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ABSTRACT

Planning and initiation of movement is dependent upon efficient processing of
cortical and subcortical information through the basal ganglia. Pathology of the basal
ganglia or its associated nuclei results in impairment of motor control. Parkinson’s and
Huntington’s diseases are prominent neurodegenerative conditions that have principle
pathologies in the substantia nigra and striatum, respectively. The etiology of
Huntington’s disease has been traced to a trinucleotide expansion at the 5°-terminal of
the IT15 gene. This expansion is translated into a polyglutamine region on the protein
product of this gene, huntingtin. The connection between the genetic mutation and the
pathology of Huntington's disease is unknown and even the role of the normal form of
huntingtin in the brain remains speculative. The striatum is a principle region of
degeneration in Huntington’s disease, and the loss of efferent transmission from this
nucleus is thought to be responsible for the motor impairments in this condition.

We describe the application of antisense technology to the study of basal ganglia
function and, particularly, the effects of striatal dysfunction on motor behavior and
alterations in the functional activation of other motor-associated, subcortical regions.
Unilateral suppression of stimulant-induced immediate early gene expression in the
striatum produced robust rotational behavior and changes in the activation of several
brain regions. In particular, the globus pallidus was disinhibited and was found to
produce marked suppression of the observed motor asymmetry in these animals.
Another prominent region that was affected by these conditions was the superior
colliculus. The intermediate layers of this structure had different responses to a
reduction in striatal and/or pallidal activity. These findings are in accord with clinical
reports of motor symptomatology of Huntington’s disease. A systematic comparison of
subcortical changes in metabolic activation was performed between animals with
unilateral antisense-mediated striatal suppression, which we suggest provides a novel
animal model of Huntington’s disease, and subjects that had unilateral depletion of
mesencephalic dopamine (Parkinson’s disease model). These alterations and their
clinical relevance are discussed.

In an alternate study, we provide a novel description of the regulation of the
Hdh gene (rat homologue of IT15) in the hypothalamus. The expression of huntingtin
mRNA and protein was found to be significantly elevated (~7-fold) in the arcuate
nucleus of lactating females when compared to naive female or male animals. This
expression was localized to astrocytes that appeared to form intimate contacts with the
neurons of this region. Also, in the same animals, cells of the subependymal region of
the third ventricle, directly overlying the arcuate nucleus, were found to have a
dramatic induction of huntingtin expression. These findings suggest that alterations in
neuroendocrine structure and function that have been previously described by others,
may involve recruitment and differentiation of glia to regulate the metabolic activity in
the hypothalamus. Furthermore, the association of huntingtin with such processes
provides novel clues into the role of this protein in the normal brain. Future
investigations into this phenomena may ultimately reveal cellular systems through
which the mutated huntingtin protein mediates its pathological effects
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GENERAL INTRODUCTION



The discovery and isolation of the human IT15 gene that encodes the huntingtin
protein (htt) (The Huntington’s Disease Collaborative Research Group, 1993), has
assigned a putative origin for the development of genetic and cellular-based therapeutic
strategies designed to attenuate the progression of Huntington’s Disease (HD). The
murine homologue of IT15 (called Hdh) has also been isolated and studies have shown
that mice that were heterozygous for a neomycin-substituted Hdh loci were physically
indistinguishable from their wild-type counterparts. However, embryos that were
homozygous for the neomycin substitution (and, therefore, had no functional Hdh loci)
died in utero (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). In humans,
however, there is no significant difference in the severity of pathology or age of onset
between individuals that are heterozygous or homozygous for the HD mutation.
Together, these data suggest that 1. htt is essential for embryonic development and 2.
the mutation that produces HD does not significantly interfere with the normal role of
this gene. This second implication is the basis of the widespread view that the HD
mutation produces a protein that has a novel gain-of-function (see chapter 1).

The question remains: what is the normal function of htt in the adult CNS, and
is that function of such significance that elimination or reduction of this protein will
lead to mental or physical incapacitation of an animal? Basic understanding of the
normal function of htt is fundamental to establishing treatments which effectively
antagonize the cellular or molecular actions of this protein. In particular, as anti-gene
therapy for genetic diseases is becoming a promising therapeutic avenue, one cannot

justify the application of such treatments against a gene with unknown function. The



determination of the normal role of htt in the brain would be particularly beneficial for
two reasons: 1. it would provide insight into the cellular processes that involve htt,
establishing specific inter- and intra- cellular systems as potential mediators of cell
death in HD; 2. it would provide support for, or refute, the development of antisense
or anti-gene therapies for HD, depending upon the significance of htt in the mature
CNS.

Antisense oligodeoxynucleotides (ODNs) are becoming increasingly popular as
a tool with which to selectively suppress gene expression in the CNS. However, this
technology has yet to be thoroughly explored as a potential means to investigate the
role of the ITIS (Hdh) gene in the brain, although one group has reported an
unsuccessful attempt (Haque and Isacson, 1996). We were interested in developing
antisense ODN’s that would effectively suppress the expression of the Hdh gene in the
rat CNS in order to examine pathological changes that may be induced by this
suppression.

Our laboratory has much experience using antisense ODNs to suppress the
expression of immediate early genes (IEGs) in the CNS (reviewed in Chiasson et al.,
1994, 1997). Most of the previous studies used phosphorothioate derivatives (sulfur-
for-oxygen substitution at phosphate linkage groups) of phosphodiester ODNs to
increase the nuclease resistance of these molecules in vivo (see chapters 3 and 9).
These thioate-substituted ODNs were very effective at suppressing IEG expression in
the rat brain, but their repeated application produced marked cellular toxicity (Chiasson

et al., 1997). As many IEGs (i.e. c-fos) do not have high constitutive expression in the



brain, single-dose applications of ODNs were effective at preventing the production of
stimulant-induced expression of these genes. However, to effectively apply this
technology to reduce the constitutive expression of htt, it was necessary to develop
ODN: s that could be chronically or repeatedly infused into the brain without producing
cellular damage. Initially, therefore, we sought to determine the ability of ODNs that
had reduced sulfur content (end-capped ODN§) to suppress gene expression in vivo, in
the CNS. Before attempting to suppress htt expression, we investigated the efficacy of
end-capped ODNs that targeted IEG mRNA by infusing these molecules into the
striatum of rats (chapter 3). This allowed us to compare the effects of end-capped
ODN;s with those of fully substituted ODNs, in terms of their ability to suppress IEG
expression and potential toxic effects of these molecules.

Early in the course of this research, I became interested in the etiology of the
locomotor alterations that are produced by unilateral [EG knockdown in the striatum.
As the caudate-putamen is a primary region of pathology in HD, we were interested in
determining if this striatal suppression paradigm could be used as a novel, rodent
model of HD. Previously reported correlation between antisense knockdown of c-fos
and alterations in locomotor activity suggested that the induction of IEGs in the
striatum was important for the functional role of this nucleus in motor regulation
(Sommer et al.,1993; Hooper et al.,1994). To examine the precise mechanisms that
underlie these motor aberrations, end-capped ODN derivatives were used to investigate
1. the role of the IEGs, c-fos and ngfi-a, in the striatum in relation to motor function

and 2. the downstream effects of striatal dysfunction on other basal ganglia and



brainstem nuclei. The role of several subcortical regions have been investigated for
their contribution to the locomotor abnormalities observed in animals with striatal [EG
inhibition. We present evidence that suggests that inhibition of striatal [EG expression,
using antisense ODNs, provides a reversible, non-toxic method to specifically suppress
the activity of the output neuroms of this region. We suggest that ODN-mediated
suppression of striatal IEG expression represents a novel animal model of end-stage
HD. We further describe a systematic comparison between subcortical alterations that
occur in motor nuclei in animal models of PD and HD. The clinical relevance of such
alterations to the human diseases is discussed.

As previously discussed, an initial goal of this research was the development of
antisense ODNs that could effectively suppress the expression of the Hdh gene.
However, while performing preliminary examinations of htt expression, some very
fortuitous discoveries were made. We felt that these findings were extremely important
and warranted a divergence from our initial plan in order to perform a thorough
investigation of this phenomena. While this study did not use antisense technology, per
se, it provided novel clues to the role of htt in the CNS. The results presented in
chapter 10 support the notion that htt is intricately involved in cellular processes in the
adult CNS and that its induction may be delimited by specific chemotactic or

neurotrophic stimuli.



CHAPTER 1

Huntington’s Disease



1.1. Introduction and Background

Huntington’s disease (HD) is a hereditary, neurodegenerative disorder with an
autosomal dominant pattern of transmission and complete penetrance. It is
characterized by cognitive, motor and psychiatric manifestations that cause progressive
deterioration of an individual’s quality of life, culminating in death 10-15 years after
the onset of symptomatology (Folstein, 1989). Onset of HD typically occurs in mid-
life, but there is a juvenile form of the disease which strikes before the age of 20. The
prevalence of HD varies among regions but studies have estimated that it occurs
5.15/100 000 (1987) and 8.4/100 000 (1975) in the United States and Canada,
respectively (Shokeir, 1975; Folstein et al.,1987).

In 1872, a family physician named George Huntington of Pomeroy, Ohio
published an article describing what had been previously called ‘that disorder’ in a
Philadelphia journal entitled, The Medical and Surgical Reporter (Huntington, 1872).
Huntington’s publication and description of this condition was a compilation of his own
clinical observations as well as those of his father and grandfather, both of whom were
also physicians. Huntington’s article in 1872 was remarkable in its accuracy and
brevity of its description of this disease, which was eventually called Huntingion s
chorea, and later Huntington’s disease. While others had partially described this
disease prior to 1872, Huntington was the first to give a complete account, with
accurate records of case studies for verification. Following 1872, the knowledge of
HD spread rapidly and numerous reports and case studies were published from several

countries (cited in Harper and Morris, 1996). Today, HD is widely recognized as a



distinct disease and research into its etiology has identified a genetic mutation which
produces this condition.

1.2. Symptomatology of HD

1.2.1. Motor Abnormalities The motor abnormality that is most commonly
associated with HD is chorea. The involuntary muscle contractions are frequently
observed in adult-onset HD, but rarely in the juvenile form, and typically involve the
limb, trunk and facial muscles. The severity of chorea can vary from imperceptible
twitching or fidgeting of the fingers to violent, uncontrollable flailing of the limbs.
Often the patient may suppress initial choreiform activity, but as the disease progresses
the motor abnormalities worsen and become uncontrollable. In addition to trunk and
peripheral limb muscles, those of the pharynx may also be affected and result in speech
difficulties (dysarthria) and the production of grunting or clucking sounds from forced
air from the respiratory tract being pushed against a partially closed glottis (Harper and
Morris, 1996).

As the course of the disease progresses, the chorea observed in early stages of
adult-onset HD is often replaced, or masked, by rigidity and bradykinesia. Both of
these symptoms are also characteristic of juvenile HD. Bradykinesia may also occur
concurrently with chorea in early-stage adult HD, although infrequently (Curran,
1930). Another motor abnormality frequently seen in advanced HD is dystonia. This
may produce contortions of the face, limbs or trunk into characteristic postures.
Additionally, irregularities in gait are frequently observed in HD patients. Individuals

will often walk with a wide-based, staggering gait, which may be misinterpreted as



intoxication (Koller and Trimble, 1985). Patients with HD also often have difficuities
performing normal eye movements. These symptoms may occur early in the disease
and worsen as the pathology progresses. Typical ocular problems include saccade
initiation (Leigh et al.,1983), decrease in saccade velocity (Lasker ez al.,1987) and
accuracy (Leigh et al.,1983; Bollen et al.,1986) and gaze fixation (Lasker et
al.,1987). Other motor problems that occur less frequently in adult-onset HD, but are
common in juvenile HD include cerebellar dysfunction, upper motor neuron
abnormalities, epilepsy and myoclonus (Harper and Morris, 1996).

1.2.2. Cognitive and Psychiatric Abnormalities  Cognitive and psychiatric
abnormalities are common among HD patients. Symptoms include dementia,
depression, paranoia, schizophrenia and personality disorders. There also tends to be a
high rate of suicide or attempted suicide in this population (Farrer, 1986; DiMaio et
al.,1993). The diversity and apparently non-specific mental problems that may arise in
HD facilitate misdiagnosis of early stage HD, prior to the onset of motor abnormalities.
Although several reports indicate that psychiatric symptoms occur prior to the onset of
chorea or other motor abnormalities, there have also been reports of them occurring
after the onset of motor symptoms (reviewed in Harper and Morris, 1996). However,
because of the wide range of psychiatric problems produced by HD, it can be difficult
to determine whether the mental symptoms began after the onset of motor symptoms or
if they were present initially but went undetected. For example, the personality

changes that occur in HD may be subtle in regards to linking them to neurological
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disease and may consist of increased degrees of anmtisocial (psychopathic) behavior,
irritability, or aggression.

Dementia is a fundamental characteristic associated with HD and has been
defined as °...the global deterioration of the individual’s intellectual, emotional and
cognitive faculties in a state of unimpaired consciousness’ (Roth, 1980). Thus, it has
been suggested that dementia encompasses at least three primary elements: 1. it is an
acquired condition; cognitive and behavioral alterations that persist from childhood are
usually regarded as mental handicap; 2. the cognitive deficits are global and are not
restricted to a subset of mental functions; 3. this condition occurs in the absence of
impaired consciousness. Unfortunately, early studies that evaluated the prevalence of
dementia in HD did not use standardized psychometric testing to access intellectual
functions. As a result the statistics vary considerably, but still indicate that a
significant proportion of HD patients exhibit signs of dementia. For example, three
separate studies indicated that 78/82 (Heathfield, 1967), 234/334 (Bolt, 1970) and
15/100 (Oliver, 1970) patients with HD suffered from some form of dementia.

One particular facet of cognitive function that has been under intensive
investigation in HD is the ability to recognize facial expressions of emotion. As this
recognition ability is fundamental to social interactions, it has become of interest to
determine to what extent this ability is impaired in neurodegenerative diseases such as
HD. In particular, it appears that recognition of both fear and disgust involve the
amygdala and cortico-striato-thalamic circuits (Phillips ez al.,1997). As these regions

of the brain are particularly susceptible to HD pathology, the degree to which these



11

recognition abilities are impaired in HD patients have been studied. Two recent
reports describe the impairment of the recognition of disgust, but not fear, in HD
patients relative to normal control individuals (Gray ez al.,1997; Halligan, 1998). The
deficit in recognition of disgust but apparently normal fear recognition may result from
the specific regions that are affected by HD pathology, or may simply reflect differing
degrees of neuropathology and alterations of cerebral circuitry in these patients.

A connection between HD and schizophrenia has been hypothesized for many
years. Indeed, several reports have described the misdiagnosis of schizophrenia in
patients that were later found to have HD (Bolt, 1970; Dewhurst, 1970; Folstein,
1989). The prevalence of schizophrenia in HD patients has been assessed by several
investigators. Unfortunately, standardized diagnostic criteria were not used in most of
the early studies. —However, three later studies using standardized criteria for
diagnosing schizophrenia reported the co-occurrence of HD and schizophrenia in 3/88
(3%) (Folstein, 1989), 9/86 (10%) (Pflanz et al.,1991) and 8/64 (12%) (Wart and
Seller, 1993) patients. The etiology of schizophrenia in HD patients remains unclear.
There are conflicting opinions as to whether this condition is a result of the HD gene
mutation or neuropathology or if patients with HD simply have an increased
susceptibility to mental disorders.

1.3. Pharmacotherapy for HD

Therapeutic management of HD is currently symptom-based and includes drug

therapy as well as psychological and social strategies to improve a patient’s quality of

life. Drug therapy for ameliorating chorea has generally involved the dopaminergic,
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GABAergic and cholinergic systems of the basal forebrain.  Neuroleptics or
antipsychotics are agents that block dopaminergic transmission in the forebrain. These
drugs, including haloperidol and fluphenazine, have been successfully used to treat
chorea in HD patients (Barr ef al.,1988). These drugs are administered with caution,
however, as they have been shown to induce both acute and chronic tardive dyskinesia
as well as Parkinson-like symptoms (Marsden and Jenner, 1980). Reserpine and
tetrabenazine are dopamine-depleting agents that decrease the presynaptic stores of
dopamine and lower dopaminergic transmission in the brain. While the sedative effects
of these agents decrease choreiform movements, they also produce many undesirable
side effects, such as depression and dysphagia, which limit their therapeutic value.

An alternate strategy for treating chorea is to increase the GABAergic activity
in the brain. Unfortunately, both direct (muscimol, baclofen) and indirect (isoniazid)
GABAergic agents have been relatively ineffective at treating chorea in HD (Fisher et
al.,1974; Barr et al.,1978; Shoulson et al.,1978,1989; McLean, 1982). It has been
hypothesized that the overall reduction in GABAergic neurons (and, therefore, GABA
receptors) is responsible for this lack of effect. Consistent with this, benzodiazepines
have also been shown to produce limited effects in HD patients (Peiris et al.,1976;
Stewart, 1988).

There is a reduction in the amount of choline acetyltransferase (ChAT) in the
brains of HD patients (Spokes, 1980). Therefore, a third strategy of HD therapy is to
increase the cholinergic transmission by administering either acetylcholine precursors

(choline) or cholinomimetics (Arecoline). However, both these classes of drugs have
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been shown to be ineffective or even exacerbated the choreic movements (Aquilonius
and Eckernas, 1977; Nutt et al.,1978). Also, the beneficial effects of the
cholinesterase inhibitor, physostigmine, remains controversial. Other potential anti-
choreic agents that include NMDA glutamate receptor antagonists, such as MK801 and
remacemide, are currently being investigated. A recent controlled study of remacemide
suggested that this class of drug may have therapeutic potential in treating symptoms of
HD (Kieburtz, 1996).

Rigidity often occurs in later stages of adult-onset HD or in juvenile HD. Anti-
parkinsonian drugs (i.e. levodopa, amantidine, bromocriptine, anticholinergics) are
typically used to treat this symptom. Depression is often treated with conventional
anti-depressants, i.e. tricyclics, selective serotonin reuptake inhibitors, monamine
oxidase inhibitors. Fluoxetine is commonly administered to treat depression in HD.
Unfortunately, there are currently no drugs that improve cognitive impairment in HD.
1.4. Relationship Between HD Pathology and Symptomatology

The most prominent clinical symptom of HD is the development of dyskinesia.
Two forms of dyskinesia, chorea and bradykinesia/rigidity, follow in succession as the
disease progresses from early to late stages (Bruyn, 1968; Hayden, 1981; Phillips er
al..1996). Although the basis of chorea remains unclear, currently recognized circuitry
of the basal ganglia may explain its development. The caudate-putamen receives
massive input from cortical and subcortical regions and processes information primarily
through efferent projections to the external segment of the globus pallidus (GPe), the

internal segment of the globus pallidus (GPi) or the substantia nigra pars reticulata
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(SNR) and the dopaminergic cells of the substantia nigra pars compacta (SNC)
(Graybiel, 1990, 1995). While the cytoarchitecture of the striatum is complex, neurons
may be categorized into two main striatal components: patch (striosome) and matrix.
These two components represent neurochemically distinct populations of cells, and may
be easily distinguished on the basis of their immunochemical staining for cellular
markers such as acetylcholinesterase (AChE) or calbindin. Striosomal neurons project
to the SNC where they inhibit dopaminergic nigrostriatal neurons. Matrical neurons
may be divided into those that project to the SNR/GPi or the GPe. The SNR and GPi
projections directly inhibit the thalamus and the superior colliculus (SC). Striatal
projections to the GPe comprise the initial segment of the ‘indirect pathway’, which
increases inhibitory SNR/GPi output via the GPe and subthalamic nucleus (STN)
(Graybiel, 1990, 1995).

It has been proposed that the chorea produced in early stages of HD results
from a preferential loss of striatopallidal neurons of the indirect pathway, as these
neurons are particularly vulnerable to the effects of HD (Crossman et al.,1988; Albin
et al.,1990; Storey and Beal, 1993; Richfield er al.,1995). Loss of this circuit
disinhibits pallido-subthalamic neurons, ultimately reducing the nigral outflow and,
hence, increasing thalamocortical and tectal stimulation. The idea that chorea results
from reduced striatopallidal neurotransmission has been supported by numerous
studies. In particular, Crossman and colleagues (1988) have demonstrated that infusing
GABA antagonists into the GP, thus mimicking a reduction in striatopallidal

transmission, produces contralateral choreiform activity in primates. Also, Young’s
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group reported that, while rigid/akinetic HD patients had a significant loss of striatal
neurons projecting to the GPe, GPi and the SNR, choreic patients had relative
preservation of neurons projecting to the GPi (Albin et al.,1990). More recently,
Storey and Beal (1993) reported greater losses of GABA in the GPe than in the GPi in
choreic HD. Studies in our laboratory have conclusively shown that suppressing
stimulant-induced striatal activity in rats produces sufficient stimulation of the
ipsilateral GPe to induce massive changes in gene expression (chapter 4). Ablation of
GPe activity in this model significantly reduced the motor influence of the ipsilateral
hemisphere, supporting the notion that GPe activity markedly increases motor
responses in these animals (chapter 5).

The psychiatric manifestations of HD have an unknown etiology. However,
because many of these symptoms are responsive to conventional neuroleptic therapy, it
is thought that they are also caused by the altered striatal physiology (Harper and
Morris, 1996). Cognitive decline likely results from both basal ganglia and cortical
pathology.

1.5. Etiology and Neuropathology of HD

In 1993, the genetic mutation that produces HD was identified (The
Huntington’s Disease Collaborative Research Group, 1993). A novel gene, termed
Interesting Transcript 15 (IT15) was determined to contain an abnormally expanded
terminal trinucleotide (CAG) repeat in patients with HD. This polymorphic region of
IT15 lies within the coding region of the gene and translates into a polyglutamine tract

at the amino-terminal of the protein product, huntingtin (htt).  Huntingtin is
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ubiquitously expressed throughout the majority of brain regions and in peripheral
tissues (Li et al.,1993; Strong et al.,1993; DeRooij et al.,1995; Gutekunst et al.,1995;
Jou and Myers, 1995; Sharp et al.,1995; Bhide et al.,1996; Wood et al.,1996). In
unaffected individuals, the IT15 gene contains a stretch of 6-37 CAG repeats whereas
in patients with HD it has been found to contain >37 repeats. Individuals who
develop HD symptoms in mid-life generally have between 37-45 CAG repeats, whereas
in the juvenile form of HD, patients tend to have greatly expanded repeat stretches,
usually >50 CAG copies. Interestingly, CAG expansions (in different genes) are
believed to be the cause of several other neurological disorders, including spino-bulbar
muscular atrophy (SBMA), spinocerebellar ataxia type 1 (SCAIL), dentatorubral-
pallidoluysian atrophy (DRPLA) and Machado-Joseph disease (SCA3) (Koide er
al.,1994; Housman, 1995; Monckton and Caskey, 1995; Trottier et al.,1995b;
Aylward et al.,1997; Zhou et al.,1997). It is hypothesized that the expansion of the
polyglutamine tract on htt confers abnormal binding properties to this protein and
causes novel or altered protein-protein interactions that ultimately produce toxicity and
cell death.

Transgenic mice have been produced that express markedly expanded CAG
repeats by insertion of exon 1 of the human IT15 gene into the mouse genome
(Mangiarini et al.,1996). These animals have been found to contain aggregates of htt-
containing ‘protein balls’ in the nuclei of cerebral neurons and exhibited a progressive
neurological phenotype. These aggregates have been termed neuronal intranuclear

inclusions (NII) and have been previously reported in examinations of brain tissue from
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HD patients (Davies et al.,1997). These inclusions were not found in either wild-type,
control mice or in unaffected humans. A subsequent study showed, however, that
insertion of a 146-unit CAG repeat into the mouse hypoxanthine
phosphoribosyltransferase gene (Hprt), a so-called ‘house-keeping’ gene that has no
association with any neurological disorders, produced a protein with an expanded
polyglutamine region (Ordway er al.,1997). These animals also displayed a
progressive neurological phenotype and, upon post-mortem examination, were found to
contain NIIs. Furthermore, Igarashi and colleagues have shown that expression of
DRPLA (dentatorubral-pallidoluysian atrophy) cDNAs with expanded CAG repeats in
COS-7 cells produces NIIs and apoptosis (Igarashi ez al.,1998). It is hypothesized that
the expanded glutamine regions become substrates for cellular enzymes called
transglutaminases, increasing the degradation of the original protein and producing
fragmented, free polyglutamine peptides that are toxic to the cell. This notion has been
supported the finding that transglutaminase inhibitors can reduce apoptosis in COS-7
cells that express expanded CAG repeat regions on the DRPLA gene (Igarashi ez
al.,1998). Together, these studies suggest that expansions of CAG trinucleotide
stretches in the coding regions of genes and the subsequent translation of these
mutations into elongated polyglutamine tracts, produces aggregates of peptides in the
nuclei of neurons and ultimately induces apoptosis. This process appears to be
independent of the gene containing the expanded CAG region. The mechanism of
transnuclear transport of these aggregate components and whether specific-

transmembrane proteins may be involved in this process remain unknown. Thus, while
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these studies provide novel and exciting information regarding possible mechanisms of
neuropathology in CAG repeat disorders, they do not help elucidate the etiology behind
the regionally-specific cellular pathology seen in HD.

The cerebral pathology of HD is predominantly localized to the caudate-
putamen, cerebral cortex and specific regions of the hypothalamus (Folstein, 1989).
The regional selectivity of HD pathogenesis suggests that toxic interactions that occur
in the caudate-putamen involve the mutant form of huntingtin and other unrecognized,
region-specific cellular components. To date, four candidate proteins, huntingtin-
associated protein (HAP-1), huntingtin-interacting protein (HIP-1), the glycolytic
enzyme, GAPDH, and the human ubiquitin conjugating enzyme, hE2-25K (also called
HIP-2), have been identified as possible interactive species, based on their increased
binding efficacy to the huntingtin protein expressing an extended polyglutamine tract
(except hE2-25K) (Li et al.,1995,1996; Burke er al.,1996; Kalchman et al.,1996;
Wanker et al.,1997). Evidence also suggests that abnormal huntingtin may interact
with well-characterized substrates such as calmodulin and the epidermal growth factor
receptor (Bao et al.,1996; Liu et al.,1997). It remains unclear, however, whether any
of the above protein interactions are involved in the pathogenesis of HD. Interestingly,
neurons in the caudate-putamen that contain NADPH, a marker for nitric oxide
synthase (NOS), appear to be relatively spared from HD pathology (Ferrante et
al.,1985,1987). Choi and colleagues have also demonstrated the relative resistance of
NADPH-positive neurons to various NMDA agonists, but their apparent increased

susceptibility to excitotoxic damage by other glutamate agonists (Koh et
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al.,19882a,1988b). Determination of the cellular components that confer protection in
these neurons may provide valuable insight into cytotoxic mechanisms of HD and also
identify possible therapeutic targets. Because the huntingtin protein is expressed in
many neuronal subtypes, the protein interactions which lead to cell death in affected
regions must involve cell-specific expression of huntingtin-associated proteins.
Identification of differentially expressed genes in these neuronal populations could
provide valuable information about the mechanism of the cytotoxic interactions
involving huntingtin which lead to HD.
1.6. Hypothesized Functions of htt

Huntingtin is a large (350 kDa), cytoplasmic protein with no known homology
to other recognized proteins. The expression of htt has been localized to the cytoplasm
and, while it has been suggested that htt participates in vesicular transport and release,
its normal cellular function remains unknown. Studies using gene knockout technology
have shown that animals that have a homozygous deletion of the htt gene die in utero.
Animals with a heterozygous deletion, however, develop normally and are relatively
indistinguishable from wild-type controls (Duyao et al.,1995; Nasir et al.,1995; Zeitlin
et al.,1995). The survival of HD patients with homozygous mutations, and the
similarity of disease progression between individuals with heterozygous and
homozygous mutations, supports the notion that, in HD, the normal function of htt is
conserved and the pathology results from novel interactions of the mutated hit.
However, while there is growing evidence to suggest that the elongation of the

polyglutamine tract of the htt protein produces NIIs and contributes to cell death, the
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specificity of HD pathology remains to be explained. The distinct regions of damage
produced by different CAG-repeat diseases suggests that the mutation of the particular
gene may also contribute to the specificity of pathology.  While elongated
polyglutamine tracts appear to produce non-specific NIIs, it is possible that the regional
pathology of HD results from the interruption or alterations of the normal htt function.
Although evidence suggests that the HD mutation produces a novel gain-of-function’,
there is no evidence to discount the possibility that this mutation aiters or dampens
specific cellular processes of htt. For example, if this protein participates in a specific
cellular signaling cascade that is associated with trophic responses and development of
neural circuitries, it is possible that the mutation of htt may not have as dramatic effects
in the dynamic, trophic-factor rich environment of a developing brain as it would in the
adult brain. Thus, functional htt processes may be elicited by the intense trophic
stimulation that occurs during development, but not by that in the adult brain. In order
to fully understand the processes behind HD, it is necessary to determine the functional
role of htt in the brain.

A recent study investigated the possible association of htt with various signaling
molecules involved in the epidermal growth factor receptor (EGFR) signaling cascade
(Liu er al.,1997). The presence of multiple proline-rich motifs in the huntingtin
sequence led this group- to investigate the possibility that huntingtin would associate
with signaling modules through binding of src homology 3 (SH3) domains.
Experiments demonstrated that huntingtin associates with the EGFR signaling complex

through binding of SH3 domains on growth factor receptor-binding protein (Grb2) and
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Ras-GTPase-activating protein (RasGAP). These associations were highly dependent
upon EGFR activation and autophosphorylation (Liu er al.,1997). Interestingly,
huntingtin immunoprecipitates were found to contain Grb2, but not the Ras guanine
nucleotide releasing factor, Sos. In contrast, Grb2 immunoprecipitates were found to
contain Sos. As Sos is the normal associative molecule which complexes with the SH3
domains on Grb2, the authors suggested that huntingtin may be a competitive inhibitor
of Sos-Grb2 binding and transduction of Ras-dependent signaling. The nature of the
huntingtin-RasGAP association remains unclear.

Recent studies in our laboratory have shown that the expression of htt is
dramatically elevated in the arcuate nucleus (AN) of the hypothalamus in lactating
female rats that are suckling young (chapter 10). This increase in expression occurred
in astrocytes of the AN. Previous neuroendocrine studies have shown that the AN is
essential for lactation and there is increasing evidence to suggest that major
physiological changes occur in the AN in postpartum females. These changes are
believed to be mediated by astrocytic regulation of neuronal activity (Moore, 1987;
Tranque et al.,1987; Olmos er al.,1989; Torres-Aleman et al.,1992; Ma et
al.,1994,1997). Our results implicate htt in the cellular mechanisms that mediate
hormone-induced transcriptional and morphological changes in the hypothalamus. The
role of huntingtin as a regulator of receptor tyrosine kinase signaling and modulator of
cellular plasticity would account for the widespread expression of this protein and offer
an explanation for the embryonic mortality observed in mutant mice that are nullzygous

for the huntingtin gene (Duyao, 1995; Nasir et al.,1995; Zeitlin et al.,1995). As the
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expression of this protein is constitutive in neurons throughout most brain regions, it is
conceivable that huntingtin may not only be involved in EGFR signaling, but may also
be a component of other receptor kinase signaling cascades. However, the importance
of htt in these cellular processes remains to be confirmed.
1.7. Summary and Future Directions

Major research efforts are currently in progress to determine the pathological
mechanisms by which HD produces cellular toxicity. Once these processes are
elucidated, therapies may be developed to specifically target relevant cellular mediators
and attenuate disease progression. Also, intrastriatal transplantation of neural tissue

offers potential for regeneration and repair of circuits lost to HD pathology.
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Immediate Early Genes and c-fos in the CNS
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2.1. c-fos Function, Regulation and Induction

The central nervous system (CNS) is remarkable in its ability to adapt and alter
synaptic connections that exist within it. A crucial aspect of this plasticity is stimulus-
transcription coupling, a process which refers to alterations in transcriptional activity
that occur as a cellular response to external stimuli (i.e. receptor activation) (Berridge,
1986; Goelet et al.,1986; Curran and Morgan, 1987,1991). Ligand-induced activation
of membrane receptors produces a cascade of second messengers (i.e. cyclic adenosine
monophosphate (cAMP), protein kinases) that can transiently aiter (i.e. by
phosphorylation) constitutively expressed cellular proteins. These proteins may then
enter the nucleus and bind to specific DNA motifs, or activate other cellular
components that bind DNA, to induce or suppress the transcription of specific genes.
Repeated stimulation of neural circuits is thought to induce long-term changes in
cellular phenotype that facilitate this transmission (Hebb, 1949). This is the basis of
current theories of memory storage (Berridge, 1986; Goelet er al.,1986), learning
(Kaczmarek, 1993b) and addiction (Nestler er al. ,1993).

Upon stimulation of a cell, the first round of transcriptional activity involves
immediate early gene (IEG) induction. Among the IEGs are a class of inducible
transcription factors (TFs) that are thought to physiologically link transient changes in
second messenger systems with long-term changes in the cell (Morgan and Curran,
1991,1995; Robertson, 1992; Hughes and Dragunow, 1995; Chiasson et al.,1997).
Thus, the IEG TFs provide a means by which activity at the cell membrane can induce

or suppress transcriptional processes in the nucleus. IEG TFs are a large family of
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genes, which include c-fos (Curran,1988), fos-related antigen-1 (fra-1) (Cohen and
Curran, 1988), fra-2 (Nishina et al.,1990), fos-B (Zerial et al.,1989), c-jun (Maki et
al.,1987), jun-B (Ryder et al.,1988), jun-D (Ryder et al.,1989), krox-20 and krox-24
(Lemaire er al.,1988) (also known as zif 268 (Christy er al.,1988), ngfi-a (Milbrandt,
1987) and egr-1 (Sukhatme et al.,1988)). While a few IEG TFs have relatively high
constitutive expression in specific regions of the brain (i.e. ngfi-a, jun D), generally,
these genes have minimal basal expression in the absence of external stimulation
(Curran and Morgan, 1995). The Fos and Jun families of IEGs have been extensively
studied. Fos and FRAs bind to members of the Jun family through a leucine zipper
motif to form heterodimers called activator protein-1 (AP-1) complexes (Rauscher et
al.,1988; Kouzarides and Ziff, 1989). The AP-1 complex recognizes and binds
specific DNA sequences, including the AP-1/tetracycline-responsive element (TRE) in
gene promoter regions, and can induce or inhibit transcription, depending on the
genetic loci of the binding site and the composition of the AP-1 protein (Curran and
Franza, 1988; Rauscher et al.,1988; Curran and Morgan, 1995).

The expression of c-fos is under the control of several regulatory elements that
are located in the 5’ untranslated region of the c-fos gene. These include the serum-
response element (SRE) and the cAMP/calcium-responsive element (CRE/CaRE).
Several proteins have been identified that bind to the SRE and this site is essential for
the induction of c-fos by serum, growth factors and protein kinase C (PKC)-activators
(Curran and Morgan, 1995). Elevation of intracellular calcium (Ca**) concentrations

(i.e. by glutamate activation of N-methyl-D-aspartate receptors) or cCAMP (i.e. by
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dopamine (DA) activation of DA1 receptors) leads to activation of Ca’*/calmodulin-
dependent kinases and cAMP-dependent protein kinase A (PKA), respectively. These
kinases activate the TF, cAMP-responsive element binding (CREB) protein, by
phosphorylation of serine 133 (Gonzalez and Montminy, 1989; Sheng et
al.,1990,1991). Phosphorylated CREB induces transcription of c-fos by binding to the
CRE/CaRE site in the c-fos promoter region. The c-Fos protein can mediate
autoinhibition by activating an AP-1 site in the promoter region of the c-fos gene and
negatively regulating its expression (Sassone-Corsi et al., 1988).
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