACRI16 is the result of dual mechanistic
action; antagonism of dopamine D2 receptors and strengthening of cortical glu-
tamate functions that can be important in restoring the cortical-subcortical func-
tional neuronal circuitry impaired in HD (Ponten et al. 2010). ACR16 was not
tested in HD animal models, however, its efficacy and safety was evaluated in a
small Phase II (Lundin et al. 2010) and the larger Phase III randomized, double-
blind, placebo-controlled MERMAIHD study (De Yebenes et al. 2011; Squitieri
et al. 2013). In these studies ACR16 was well tolerated up to 90 mg/day with a
safety profile similar to placebo and, based on the Phase II study indicating that
ACRI16 improved voluntary motor function, efficacy was evaluated in Phase III
using the modified motor score as the primary endpoint. This endpoint was not
met. Currently, ACR16 efficacy is being evaluated by Teva Pharmaceuticals in an
open label study (OPEN-HART, ClinicalTrials.gov Identifier NCT01306929)
where motor function is evaluated using the UHDRS Total Motor Score as the
primary endpoint.

4.2 Modulation of Glutamate Signaling Pathways

The excitatory neurotransmitter glutamate plays a crucial role in the modulation of
neuronal circuitry of the basal ganglia affected in HD. In particular, glutamate is
the major neurotransmitter in parts of that circuitry such as the cortico-striatal-
thalamo-cortical and subthalamic nucleus efferent systems (Andre et al. 2010). A
current working hypothesis in HD is that increased levels of glutamatergic neu-
rotransmission in the striatum are neurotoxic for MSN neurons. This theory is
termed the excitotoxicity hypothesis of HD, and has been a major driver in the
development of HD therapeutic strategies in the past (Andre et al. 2010; Munoz-
Sanjuan and Bates 2011). Based on this theory, antiglutamatergic therapies may be
beneficial in HD (Andre et al. 2010; Venuto et al. 2012). A major hurdle in
developing glutamatergic-targeted HD therapeutics is a lack of mechanistic
understanding of glutamatergic neurotransmission in the HD brain, including tonic
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levels of glutamate, potential alterations in glutamate release mechanisms, level,
localization and function of ionotropic and metabotropic glutamate receptors, and
alterations in glial glutamate uptake. CHDI is committed to addressing these issues
and is currently developing methods to measure extracellular levels of glutamate
in the human brain based on metabotropic glutamate receptor occupancy using
PET (Miyake et al. 2011).

The most reproducible finding of glutamatergic signaling impairment in both
HD animal models and HD patient postmortem brains is a downregulation of
glutamate uptake (Hassel et al. 2008; Miller et al. 2012) and glutamate transporter
GLUTI1 (EAAT?2) expression localized to glial cells (Faideau et al. 2010; Miller
et al. 2012). These findings suggest dysregulation of extracellular glutamate levels
in HD, and point to GLUTI1 as a potential therapeutic target. Indeed, in the R6/2
mouse model, chronic treatment with the antibiotic ceftriaxone upregulates
GLUTI expression and improves glutamate uptake (Miller et al. 2012; Sari et al.
2010). However, to date, there are no small molecules that increase GLUT1
function in HD and are suitable for drug development since the target of ceftri-
axone is unknown. Similarly, whether the loss of GLUT1 expression is compen-
satory or causative is unknown; molecular or genetic approaches are likely
required to determine whether an increase in activity or expression of GLUT1 is
sufficient to ameliorate disease pathology in HD rodent models.

Antiglutamatergic therapies, such as the antagonism of NMDA receptors, are
being explored clinically using amantadine, ramacemide, and memantine (Hun-
tington Study Group 2001) (See ClinicalTrial.gov). The antiglutamate release
agent riluzole failed to modulate HD symptoms in a clinical study (Landwehr-
meyer et al. 2007). Other approaches might be explored therapeutically given
initial evidence in rodent models that modulation of NR2B, mGluR2/3, and
mGluRS5 signaling appears to show beneficial effects in at least one rodent model
of HD (Doria et al. 2013; Milnerwood et al. 2012; Reiner et al. 2012; Ribeiro et al.
2010; Schiefer et al. 2004). However, given that the models show a biphasic
alteration in glutamate signaling in corticostriatal synapses, the timing of admin-
istration of these agents makes their development challenging. Similarly, the
interplay between tonic glutamate and GABA signaling in the basal ganglia cir-
cuitry needs to be explored in more depth. Novartis sponsored a Phase II trial in
HD with their mGIuRS5 antagonist AFQO056, but this study has been terminated
(ClinicalTrials.gov identifier NCT01019473).

Future and ongoing experimental medicine studies by CHDI and academic/
industrial collaborators to better understand the glutamatergic system in HD may
facilitate development of glutamatergic therapies, such as modulation of glutamate
release via GPCR receptors localized at glutamatergic synapses such as cannabi-
noid 1 (CB1), histamine H3, muscarinic M4, and serotonin SHT6 receptors.
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4.3 Cannabinoid and Adenosine Signaling

The importance of endocannabinoid signaling in the basal ganglia circuitry is well-
known (Cachope 2012; Skaper and Di Marzo 2012). Imaging and histological
studies have highlighted a decrease of CB1 expression in the lateral and medial
striatum of HD patients (although not in the cortex), and in HD rodent models
there is a loss of CB1 expression in MSNs and a subset of interneurons of the
striatum, suggesting that altered endocannabinoid signaling might be relevant to
the psychiatric, cognitive, and motor symptoms of HD (Allen et al. 2009; Bari
et al. 2013; Chiodi et al. 2012; Denovan-Wright and Robertson 2000; Glass et al.
1993, 2000; Horne et al. 2013; Lastres-Becker et al. 2002; Richfield and Her-
kenham 1994). The CB1 receptor is one of the earliest downregulated transcripts
in most HD models, similar to the alterations observed for D2, A2a, and PDE10,
suggesting a primary role for these signaling pathways in the effects of mHTT
expression (Blazquez et al. 2011; Chiodi et al. 2012; Dowie et al. 2009, 2010;
Heikkinen et al. 2012; Horne et al. 2013; Van Laere et al. 2010).

A recent study explored the chronic administration of CB1-activating drugs,
including URB597 (a fatty acid amide hydrolase (FAAH) inhibitor), delta-9-tet-
rahydrocannabinol (THC), or the CB1 agonist HU210 in R6.1 mice, an HTT-
fragment model of HD (Dowie et al. 2010). These compounds were relatively well
tolerated, with the exception of increased seizures. Treated animals showed few
changes in disease phenotypes, including a lack of effect in the rotarod, Y-maze, or
open-field tasks. Intriguingly, ubiquitin-quantification of HTT aggregates in these
mice showed increased aggregation (or ubiquitination) after chronic dosing with
URB597 (Huntington Study Group 2006). Unfortunately, in this study the authors
did not explore the electrophysiological or neurochemical effects of their treat-
ments in the HD mice, although they did show a partial restoration of CB1 binding
and expression by URB597 (but not with direct CB1 agonists), suggesting that
FAAH inhibition might partially restore some of the deficits routinely observed in
HD rodent models. Another study, conducted in R6.2 mice, showed that THC
administration before disease onset attenuated motor deficits, synaptic marker
decrements, striatal volume loss, BDNF expression, and HTT aggregation in this
model (Blazquez et al. 2011).

However, given the fact that endocannabinoid signaling affects motor output,
and that the models are mostly hypokinetic (as opposed to the hyperkinetic pre-
sentation typical of adult-onset HD), the evaluation of this mechanism in HD
rodent models with large CAG expansions might not reflect its therapeutic
potential for HD. A detailed investigation of the role of cannabinoid signaling in
electrophysiological or circuitry aspects of the disease, rather than behavior, might
be more informative.

The role of CB1 in HD pathogenesis has also been explored genetically by
crossing a CB1 knockout mouse to the R6.2 and N171-Q82 models of HD. Results
of these studies show that the deletion of CB1 exacerbates disease progression,
suggesting that HD progression might be a consequence of, or influenced by,
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decreased CB1 signaling (Blazquez et al. 2011; Mievis et al. 2011). Importantly, in
addition to the detrimental effects of CB1 loss in motor tasks in R6.2 mice, there
was an increase in aggregate formation and an enhancement of striatal volume loss
(Blazquez et al. 2011).

Another relevant aspect of cannabinoid signaling is the known intersection
between CB1 signaling and BDNF expression and signaling. While CB1 activity
can influence the expression levels of BDNF itself (Blazquez et al. 2011) and may
contribute to the loss of BDNF expression observed in the HD brain, BDNF
signaling can also affect release of both GABA and endocannabinoids in the brain
(Goggi et al. 2002; Lemtiri-Chlieh and Levine 2010). Since a beneficial role of
BDNF/TrkB signaling in HD has been well documented (see below), it is plausible
that some of these effects are mediated by a restoration of CB1 signaling, and its
effects in neurotransmission and information processing in the basal ganglia. The
interplay between BDNF and CBI1 is under active investigation at CHDI and
several academic laboratories.

Although the effects of cannabinoid administration in HD patients have not
been rigorously explored clinically, a recent double-blind randomized, cross-over
study with 22 patients evaluated the effects of nabilone, a synthetic analog of THC,
in HD symptoms. The study, not sufficiently powered to assess efficacy, demon-
strated that nabilone has an acceptable safety profile and significantly improved
psychiatric endpoints, as well as a marginal improvement in the chorea subscore of
the UHDRS (Curtis et al. 2009). A second study using two natural cannabinoids is
underway (Table 1), although the results from this study have not yet been
reported. Given the alterations in this signaling mechanism, and its importance in
basal ganglia function, the role of this neuromodulator in HD should be further
investigated.

The adenosine receptor 2a (A2a) has also been shown to be downregulated prior
to HD symptom onset. Despite the loss of expression of A2a, its signaling appears
to be preserved in HD models (Chou et al. 2005; Dowie et al. 2009; Glass et al.
2000; Orru et al. 2011a; Popoli et al. 2008; Tarditi et al. 2006). A2a receptors are
enriched in indirect-pathway striatopallidal MSNs, where they modulate dopamine
D2 receptor signaling via the activation of cAMP. A2a signaling mechanisms are
complex, tied to the pre versus postsynaptic localization of the receptor, where it
forms heteromeric complexes with other receptors, such as D2 and mGluRS in the
postsynaptic site, or adenosine A1l receptors in the presynaptic compartment (Orru
et al. 2011a, b; Popoli et al. 2008). Because of these complexes, the activity of A2a
receptor modulation is difficult to dissect in terms of pre versus postsynaptic
effects. For instance, presynaptic inhibition of A2a/Al heteromers decreases
presynaptic glutamate release, which presumably might be of benefit in HD if the
excitotoxicity hypothesis is indeed correct.

Inhibition with the A2a antagonist KW-6002 (istradefylline) induces a hyper-
locomotor phenotype in rodents when dosed acutely, although this effect is lost in
a transgenic HD rat model at later stages, suggesting a loss of postsynaptic A2a-
mediated signaling. In this same study, presynaptic signaling was preserved in the
HD rat model, arguing for a selective alteration in postsynaptic MSN A2a
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signaling (Orru et al. 2011a). In HD mouse models, several reports suggest that
both the inhibition and activation of A2a receptors are beneficial (Chou et al. 2005;
Domenici et al. 2007; Ferrante et al. 2010; Martire et al. 2010; Popoli et al. 2008).
However, the acute locomotor effects of A2a antagonists in these (mostly hypo-
kinetic) rodent models might give a false impression of a beneficial effect. We
have shown that the positive motor findings of KW-6002 in R6.2 mice are driven
by the acute effects of the drug, and that chronic dosing does not ameliorate
disease phenotypes if the animals are tested when the drug is not on board
(unpublished observations). In this regard, Domenici et al. found that a brief
exposure to SCH58261, an A2a antagonist, early in the postnatal period has sus-
tained effects several weeks after compound administration, so it is possible that
the effects of A2a antagonism are significant in disease progression only during a
certain window of striatal maturation (Domenici et al. 2007).

Several A2a antagonists have been developed for the treatment of Parkinson’s
disease. Clinical development of these molecules was stopped due to lack of
efficacy or adverse side effects including dyskinesias, which is a significant con-
cern for HD patients (Hauser et al. 2011; Mizuno et al. 2010). The development of
this class of agents for the treatment of HD, therefore, necessitates a clearer
understanding of the role of the multitude of A2a containing receptors and their
influence, so that these potentially important side effects can be mitigated while
retaining some of the potential beneficial effects of the postsynaptic receptor
modulation.

4.4 Deep Brain Stimulation Strategies

Based on the success of the deep brain stimulation (DBS) in the treatment of
movement disorders like Parkinson’s disease (Deuschl et al. 2006), experimental
DBS was applied to attenuate hyperkinetic motor symptoms in HD patients
(Fawcett et al. 2005; Fasano et al. 2008; Hebb et al. 2006; Huys et al. 2013; Kang
etal. 2011; Moro et al. 2004; Tang et al. 2005; Temel et al. 2006; Velez-Lago et al.
2013). In HD there is an apparent early loss of striatopallidal D2-positive MSNs in
the striatum that leads to the attenuation of striatal inhibitory activity in the
external segment of the globus pallidus (GPe), increased GPe firing and reduced
activity in the subthalamic nucleus (STN) resulting in decreased firing of neurons
in the internal segment of the globus pallidus (GPi). Consequently, decreased
neuronal activity in the GPi results in increased thalamic and cortical activity and
emergence of chorea (Albin et al. 1989). Therefore, the target of DBS therapy in
HD has involved the bilateral stimulation of the GPi (Fasano et al. 2008; Fawcett
et al. 2005; Hebb et al. 2006; Kang et al. 2011; Moro et al. 2004; Velez-Lago et al.
2013) although in one report the GPe was also targeted (Ligot et al. 2011). The
frequencies used for brain stimulation were between 40 and 180 Hz, with the best
results obtained with 130 Hz. These case studies reported improvement of chorea
(Fasano et al. 2008; Fawcett et al. 2005; Hebb et al. 2006; Huys et al. 2013; Kang
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et al. 2001; Moro et al. 2004; Velez-Lago et al. 2013) however in some instances
the worsening of bradykinesia was reported (Huys et al. 2013). One case study
found significant improvement of reflective and voluntary saccades, which are
known to be impaired in HD patients (Fawcett et al. 2005). The majority of DBS
case reports in HD, although limited to a small number of individual cases, suggest
that it may be a treatment choice for drug-resistant chorea in HD (Huys et al.
2013).

DBS offers an ideal opportunity for translational experimental medicine
approaches that are recognized to be critical to CNS drug discovery. Neuro-
physiological recordings before and after DBS can generate invaluable data about
the pathophysiology of basal ganglia circuitry in HD, which can then be applied to
engineer improved HD animal models with better mechanistic validity essential
for preclinical drug discovery. Indeed, recording from GPi neurons in patients
undergoing DBS revealed a surprisingly similar firing rate in HD and Parkinson’s
disease, but different firing patterns (Tang et al. 2005). CHDI is poised to generate
such experimental medicine data and apply that to the development of novel
therapeutics.

4.5 Modulation of Phosphodiesterases

Phosphodiesterases (PDEs) catalyze the degradation of cyclic nucleotides, and
their inhibition leads to sustained signaling mediated by increased levels of cAMP,
c¢GMP, or both. Intracellular cyclic nucleotide signaling plays a fundamental role
in synaptic transmission, plasticity, and gene regulation (Hebb and Robertson
2007; Jeon et al. 2005; Rose et al. 2005). Specifically, signaling pathways
downstream of cAMP elevation are deregulated in HD animal models and in HD
patient postmortem samples (Ahn et al. 1997; DeMarch et al. 2008; Giampa et al.
2006, 2009; Gines 2003; Giralt et al. 2011; Kleiman et al. 2010; Obrietan 2004;
Sathasivam et al. 2010; Sugars 2003). Administration of rolipram (a PDE4
selective inhibitor) and TP-10 (a selective PDE10 inhibitor) to HD mouse models
were reported to delay disease progression (Demarch et al. 2007; Giampa et al.
2009; Giampa et al. 2009; Kleiman et al. 2010). PDE4 is cAMP-specific, whereas
PDE10 modulates signaling by both cAMP and ¢cGMP (Chandrasekaran et al.
2008; Iona et al. 1998; Handa et al. 2008; Jeon et al. 2005). Interestingly, PDE10 is
one of the earliest and most significantly differentially downregulated transcripts in
most HD animal models and in HD patient postmortem samples (Kleiman et al.
2010; Kotera 2003; Threlfell et al. 2008; Seeger 2003; Sotty et al. 2009). CHDI
and collaborators have monitored expression of PDE10 in HD patients through the
use of a specific PDE10 PET tracer, confirming the findings identified in HD
rodent models (unpublished observations). As PDE10 is expressed in MSNs of the
striatum, it is possible that loss of PDE10 expression is a compensatory mechanism
downstream of synaptic alterations in basal ganglia circuitry (Kotera 2003; Seeger
2003).
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In the basal ganglia, cAMP modulation via PDE4 and PDE10 inhibition plays
fundamental roles in the modulation of DARPP32 phosphorylation (Nishi et al.
2005). The role of cGMP is less well understood, but recent work suggests that
both cAMP and cGMP pathways play central roles in basal ganglia physiology and
in corticostriatal connectivity (Kleiman et al. 2011; Rodefer et al. 2012; Schmidt
et al. 2008; Sotty et al. 2009; Threlfell et al. 2009). In addition, the elevation of
cAMP is required for memory processes in other systems affected in HD models
(Bureau et al. 2006; Houslay et al. 2005; Kuroiwa et al. 2011; Li et al. 2011;
Rodefer et al. 2012; Rose et al. 2005; Rutten et al. 2007, 2008; Spina 2008; Zhang
et al. 2008). Studies conducted in rodent, NHPs, and humans with rolipram and
other nonselective PDE4 inhibitors have highlighted the pro-cognitive effects in a
variety of tasks involving both the hippocampal and the corticostriatal systems
(Rose et al. 2005; Rodefer et al. 2012; Rutten et al. 2007, 2008) Rolipram
administration leads to preclinical efficacy in rodents in the object recognition
(Rutten et al. 2006), water maze (Nagakura et al. 2002), and passive avoidance
tasks (Imanishi et al. 1997), and in an object retrieval (OR) task in NHPs (Rutten
et al. 2008). Clinical studies using rolipram have investigated its potential utility to
treat affective disorders and cognitive impairment, although its clinical develop-
ment was halted due to adverse side effects (Bertolino et al. 1988; Hebenstreit
et al. 1989; Spina 2008). The narrow therapeutic index (TI) of rolipram led to the
development of selective subtype PDE4D and PDE4B orthosteric inhibitors
(Bruno et al. 2011; Burgin et al. 2010; Huang et al. 2007; Kobayashi et al. 2011;
Mitchell et al. 2010; Naganuma et al. 2009; Wang et al. 2007), and of negative
allosteric modulators (NAMs) of PDE4D (Burgin et al. 2010; Robichaud et al.
1999, 2002). We have tested two of these PDE4D NAMs and confirmed their pro-
cognitive activity in the OR task using young female Cynomolgus macaques
(unpublished observations). We consider that molecules that elicit pro-cognitive
effects in NHPs in tasks that reflect corticostriatal system modulation should be
investigated in HD studies. The development of these PDE4D NAMs for HD will
require the incorporation of methodologies to monitor dose-dependent effects in
the circuitry thought to underlie HD symptoms.

Based on studies showing that various PDE inhibitors have some benefit in R6/
2 phenotypes, we synthesized or procured from industrial collaborators a set of
brain-penetrant, selective PDE inhibitors for use as proof-of-concept molecules for
the treatment of HD. Our criteria for selection were selectivity and pharmacoki-
netic (PK) properties suitable for long-term studies in HD rodent models. We
focused on the following enzymes; PDE]1, -2, -5, -9, and -10. The evaluation of a
PDEI selective inhibitor in rodents showed that this enzyme does not significantly
contribute to disease progression in R6.2 mice (unpublished observations).
A PDE2 selective inhibitor was shown to improve acquisition and consolidation
during a novel object recognition task (NOR), in social recognition paradigms
(Boess et al. 2004) and in MK-801 impaired animals (Boess et al. 2004; Rutten
et al. 2007). Our work with selective PDE inhibitors against PDE2, -9, and -10
obtained from Pfizer showed that inhibition of these enzymes, presumably via a
modulation of ¢cGMP levels intracellularly, can rescue the synaptic deficits
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characterized in HD mouse models (Andre et al. 2010; Heikkinen et al. 2012)
either in acute in vitro studies using corticostriatal and hippocampal slices, or after
subchronic dosing studies, highlighting their potential for the treatment of HD
(data unpublished). In addition, PDE10 inhibition rescues the alterations observed
in subthalamic neuron (STN) firing in vivo, suggesting that the modulation of
PDEI10 activity can profoundly affect the circuitry in ways that are consistent with
a potential beneficial clinical effect. We, in collaboration with Pfizer, are contin-
uing to explore the preclinical and clinical efficacy of PDE9 and -10 inhibitors.
The first Phase II safety and tolerability study using MP-10 will take place in the
near future (clinicaltrials.gov identifier NCT01806896). Omeros has also reported
in a press release of their development of another PDEI10 inhibitor to treat HD.
Additional testing of PDE9 inhibition, in the context of HD rodent models and in
NHP cognition models, is still underway.

4.6 Modulation of BDNF/TrkB Signaling

The BDNF neurotrophin pathway has been extensively associated with HD
pathology since it was shown that TrkB (the tyrosine kinase receptor for BDNF) is
required for proper maturation and homeostasis of the striatum in rodents, and that
BDNF levels are decreased in HD rodent models. Most notable is the pleiotropic
role of BDNF signaling during multiple facets of MSN differentiation, function,
and survival and, in particular, with the indirect-pathway MSNs expressing D2
dopamine receptors and enkephalin (a population thought to be differentially
affected in HD). Significantly, the effect of BDNF signaling on synaptic plasticity
and axonal transport in MSNs reflects a critical role for this pathway in HD
pathophysiology. Therefore, the modulation of this pathway is a critical compo-
nent of the therapeutic strategy for HD (Arenas et al. 1996; Arregui et al. 2011;
Besusso et al. 2013; Brito et al. 2013; Buckley et al. 2010; Canals et al. 2004;
Conforti 2013; Conforti et al. 2013; Giampa et al. 2013; Giralt et al. 2011; Goggi
et al. 2002; Ivkovic and Ehrlich 1999; Jiang et al. 2013; Jiao et al. 2011; Kells
et al. 2004; Liot et al. 2013; Martire et al. 2013; Massa et al. 2010; Soldati et al.
2011; Xie et al. 2010; Zala et al. 2008; Zuccato et al. 2011).

From a therapeutic perspective, activation of TrkB selectively in the basal
ganglia might be disease modifying, based on studies in HD rodent models. The
key question is how best to modulate TrkB signaling while minimizing potential
adverse effects associated with BDNF signaling through either the p75 receptor or
in regions outside the basal ganglia associated with weight loss (hypothalamus),
seizure activity (hippocampus), and/or pain (amygdala) (Perreault et al. 2013; Tsao
et al. 2008; Vanevski and Xu 2013; Waterhouse and Xu 2013). It is well estab-
lished that TrkB activation in the hypothalamus and brain stem leads to significant
weight alterations, which might be an unacceptable side effect in HD patients, in
whom weight loss is a significant comorbidity. However, more recent evidence
suggests that the weight alteration effects of peripheral TrkB activation with
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monoclonal agonistic antibodies in rodents and NHPs is opposite, leading to
weight gain (orexigenic) rather than loss (anorexigenic) in NHPs, diminishing this
concern (Perreault et al. 2013; Tsao et al. 2008). However, the effects of BDNF
administration centrally versus peripherally in NHPs and its opposing results in
body weight regulation highlights that careful biodistribution and toxicity studies
need to be conducted to understand whether direct administration of an antibody
agonist to TrkB in the striatum might be a viable therapeutic strategy for HD
(Perreault et al. 2013; Tsao et al. 2008; Vanevski and Xu 2013; Waterhouse and
Xu 2013).

Although there have been several reports of small molecule ‘mimetics’ of
BDNF and cyclic peptides presumed to activate TrkB receptors, we have not been
able to reproduce any of these findings utilizing a comprehensive set of cellular
assays, including TrkB dimerization, phosphorylation, and signaling via ERK and
pI3 K pathways, calling into question whether the reported effects truly reflect a
direct modulation of this signaling pathway (Fletcher and Hughes 2009; Jiang
et al. 2013; Marongiu et al. 2013; Massa et al. 2010; O’Leary and Hughes 2003).
We have also unsuccessfully attempted to identify novel TrkB-interacting small
molecules through computational modeling approaches. CHDI has now abandoned
the pursuit of small-molecule TrkB activators as a therapeutic strategy for HD, and
have redirected our efforts to activating TrkB via monoclonal antibodies, or via
central delivery of BDNF itself utilizing AAV. Currently, these efforts are in
preclinical rodent testing stages.

Other potential strategies of specific relevance to HD relate to the role of REST/
NRSF in linking mutant HTT expression to the loss of BDNF expression observed
in the forebrain (Buckley et al. 2010; Conforti et al. 2013; Xie et al. 2010). These
effects appear to be directly connected to mHTT function, and are recapitulated in
cellular systems. The molecular modulation of REST expression is an intriguing
avenue therapeutically, but given the complexity of conducting gene delivery
clinical trials additional in vivo work is required to follow up on the exciting initial
findings in rodent models, and extending these studies to understand potential
adverse effects of constitutively repressing REST expression in the adult forebrain
(Buckley et al. 2010; Conforti 2013; Conforti et al. 2013).

A significant challenge to clinically investigating these approaches is the lack of
biomarkers of activation of the TrkB signaling cascade in the basal ganglia. These
might include the modulation of enkephalin levels in CSF, or the modulation of
cannabinoid or GABA signaling, which have been shown in rodents to be
responsive to BDNF levels (Arenas et al. 1996; De Chiara et al. 2010; Goggi et al.
2002; Ivkovic and Ehrlich 1999; Jiao et al. 2011). Of note, one of the primary roles
for BDNF in development is the specification of GABAergic neuronal fates,
perhaps linking the neurodevelopmental role for BDNF to the specific degenera-
tion of GABAergic neurons of the striatum in HD. Nonetheless, our prediction is
that activation of TrkB signaling in the striatum will be reflected in changes in
extracellular GABA or cannabinoid levels in the striatum, opening the way for
noninvasive measurements in a clinical context.
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5 Small Molecules Targeting Cellular Energetic
Mechanisms

Energetic alterations are commonly described in every neurodegenerative condi-
tion, including HD. Deficits in glycolysis or the electron transport chain can lead to
profound mental retardation, and striatal degeneration is well documented in many
inborn errors of metabolic disorders. In HD animal models and in premanifest and
manifest humans there appear to be signs of metabolic and energetic disturbances,
both in muscle and brain tissues (Gellerich et al. 2008; Heikkinen et al. 2012;
Mochel and Haller 2011; Mochel et al. 2010, 2012; Reynolds et al. 2008; Tabrizi
et al. 2003; van den Bogaard et al. 2011). The investigation of the exact deficits
and the molecular links between mHTT function and these energetic deficiencies
needs further investigation. However, results deriving from allelic series of mice
and cells expressing various expansions of the polyQ stretch, as well as from cells
lacking HTT function, suggest that the link between HTT function and energetic
mechanisms might be more direct than previously thought (Gines et al. 2003;
Seong et al. 2005). This molecular connection is unique among adult-onset neu-
rodegenerative disorders, and places HD at the center of the therapeutic strategies
directed toward a restoration of brain energy homeostasis.

Most of the characterization of energetic deficits has been in cells or tissues,
processed to evaluate changes in adenine nucleotides, creatine, and phosphocre-
atine to assess the energy charge of the cell. In general, the findings obtained in
HD patients and HD rodent models are not always consistent, although this is
likely to be confounded by tissue measurements as opposed to the measurement of
specific cell populations during disease progression. Glycolytic and mitochondrial
energetic mechanisms in vulnerable neuronal populations, and in glia, have not
been adequately analyzed. The interplay between glia and neurons from an
energetics perspective in HD is all but unexplored. In humans, the most notable
findings are alterations in creatine/phosphocreatine levels quantified by magnetic
resonance spectroscopy (MRS), although these studies involved few patients and
did not follow them longitudinally (Reynolds et al. 2008; van den Bogaard et al.
2011). Studies in muscle in gene-positive carriers have shown that there are
detectable changes in premanifest subjects that can be measured after challenge
paradigms such as during exercise tests (unpublished).

Evidence of abnormal energy utilization has come from monitoring energetic
endpoints and lactate production in muscle during an exercise test in 25 HD
patients. This small study showed elevated lactate levels and lower anaerobic
threshold in HD subjects, for manifest and premanifest phases of disease (Ciam-
mola et al. 2011). Other studies have revealed variable effects in brain lactate
levels, and altered glutamate/glutamine ratios in MRS studies (Jenkins et al. 1998;
Mochel et al. 2010; Reynolds et al. 2008; Tabrizi et al. 2003; van den Bogaard
et al. 2011). Creatine kinase (CK) deficiency has been linked to HD, and sup-
plementation of brain isoforms of CK shows positive effects in rodent models of
HD (Kim et al. 2010; Lin et al. 2011; Zhang et al. 2011). Typically, the studies are
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cross-sectional and with small sample sizes, making it difficult to rigorously
evaluate whether the changes detected are robust, reproducible, and progressive
during the clinical evolution of symptoms. Clearly, a more systematic effort needs
to be conducted across multiple sites to definitively address the nature of the
energetic alterations, both in brain regions and muscle of HD subjects. The use-
fulness of these measurements as disease progression biomarkers might be ques-
tionable based on existing data, but these can potentially be incorporated into
clinical studies as pharmacodynamic biomarkers, which typically have not been
included in the ongoing therapeutic trials (see below).

Due to the availability of well tolerated antioxidant molecules, several large HD
clinical trials are underway to probe the hypothesis that elevated reactive oxygen
species, or deficits in energy homeostasis, contribute to HD progression. The
clinical studies have evaluated the effects of cysteamine (CYTE-I-HD study),
creatine (CREST-E study), ethyl-EPA (TREND-HD study), and coenzyme Q10
(2CARE study; see Table 1). Most of these studies, in spite of conflicting findings
from rodent studies (Borrell-Pages et al. 2006; Hickey et al. 2012; Menalled et al.
2010; Yang et al. 2009; Van Raamsdonk et al. 2005), have not yielded any strong
evidence for efficacy in clinical trials. In Phase II, some positive results have been
documented for the studies involving CoQ10, ethyl-EPA, and creatine, but these
are likely underpowered. Other studies have been completed to assess tolerability
and safety in HD (Dubinsky and Gray 2006; Hersch et al. 2006; Huntington Study
Group TREND-HD 2008; Hyson et al. 2010; Puri et al. 2002, 2005; Tabrizi et al.
2003; Verbessem et al. 2003). Unfortunately, most clinical studies did not incor-
porate pharmacodynamic or energetic measures pre- and post-treatment, giving no
definitive reason for the negative findings in pivotal trials. Therefore, the mech-
anisms purported to be modulated by these drugs remain untested. In an initial
clinical study with creatine, levels of the metabolite 8-OH2dG, thought to arise
from free reactive oxygen radical generation in the mitochondria, were shown to
be decreased after administration of creatine (Hersch et al. 2006). However, recent
evidence shows that 8-OH2dG levels do not correlate with HD progression,
casting doubt on the usefulness of this biomarker to monitor energetic disturbances
in HD (Borowsky et al. 2013).

In terms of novel potential therapeutics aimed at these mechanisms in pre-
clinical stages, the pathways that stand out are the AMPK, PPAR?y, and PGCla
pathways (Chaturvedi and Beal 2013; Chaturvedi et al. 2009; Jeong et al. 2012;
Jiang et al. 2012; Jin et al. 2013; Johri et al. 2012; Mochel et al. 2012; Vlamings
et al. 2012; Weydt et al. 2006). Several reports point to deficiencies in PGCla as
an underlying deficit which might explain the mitochondrial abnormalities
reported in humans and rodent models of the disease (Chaturvedi et al. 2009;
Weydt et al. 2006). As PGCla« itself is not amenable to direct pharmacological
modulation other approaches have been explored to activate PGCla transcriptional
activity, through either the use of small-molecule agonists of the nuclear hormone
receptor PPARY, such as rosiglitazone (Jin et al. 2013), or the molecular modu-
lation of other pathways which affect PGCla levels or activity (via post-transla-
tional modifications), such as that observed through the AMPK or Sirt pathways
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(Chaturvedi et al. 2009; Ho et al. 2010; Mochel et al. 2012; Nin et al. 2012; Weydt
et al. 2006; Zhao et al. 2008). Brain-penetrant molecules are being tested in
various HD models to understand how the specific modulation of mitochondrial
number or health might affect disease endpoints. Finally, other approaches tar-
geting energetic mechanisms are in early preclinical stages in HD research,
including the antioxidant response system mediated by the Nrf2/Keap complex
(Johnson et al. 2008). Considerably more effort needs to be placed in identifying
suitable molecules that can be used as in vivo mechanistic tools, with a well
understood pharmacological profile and established PK/PD correlations to facili-
tate querying these mechanisms in the brain and assess their relevance to HD
progression.

6 Other Small Molecule Drug Discovery Programs
6.1 Selective Inhibitors of KMO

The kynurenine pathway is the major catabolic route for tryptophan metabolism,
and a number of neuroactive molecules have been described, including kynurenic
acid (KYNA), 3-hydroxy-anthranilic acid (3-HAA), 3-hydroxy-kynurenine (3-
HK), and quinolinic acid (QUIN). Metabolites in the kynurenine pathway (KP)
have been implicated in the pathophysiology of psychiatric and neurodegenerative
disorders, including HD, and their modulation via selective drugs targeting key
enzymes in this pathway is an area of active investigation (Schwarcz et al. 2012;
Vecsei et al. 2013). The main findings implicating this pathway’s relevance to a
variety of CNS indications rest upon the following: metabolite levels are altered as
compared to baseline levels; in the context of HD, the main finding is an elevation
in 3-HK levels, although some reports of decreased KYNA levels also exist
(Forrest et al. 2010; Guidetti et al. 2000, 2004, 2006; Mazarei et al. 2013; Sapko
et al. 2006; Sathyasaikumar et al. 2010; Schwarcz et al. 2012; Vecsei et al. 2013).
By inference, the elevation in 3-HK levels in brains of HD animal models, or in
HD patient-derived fluids or tissues, implicates KMO activity as the culprit. Some
kynurenines have been implicated in the modulation of nicotinic signaling
(through a modulation of the «7 subunit of the nAchR), and in the modulation of
NMDA or AMPA receptors by QUIN and KYNA (Alkondon et al. 2004, 2011;
Konradsson-Geuken et al. 2010; Lopes et al. 2007; Pocivavsek et al. 2011; Stone
and Darlington 2002), although some of these effects have been disputed (Mok
et al. 2009; Vecsei et al. 2013) and the role of KYNA at physiological concen-
trations in the brain (low nM) remain uncertain. The physiology of this pathway
necessitates carefully controlled studies with selective and potent molecules, rather
than relying on exogenously administered kynurenines or genetic models that are
typically poorly characterized. The role of kynurenines in the inflammatory
response and the intersection between inflammation and neurotransmitter
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pathways remains an area of intense interest. The interplay between neuroactive
kynurenines and inflammatory signaling events in the brain has not been ade-
quately investigated, yet the enzyme that triggers the kynurenine cascade, in-
doleamine 2,3-dioxygenase (Ido), is a critical component of neuroinflammation in
response to viral or bacterial pathogens (Haroon et al. 2012).

In genetic screens in Drosophila and yeast, KMO seems to be necessary for the
toxic effects of exogenous, overexpressed, mutant human HTT-driven toxicity
(Campesan et al. 2011; Forrest et al. 2010; Guidetti et al. 2000, 2004; Sapko et al.
2006; Sathyasaikumar et al. 2010; Schwarcz et al. 2012; Vecsei et al. 2013;
Zwilling et al. 2011). The effects of the loss of function of KMO in these systems
might be driven through the modulation of 3-HK levels, and its effects as a reactive
oxygen species generator (Okuda et al. 1998). The relevance of this finding to the
human disease is unclear, although the elevation of 3-HK levels as a potential
pathogenic mechanism seems to be the most consistent finding in all of these
studies and in human disease (Christofides et al. 2006; Forrest et al. 2010; Guidetti
et al. 2004). In spite of several studies conducted to monitor kynurenine levels in
HD during disease progression or in presymptomatic individuals, the sample sizes
reported in these studies are low. In addition, the reliance of postmortem tissue
sampling as a mechanism to study the involvement of this pathway lacks adequate
power to reach any meaningful conclusion. A definitive answer about the timing,
magnitude, and nature of these presumed alterations, and their relationship to an
immunological alteration in these subjects, remains to be confirmed. Few well-
controlled studies have been conducted in which CSF levels of kynurenines are
measured longitudinally, a necessary step to understand whether this pathway is
correlated with disease progression, inflammation, or both, in HD.

Overall, the existing evidence suggests that KMO inhibition might be beneficial
to HD, although the mechanisms by which KMO inhibition could slow disease
progression are unknown. In an important study, Zwilling et al. reported that KMO
inhibition in rodent models of HD can ameliorate disease progression via a pre-
sumed KMO inhibitor, the JM6 molecule (Zwilling et al. 2011). However, our
studies have shown that JM6 is not a potent KMO inhibitor (Beconi et al. 2012),
and have been unable to replicate these findings with our potent and selective
KMO inhibitors, bringing into question the main findings of this paper. We have
developed a novel, selective KMO inhibitor which can modulate the pathway
effectively in a dose-dependent manner, leading to an elevation of KYNA in brain,
as quantified by microdialysis and CSF measurements, both in rodents and NHPs
(unpublished data). Overall, the therapeutic potential of this mechanism awaits
clinical studies after it is demonstrated that systemic KMO inhibition leads to a
normalization of kynurenine changes (if indeed they exist in HD), studies that are
planned. Given the multiple modes of action downstream of KMO inhibition and
the implications of kynurenine metabolite levels in several domains of relevance to
HD (Haroon et al. 2012; Stone and Darlington 2002; Vecsei et al. 2013), a clinical
study is the most expeditious way to test these hypotheses in humans. For example,
is the elevation of KYNA necessary for synaptic or neuroprotective effects, is the
decrease in neurotoxic metabolites (3-HK and QUIN), the modulatory effects in
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the immune system, or all of the above, required for KMO inhibition to be an
efficacious therapeutic for HD?

6.2 Selective Modulators of Lysine Deacetylases

The HDACs (histone deacetylases; herein referred to as lysine deacetylases) are
composed of 11 enzymes, Class I (1-3 and 8),Ila (4, 5,7, and 9) and IIb (6, 10), Class
I (sirtuins 1-6), and Class IV (HDAC 11) (Choudhary et al. 2009). Nonselective
HDAC inhibitors such as SAHA, sodium butyrate, and TSA have been reported to
ameliorate disease phenotypes in HD models. Subsequent work has identified a
subset of HDACs whose modulation modifies disease progression in a variety of HD
models, such as HDAC-2, -3, and -4. (Hockly et al. 2003; Jia et al. 2012a, b;
McFarland et al. 2012; Mielcarek et al. 2011; Quinti et al. 2010; Sadri-Vakili et al.
2007; Steffan et al. 2001; Thomas et al. 2008). Both SAHA and TSA are broad
spectrum inhibitors of Class I and are weak Class Ila and III inhibitors. Because of
the initial encouraging findings of nonselective Class I HDAC inhibitors in HD
models, a large effort was undertaken to identify the HDAC subtype responsible for
the beneficial effects of these inhibitors. Although SAHA and TSA administration
showed promising results in HD models, their therapeutic index is low, and sig-
nificant side effects were observed during dose-escalation studies which limited a
more in-depth investigation of their therapeutic potential. In addition, the pharma-
ceutical properties of these molecules in terms of their PK/PD profiles are subop-
timal for a chronic condition such as HD. Because of this, we collaborated with
Gillian Bates group at King’s College London to systematically assess the genetic
contribution of various HDAC genes to the pathology of the R6/2 model of HD.
They generated a large number of genetic crosses between the R6/2 mice and
single gene deletion strains for the various Class I and Class II HDAC:, either as
complete homozygote deletion animals or as heterozygous crosses since several of
the HDAC genes induce embryonic lethality in mice when completely deleted.
Bates’ group has shown that the only HDAC gene deletion that substantially
delays R6/2 phenotypes is a partial loss of HDAC (Benn et al. 2009; Bobrowska
et al. 2011; Moumne et al. 2012) hed (Mielcarek et al., PLOS Biology, in press).
HDACA4 heterozygote animals crossed with R6/2 mice demonstrated a significant
delay in progression in a variety of endpoints, including survival, locomotor
endpoints, synaptic dysfunction in hippocampal and corticostriatal acute slice
assays, HTT aggregation, and a rescue of a subset of cortical transcriptional
alterations (such as in BDNF transcription) frequently observed in most HD
models. The mechanism by which loss of HDAC expression leads to these
impressive effects on disease progression in the R6/2 model is unclear, but it might
relate to the direct interaction between HDAC4 and HTT, as shown by co-
immunoprecipitation studies using brain and cellular extracts. Support for the role
of HDAC4 in mediating HTT toxicity has also been obtained in cellular systems of
HD by other investigators (Jovicic et al. 2013). The recent finding that chronic
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SAHA administration leads to changes in HDAC2 and -4 protein levels, and the
similarities in some of the beneficial effects observed with SAHA and in the
genetic loss of HDAC4 expression, suggest that one of the mechanisms by which
SAHA can modify disease progression might be through a partial loss of function
of HDACA4.

The case for the involvement of Class I HDACs in HD pathogenesis is strong
based on the inhibitor studies described above, although the side effect profiles of
these compounds and their broad effect on transcriptional (histone-modification
driven) alterations make them difficult to develop for chronic indications. How-
ever, recent evidence implicate HDAC3 in HD pathophysiology, although Bates’
group did not find supporting evidence in a partial loss of HDAC3 expression in an
R6/2 context. In addition, some of the claims made using the HDAC-4b compound
(that has higher affinity for HDAC3 and -1) were called into question since we did
not replicate the findings in HD models dosed with this compound, which has poor
PK properties for brain modulation of HDAC biology (Beconi et al. 2012; Jia et al.
2012; Moumne et al. 2012; Thomas et al. 2008). Nonetheless, the notion remains
that a Class I HDAC modulator either optimized for isotype selectivity (HDAC3)
or having a better safety profile might be useful in HD. In spite of the disagree-
ments about the mechanism of action in vivo of the HDAC-4b compound, or its
efficacy in rodent models of HD, HDAC3 as an enzyme remains of interest for HD.
In the context of HDAC4 biology (and more broadly in Class II HDAC biology),
the interaction between HDAC4 and the HDAC3-N-CoR and SMRT corepressor
complexes (Guenther et al. 2001; Wen et al. 2000) might indicate that both of
these proteins form part of a complex with strong functional interaction with HTT
itself, or HTT-dependent mechanisms that correlate with disease pathogenesis.
The biggest hurdle for drug development in this area (see below) remains a deeper
understanding of how this complex intersects with HTT biology so that suitable
biological endpoints (other than histone acetylation changes) can be incorporated
into the drug discovery process.

Based on the findings of the Bates group now substantiated in three different
genetic models of HD (unpublished findings and Mielcarek et al., in press), we
developed potent, selective Class Ila HDAC inhibitors with suitable PK properties
for chronic dosing in HD models, which are currently being tested in various
rodent HD models to determine whether inhibition (or binding in the catalytic
active site) can recapitulate the genetic phenotypes. Our medicinal chemistry
program focused on the development of active site inhibition for Class II enzymes.
Our lead molecules display 1,000-fold selectivity over Class I and III enzymes,
and a subset of the molecules can disrupt an HDAC4-3 complex in a cellular
context. These inhibitors bind to the active site of Class Il HDACs as demonstrated
by crystallography studies (manuscript in revision). The big question is whether a
catalytic inhibitor (with the ability to disrupt protein—protein interactions) can
recapitulate the effects observed in the genetic studies as reported by the Bates
group. In addition to these traditional medicinal chemistry efforts, we are exploring
other molecular approaches as a potential therapeutic to target HDAC4 expression.
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Class III lysine deacetylases of the sirtuin family have received considerable
interest given their role in aging, metabolism, and DNA damage mechanisms (Hall
et al. 2013; Sebastian et al. 2012). Sirtuins are NAD+ dependent lysine deacety-
lases, and it is the requirement for NAD+ binding for catalysis that explains their
involvement in energy-sensing mechanisms, including the DNA damage response
and energetic mechanisms. In the context of HD, the enzymes SIRT1 and -2 have
been implicated in various biochemical pathways thought to be important for
disease progression; these include the p53 signaling response in the context of
DNA damage and apoptosis, and the mitochondrial deficits attributed to the loss of
PGCla (Jeong et al. 2012; Jiang et al. 2012; Ho et al. 2010; Hall et al. 2013;
Sebastian et al. 2012; Shin et al. 2013) signaling. However, the relative involve-
ment of SIRT1 and -2 in pathogenesis is controversial (Jeong et al. 2012; Jiang
et al. 2012; Gertz et al. 2013; Ho et al. 2010; Hall et al. 2013; La Spada 2012;
Luthi-Carter et al. 2010; Sebastian et al. 2012; Shin et al. 2013). For SIRT1
modulation, both inhibition and activation have been reported to affect disease
phenotypes; in the case of Sirt2, findings in genetic deletion studies contrast with
the results obtained with small-molecule inhibitors of SIRT1 and 2 (Bobrowska
et al. 2012; Jeong et al. 2012; Jiang et al. 2012; Luthi-Carter et al. 2010).

Selisistat (EX-527), a Sirtuinl,2 inhibitor developed by Elixir Pharmaceuticals
and Siena Biotech, entered clinical trials for HD in 2010, on the hypothesis that
SIRT1 inhibition modulates HTT levels. The outcome of this study has not been
revealed in the context of a biological or pharmacodynamic effect in HD patients,
but results are expected soon. The development of ‘sirtuin activators’ remains an
area of active investigation, and one fraught with controversy, given the artifactual
findings with resveratrol and several Sirtris molecules (Beher et al. 2009; Dai et al.
2010; La Spada 2012). The controversy stems from the artifactual results of direct
interaction between these small molecules and SIRT1 activation. We have eval-
uated most available Sirtris molecules and resveratrol and found no evidence for
direct activation of SIRTI, as have others (Beher et al. 2009). Nonetheless, some
of these molecules are making their way through medicinal chemistry efforts, and
the jury is still out regarding whether they will show any efficacy in HD, and
whether a chemical approach can indeed modulate SIRT1 activation directly (La
Spada 2012). We attempted to identify small molecule direct interactors of Sirtl
with an activating potential and were unsuccessful. Other therapeutic strategies to
modulate SIRT1 activity include the inhibition of Dbc1-SIRT1 interaction, or the
modulation of upstream modulators of SIRT1 modulating proteins, such as AROS
or various enzymes associated with the regulation of NAD+ levels or SIRTI
activity via post-translational modifications (Hubbard et al. 2013; Nin et al. 2012;
Raynes et al. 2013; Zhao et al. 2008).



Therapeutic Strategies for Huntington’s Disease 187

6.3 Future Approaches for Disease Modification Centered
on HTT Post-Translational Modifications

HTT has hundreds of binding partners (Miller et al. 2011; Shirasaki et al. 2012)
and displays a multitude of post-translational modifications (PTMs) including
phosphorylation, proteolysis, ubiquitination, sumoylation, acetylation, and palm-
itoylation (Ehrnhoefer et al. 2011). Many of these PTMs are thought to affect HTT
localization, its interaction with various binding partners, its function, and its
propensity to aggregate (Aiken et al. 2009; Atwal et al. 2011; Ehrnhoefer et al.
2011; Hogel et al. 2012; Kegel et al. 2009; Mishra et al. 2012; Trevino et al. 2012).
The interplay between these PTMs and HTT function are unclear but several
recent reports have demonstrated that modification of several residues thought to
be modified in mutant versus wild type HTT can have profound effects on mHTT
toxicity, aggregation, clearance, or subcellular localization (Ehrnhoefer et al.
2011; Jeong et al. 2009; Khoshnan and Patterson 2011; Zala et al. 2008).

Analysis of the correlation between polyQ length with the ‘motor age of onset’
suggests that it is not the only determinant of pathogenesis and disease progression,
and that other factors contribute to the variance in disease onset. In various HD
rodent models with different polyQ lengths, disease severity, and progression seems
to be modulated by HTT expression levels. There is also evidence of other modifier
loci and recent studies have indicated that HTT oligomerization, inclusion for-
mation, and toxicity are influenced by regions outside the polyQ region (Tang et al.
2011; Wang and Lashuel 2013), suggesting that modulation of PTMs affecting HTT
function, aggregation, or localization can act to overcome the pathogenic mecha-
nisms triggered by expanded polyQ. Mutations, deletions, and PTMs within the
three flanking sequences of the polyQ domain in HTT exonl (N-terminal 17AA
(Nt17), polyQ, and proline rich domain (PRD) strongly affect cellular processes,
propensity to aggregate and toxicity of mHTT in HD transgenic models (flies and in
mice) (Tam et al. 2009; Thakur et al. 2009).

These findings suggest that it is theoretically possible to modify mHTT toxicity
via upstream enzymes or signaling pathways responsible for the PTMs of such
critical amino acids or structural motifs within HTT. However, the development of
therapeutic strategies targeting the critical enzymes (or pathways) responsible for
these PTMs of HTT is challenging due to lack of sufficient clarity regarding the
enzymes or mechanisms that are necessary and sufficient in vivo for these mod-
ifications. An initial screen detailing the identification of kinases modifying two
such residues (pSer13/pSer16) has recently been reported (Atwal et al. 2011). To
better understand the effect of a specific PTM on mHTT toxicity, CHDI in col-
laboration with various academic researchers have developed a plan to identify
these modifications systematically, and to investigate upstream mechanisms that
might be pharmacologically tractable. CHDI is currently developing antibodies
specific for the best validated PTMs, a necessary step in conducting molecular and
chemical screens via high content imaging (HCS) or other antibody-based tech-
nologies to identify mechanisms responsible for these modifications. We predict
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that in the next few years the role of some of these modifications in mediating, or
ameliorating, HTT-driven toxicity, will be elucidated, enabling a novel approach
to slow disease progression employing more conventional approaches for drug
development.
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