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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder,
which is caused by an abnormal expansion of Cytosine Adenine Guanine (CAG)
trinucleotide repeat in the gene making huntingtin (Htt). Despite intensive
research efforts devoted to investigate molecular mechanisms of pathogeness,
effective therapy for this devastating diseaseis still not available at present. The
development of various animal models of HD has offered alternative approaches
in the study of HD molecular pathology. Many HD models, including chemical -
induced models and genetic model's, mimic some aspects of HD symptoms and
pathology. To date, however, thereisno ideal model which replicatesall of the
essential features of neuropathol ogy and progressive motor and cognitive impair-
ments of human HD. Asaresult, our understanding of molecular mechanisms of
pathogenesisin HD isstill limited. A new modd isneeded in order to uncover the
pathogenesis and to develop novel therapiesfor HD. In thisreview we discussed
usefulness and limitations of various animal and cellular modds of HD in uncov-
ering molecular mechanisms of pathogenesis and devel oping novel therapies for

HD.

Introduction

Huntington’s disease (HD) is a devastating, autosomal
dominant neurodegenerative disorder caused by a Cytosine
AdenineGuanine(CAG) trinud ectiderepeat expansionwithin
exon 1 of the huntingtin (Htt) gené”. Thisdiseaseisassodi-
ated with the selective degeneration of striatal GABAergic
projection neurons and cortical pyramidal neurons and is
characterized by choreiform movements, cognitive deficits
and psychiatric disturbances. The genetic mutation under-
lying HD was discovered in 1993. Normally, the number of
CAG-repestsin the polyglutamine (polyQ) tract near the N-
terminus of the Htt geneis between 19 and 35. In thedis
eased state, this number increases to more than 36 repeats.
Compl ete penetration is seen with CAG-repeat lengths of 42
or moré?. Thisdiseaseaffects about 5 out of 100 000 people
in Western countries. Although the onset of HD symptoms
generally occur at the age of 40 or 50, the disease can start at
any timefrom early childhood to old age, with amean dura-
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tion of 15-20 years.

The pathogenesis of HD has not yet been fully under-
stood. Severa hypotheses have been proposed to e uci-
date the mechanisms of HD pathogenesis, including
excitotoxicity, oxidativestress, and impaired energy metabo-
lism¥, abnormal protein aggregation, transcription dysregu-
lation and abnormal protein interactions. Because of
incompl ete understanding of the mechanisms of HD patho-
genesis, treatment to delay the onset or d owdown progres-
sion remains unavailable at present. Animal models which
closdy mimic the neurobiological and clinical symptoms of
the disease may provide an alternative approach for the
study of HD molecular pathogenesis, the refinement of
exigting treatments and the devel opment of novel therapies
for HD. Therefore, animal modelsareacrucial part of this
rapidly advancing field of HD research. In this paper, a
variety of animal models generated to date arereviewed, and
their differences, theimplicationsin uncovering pathogenic
mechanisms and devel oping therapies are discussed.
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Clinical symptoms and neuropathology in HD
patients

There are 3 main groups of symptoms including move-
ment disorder, cognitive impairment and psychiatric
disturbance, of which the most characteristic isthe choreic
movement. Generally, clinical symptoms develop very rap-
idly after onset and compose a 3-part picture with motor
symptoms, characterized by hyperkinesia evolving to
hypokinesia. Initialy, patients demonstrate personality
changes and develop small involuntary movements.
Typically, the earliest motor signs are eye movement
abnormalities, followed by the progressive appearance of
orofacial dyskinesias, involving the head, neck, trunk and
arms, before becoming chorea. Asthe disease progresses,
the movement disorder becomes more pronounced. Sever-
ity may vary from restlessness with mild, intermittent exag-
geration of gesture and expression, fidgeting movements of
the hands, unstable, dance-like gait, to a continuous flow of
disabling, violent movements. Even though the typical move-
ment disorder is chorea, virtually any type of movement dis-
order can be seen, including dystonia, rigidity, myoclonus,
and athetosis. Asthe disease progresses, choreiform move-
ments may be reduced in intensity or frequency; theinitial
hyperkinetic syndrome being progressively replaced by a
more hypokinetic syndrome in which bradykinesia, rigidity
and dystonia dominate. With the movement disorder, cog-
nitivedeficitsaswell aspsychiatric disturbances occur. Cog-
nitive dysfunction includes dementia and difficulties with
executive functioning. Psychiatric disturbances most com-
monly manifest as apathy and depression, but obsessive-
compulsive disorder, psychosis, paranoia, and substance
abuse also occur. Weight lossis another common feature of
thedisease. The patientsrapidly require constant care and
progressively losether autonomy, dying on average 17 years
from the onset of the disease. Death usually results from
aspiration pneumonia secondary to dysphagia, or from com-
plications resulting from falls or chronicillness®.

Thejuvenileform of HD is caused by CAG-repest lengths
exceeding 60. Clinical manifestationsaremoreseverein pre-
sentation and progress more rapidly. Juvenile HD is most
often inherited through paternal transmission. The move-
ment disorder tends to be more parkinsonian than the adult
form and is characterized by bradykinesia, rigidity, resting
tremor and seizure. Juvenile patients have a more severe
course of the disease with an average duration of 5 to 20
years's™,

HD brains are significantly lighter at death than normal
brains. Themost striking neuropathological featureof HD is
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a marked atrophy of the caudate and putamen within the
basal ganglia. In addition, the neuronal lossin the striatum
is accompanied by pronounced gliosis. The pathology of
HD has been classified by Vonsattel et al from grade 0 (no
changes) to grade 4 depending on the degree of striatal atro-
phy (caudate and putamen reduced to arim of tissue)®. The
striatum is comprised of several neuronal subtypes includ-
ing medium spiny projection neurons and interneurons. The
latter category includes the medium-sized aspiny reduced
nicotinami de adeni ne dinucl ectide phosphate (NADPH) dia-
phorase-positive, neuronal nitric oxide synthase (NNOS)-
positive neurons and large aspiny cholinergic neurons.
Interestingly, many studies have consistently shown that
not all striatal cells are equally affected by the degenerative
process. HD preferentially affects the GABAergic medium-
sized spiny neurons, leaving the other subpopulations of
striatal neurons largely unaffected in the early stage’®*.
Thefactorsthat render striatal projection neurons more sus-
ceptible to damage areunclear. Within the subpopulation of
driatal GABAergic medium-g zed spiny neurons, not al neu-
ronsaresmilarly affected by HD. A double gradient of stri-
atal degeneration has been described in the HD striatum,
one progressing in a dorsolateral to ventral direction and
another in acaudo-rostral directionf*.

Although the striatum is the most profoundly affected
region in HD, neuronal loss may also occur in the cortex,
thalamus, zona reticulata of the substantia nigra, superior
olive, lateral tuberal nucleus of the hypothalamus and deep
cerebdlar nuclei™™, Therefore, the changesin the striatum
reflect ardatively selective vulnerability tocdl death. Inter-
egingly, acommon featureto all these areasisthat, with the
exception of the cortex, they all belong to the basal ganglia
circuitry, and assuch, aredirectly or indirectly connected to
thestriatum. The cerebral cortex isalso markedly atrophied
inthe later sagesof thedisease. Inthecortex, largeneurons
in layer VI are the most affected, with smaller amounts of
degeneration seenin layersiil and V. Asfor thecther struc-
tures belonging to the basal ganglia circuitry, whether cor-
tex degeneration foll ows, accompanies or precedes that of
the striatum is till controversial™®.

Up to now, the exact mechanism of HD pathogenesistill
remainsunclear. Sincethe genetic cause of HD was uncov-
ered in 1993, several hypotheses have been put forward to
elucidateitsmolecular pathogenesis, including excitatoxicity,
oxidative gress, impaired energy metabolism, and abnormal
protein—protein interactions—which in turn may causetran-
scriptional dysregulation and altered gene expression. Cen-
tral to all hypothesesisthe attempt to understand the role of
huntingtin (Htt) in normal physiology and in the diseased
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state.

Htt isencoded by the IT15 gene. Itsamino acid sequence
does not resemblethat of any other known proteins. The5’
end of the I T15 gene contains a polymorphic trinuclectide
CAG-repeat which encodes a series of glutamines. Normal
people have CAG-repest lengths of 7-35. The CAG-repeat
is expanded and unstablein HD patients. By virtue of hav-
ing an expanded polyQ, HD becomes a member of
neurodegen-erative disorders known as polyQ disorders.
Theleve of expression and theregional distribution of the
mutated huntingtin (mHtt) in the brain as well asin the
peripheral tissueswerefound to be rather similar to those of
the normal protein™. Htt isnormally distributed predomi-
nantly within the cytoplasm; for mHtt, however, nuclear
localization isincreased®?. Hitt is ubiquitously expressed,
but despite extensively overlapping expression patterns, the
neuronal cell death is relatively specific and can differ
markedly. Thenormal function of Htt is poorly understood
at present, but it has been proposed to play roles in
neurogenesis, apoptosis, and vesicle trafficking. Some of
the features of HD may be the result of loss of function of
wild-type huntingtin (wHtt) 24,

HD isaprotein misfolding disease. Thebio-hallmark of
HD istheformation of intranuclear inclusions (NI1) and cy-
toplasmic aggregatesin neuronsin vulnerable brain areas.
Aggregates of mHtt have been detected both in postmortem
tissue from patients affected by the disease and in mouse
models of HD. Theinclusions and aggregates are usually
formed by small N-terminal Htt fragmentsand are co-local-
ized with other cellular proteinsinvolved in proteolysis,
vesicle trafficking and protein degradation. Whether these
aggregates are deleterious, protective or incidental remains
unclear. Caspasesand calpain have been implicated in the
cleavage of both mHtt and wHtt*?, Cleavage of Htt by
caspasesresultsin the production and accumul ation of small
N-terminal fragmentswhich are proneto form NIl and cyto-
plasmic aggregates and induce apoptosis. Thus N-terminal
Htt playsan important rolein the pathogenesisof HD. While
thetraditional view isthat the mHtt i scleared by the ubiquitin-
proteasome pathway, it is proved that the autophagy-lyso-
somal route is also involved in the degradation of mHtt!?=3,

In vivo and in vitro models of HD

Many animal modd s mimic HD symptomsor pathol ogy.
Characterization of multiple animal modelsis necessary for
understanding the pathogenesis and the effects of potential
therapies.

Excitotoxic lesion models Excitotoxicity refersto the

deleterious effects produced on neuronal cells by relatively
high concentrations of glutamate interacting with its selec-
tive membrane receptors. Asthe striatum receives large
glutamartergicinput from corticostriatal afferents, itisastruc-
ture at risk of glutamate-mediated excitotoxic injury. The
theory of excitotoxicity as a pathogenic mechanism in HD
has emerged in the last few decades, beginning with the
observation that injections of excitatory amino acids into
the striatum of rodents and non-human primatesled to neu-
ronal depletion and aneurological phenotype that was simi-
lar to HD. Theinitial reportsin 1976 demonstrating that a
direct intrastriatal injection of kainate, a non-N-methyl-D-
agpartate (NMDA)glutamate agonist, could mimic the axon-
sparing striatal lesions observed in HD, was the starting
point of alarge number of literature on the use of glutamate
analogues as neurotoxic compounds in HD research®.
Nevertheless, intrastriatal injections of kainate do not per-
fectly reproducethe histol ogical hallmarks of HD, sinceboth
projection neurons and NADPH-positive interneurons are
killed by this excitotoxin, as opposed to the relative sparing
of the striatal interneurons in HD™>%*!, |n contrast,
intrastriatal injections of quinolinate, a NMDA-selective
glutamate agonist and an endogenous metabolite of
trypophan, induces apreferential degeneration of GABAergic
neurons and arelative sparing of NADPH diaphorase- and
cholinergic inter-neurons, suggesting that a selective acti-
vation of the NMDA receptorsis required to mimic HD stri-
atal pathology®”.

Excitotoxin-induced destruction of striatal neuronsin-
volves the process of apoptosis®®. Further studies have
indicated that the nuclear factor-kB (NF-kB) activation con-
tributes to the excitotoxin-induced death of striatal neu-
rons®), Liang et al evaluated the potential contribution of
some apoptosis regulatory proteins such as Bcl-2, p53 and
c-Myctothe differential vulnerability of striatal neuronsto
the NMDA receptor agonist quinolinic acid. They found
that selective vulnerability of striatal medium-sized spiny
neurons to degeneration in a rodent mode of HD appeared
to correlate with their low levels of Bcl-2 immunoreactivity
and high levelsof induced p53 and ¢-Mycimmunoreactivity®,

Excitotoxic striatal lesions can replicate some of the
behavioral aspects of HD including hyperkinesias, impaired
motor skills, and deficitsin spatial mazelearning and execu-
tivefunctioninrats. However, the behavioral symptomsfail
to include dyskinesias or chorea-like movements*?. The
excitotoxic lesion models have led to the use of glutamate
antagonistsin HD treatment. For example, NMDA receptor
antagonists such as riluzole and amantadine are often used
clinically. Some data suggest that there are transient
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antichoreatic effects and more sustained effects of riluzole
on psychomotor speed and behavior in HD patientd*?.

Indir ect excitotoxic lesion models (or metabalictoxins
models) Theinjection of variousmitochondrial toxins(amino-
oxyacetate, rotenone, MPP+, malonate, Mn*, 3-acetyl-
pyridine) into therat striatum has been shown to produce
increased lactate formation, adenosine triphosphate (ATP)
depletion and a del ayed neuronal degeneration by the mecha-
nism of disrupting mitochondrial energy metabolism and
secondary excitotoxicity. The common nature of these le-
sions was exemplified by the marked degeneration of
GABAergic neurons and the relative sparing of cholinergic
and NADPH diaphorase-positive interneurons.

Theinitial identification of 3-nitropropionic acid (3-NP),
ametabolite of 3-nitropropanal, as atoxic agent responsible
for livestock poisoning, was first made in western USA.
Animalsintoxicated with leguminous plants presented vari-
ousmotor abnormalities consisting of general weaknessand
uncoordination of the hind limbs evolving to paralysis*?.
The early controlled studiesin animalsindicated that 3-NP
injection could produce hypoxic-like cerebral lesions, pref-
erentially affecting the basal ganglia. 1n vitro biochemical
studies have established that 3-NPisasuicide inhibitor of
succinate dehydrogenase, an enzyme located in the mito-
chondrial inner membraneand responsible for the oxidation
of succinate to fumaraté*?. Because of the histochemical
and pathol ogical smilarities between the 3-NPanimal model
and HD, the 3-NP model has been proposed as an alternative
HD modd.

Many studies have indicated that acute and large doses
of 3-NPadminigration can not replicate HD pathology. Acute
3-NP toxicity was observed after either 1 or several injec-
tionsin a short period of time (1-5 d). Depending on the
dose administered, the neurological deficits can develop
rapidly, ranging from general uncoordination, drowsiness
and genera weakness to hind limb paralysis without rigidity
and finally recumbency and death!®. The histological fea-
tures observed in the striatum of rats subjected to acute 3-
NP protocol are quite different from those observed in HD
patients. In 3-NP-lesioned brains, the central area of the
striatal lesion istotally neuron depletion and thereisonly a
very limited transition zone between the core of the lesion
and thenormal sriatal tissue. Nevertheless, acute 3-NP tox-
icity has been frequently associated with extra-striatal cere-
bral lesionsinvolving various brain structures such asthe
pallidum, the hippocampus, the thalamus and the substantia
nigra pars reticul ata .

Chronicintoxicationwith 3-NPwasinitialytested in adult
rats using a chronic low dose (10-12 mg-kg™-d™, 1 month)
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regimen of administration ¥, This experimental protocol
produced a partial, seady-state metabaolic impairment, simi-
lar tothat found in HD patients. In 30%-40% of thetreated
animals, chronic 3-NPddivery induced motor abnormalities
and selective striatal lesions. Behaviora studies with the
chronic 3-NP model indicated that the HD-like striatal le-
sions were also associated with symptoms and persistent
abnormal movements, in many ways anal ogousto HD motor
deficits. In astudy performed in animals repeatedly treated
with 3-NP (10 mg-kg™ every 4 dfor 28 d), aquantitative analy-
sis of spontaneous locomotor behavior showed that this
protocol was associated with an early phase of hyperkinesia
(first and second week of treatment), followed by alater phase
of hypokinesia***,

The animals subjected to the chronic 3-NP intoxication
alwaysdisplayed bilateral and symmetrical dorso-lateral stri-
atal lesions. Intheir most rostral part, these les ons appeared
restricted to the dorso-lateral aspect of the caudate-putamen,
whereas a more ventral localization is usually observed
caudally. Contrasting with lesions observed in more acute
paradigms, the chronic lesion presented a more diffuse cdll
loss, progressively increasing from the unaffected striatum
to the center of the lesion. Within the core of thelesion, an
obvious, but partial neuronal |oss was noted, accompanied
by a moderate astroglios's, a decrease in cytochrome oxi-
dase activity and arelative sparing of the NADPH diapho-
rase-positive interneurons and the dopaminergic striatal af-
ferent S[46,47,51] .

Asmentioned previously, the deterioration of cognitive
functionsin HD is paralleled by the progression of motor
effectsfrom a choreic dyskinesiato amoredisabling akinetic
and parkinsonian-like syndrome. Excitotoxicanimal modes
have not characterized the “ progressive” behavioral pathol-
ogy of HD. In contrast, the progressive locomotor alter-
ationsin rats can be obtained when some dosing regimen of
3-NPisadministered. Initialy, systemically 3-NP-treated
animalsexhibited significant hyperactivity during thefirst 2
injections, reaching a plateau after the third injection, and
then displaying hypoactivity after the fourth injectionf®?.
The study by Mettler indicates that small lesonsarevisible
at the onset of hypoactivity, but at the end of the long-term
course of 3-NP administration, larger lesions were noted;
thereisno visible striatal degeneration at the period of hy-
peractivity>>,

Despite chronic 3-NP rat model s replicating some of the
featuresof HD, thismodd till hassomelimitations. Primarily,
thereisavery different repertoire of movementsin the pri-
mate compared totherat. Secondly, the organization of the
basal gangliain primatesis quite different fromthat in rats.
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In primateanimals, but notin rats, the striatum isstructurally
divided into 2 parts: the caudate nucl eus and the putamen.
This difference between the rodent and primate modelsis
exemplified by the behaviora response to the dopamine ago-
nist apomorphine observed in non-human primates with
excitotoxic-induced striatal lesions. In non-human primates
with chronic 3-NP treatment, a variety of abnormal move-
ments are highly reminiscent to those seen in HD patients;
these types of movements have never been observed in rats
in the same experimental conditions. As discussed earlier,
rats chronically treated with 3-NP did not show clearly iden-
tifiable dyskinetic movements resembling chorea even
though hyperlocomotor activity has been reported early in
the course of intoxication, aswell asthe presence of dystonia,
bradykinesia and gait abnormalities***¥. Therefore, it may
be that the dyskinetic component of HD symptomatology is
part of a motor repertoire that can only be expressed in
primates.

The non-human primate HD mode also showsthe‘ pro-
gressive' characteristics of HD. Hantraye et al treated 2
adol escent baboons for 16 weekswith 3-NP at an initial dose
of 10 mg-kg™-d™*, which was progressively increased to
28 mg-kg™ d™* (1 mg-kg™® increment at weekly intervals).
During thefirst 6 weeks of the protocol, no spontaneous or
even apomorphine-induced abnormal movements were
observed. The animalswere still in the *non-symptomatic’
phase. After 8-10 weeks of treatment, apomor phineadmin-
istration induced choreiform movementsin all 3-NP-treated
animals, indicating that at this stage they had entered into
the ‘presymptomatic’ phase, which is characterized by the
absence of spontaneous abnormal movements and the pres-
ence of frontal deficits and of apomorphine-induced abnor-
mal movements. The severity of motor abnormalities after
apomorphine administration increased asthe 3-NPintoxica
tion progressed. After 3 months of intoxication, all animals
showed spontaneous foot dyskinesia and dystonia, which
means they entered into the ‘ symptomatic phase’. At this
stage the animalswerekilled for pathological examination.
Results of postmortem evaluation showed the presence of
thebilateral striatal lesionswithout detectable extra-striatal
lesions. Therefore, animal model s which mimic the adult-
onset form of HD were obtained with this protocol ™,

In summary, only chronic systemic administration of
3-NP produces motor dysfunctions and striatal |esions that
mimic many higtological and neurochemical features of HD.
These models a so offer the flexibility to investigate HD at
different sages. Moreover, the efficacy of experimental treat-
ments can be tested at various times of disease progression.
The use of mitochondrial toxin lesion models haveledtothe

clinical administration of mitochondriafunction protectors,
including coenzyme Q10 and creatine for the treatment of
HD. However, many studies have shown that these mito-
chondria function protectors only have limited beneficial
effectsfor HD patientd*.  Sincethe mutant genethat causes
HD was identified, numerous genetic animal models have
been generated. Because genetic models can mimic the pa-
thology of HD more accurately, chemical lesion models are
now cons dered outdated. However, these models still have
somevalidation. For example, excitotoxin and mitochondria
toxin are often used today in transgenic HD modelsand other
in vitro models to study the sensitivity of genetic modelsto
these toxing®”.

Transgenic mouse models Since the mutant gene that
causesHD wasidentified in 1993, one of the most important
advancesin HD research has been the generation of various
genetic mousemodels. Genetic mouse models of HD mainly
include transgenic, knock-in, knock-out, and virally-inserted
mutated polyQ tract models.

In transgenic mouse models, the mutant gene, or part of
it, isinserted randomly into the mouse genome, leading to
the expression of a mutant protein in addition to the
endogenous, normal Htt. Several transgenic mouse models
of HD now exist and fall into 2 broad categories. Thefirst
category is mice expressing Htt N-terminal fragments, usu-
ally thefirst 1 or 2 exons of the human Htt gene that contain
the polyQ expansion (in addition to both alleles of murine
wHtt, Hdh). The second category is transgenic mice ex-
pressing the full-length human HD gene with an expanded
polyQ tract (plus the murine Hdh). All these models share
some features with human HD. The characteristics in
transgenic mice aredescribed by Hickey MA et al. Ingeneral,
it seems that the shorter the transgene, the longer the CAG
repeat, and the higher the expression levels, the more severe
the phenotype™®.

Transgenic mice with Htt fragments: The first successful
transgenic mouse model of HD was termed the R6 mouse.
These mice were generated by overexpressing exon 1 of the
human Htt genewith long (141-157) CAG-repeat expansions.
To date, 6 lines have been established, in which four lines
contain expanded CAG repeats of aszelarger than that gen-
erally associ ated with thejuvenile HD patients, namely R6/1,
(CAG) 115, R6/2, (CAG) 145, R6/5, (CAG) 135156 and R6/0,
(CAG) 1. Inall cases, except lineR6/0in which thetransgene
was probably silenced by the site of integration, the
transgene protein showed a ubiquitous tissue expression
profile. On the basis of home cage behavior, the onset ages
are approximately 2 monthsin line R6/2 and 4-5 monthsin
lineR6/1. The movement disorder indudesan irregular gait,
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stereotypic grooming movements, rapid shudders and aten-
dency to clasp the hind limbs and forelimbs together when
suspended by thetail. 1n addition to the movement disorder,
the mice exhibit a progressive weight loss. The phenotype
progresses rapidly and the mice rardly survive beyond 12
weeks of age’™.

Of the many lines generated, the R6/2 modd is the most
extensively studied and is readily available commercially.
Thefast course of the R6/2 makesit a less expensive model
to study than others. The R6/2 mice have awell-character-
ized progressive phenotype with moderate variability such
that experimental groups can contain as few as 10 mice to
detect 10% of differencesin many outcome measures. It is
possible to perform survival studies in approximately 3
monthswhich islifespan of most R6/2 mice. Motor behav-
ioral deficits could be measured in these mice as early as 5—
6 weeks of age. However, overt behavioral anomalies did
not appear until 8 weeks, and these were followed by an
early death at 10-13 weeks. The mice had a severe pheno-
type with low weight, diabetes, clasping, tremor and con-
vulsions. At autopsy, brain weight was markedly reduced,
but neuronal death was minimal and delayed compared with
behavioral symptoms. In contrast, HD is characterized by a
massive loss of striatal neuronsin humans. Althoughiitis
likely that cell death follows along phase of neuronal dys-
function in both mice and humans, it remains puzzling that
thistransgenic model did not show overt cdl death until the
lagt stagesof the disease. An explanation might bethe short
lifespan of the mouse, which might be caused by general
metabolic disease (eg diabetes and severe weight loss) and
seizures. Alternatively, because R6/2 micearerdatively re-
sistant to kainic acid in vivo, they might have protective
mechanisms that are not present in humans®-*, Another
special mouse model isthe N-171-82Q mouse, which hasa
longer N-terminal fragment of Htt (exon 1 and 2) with 82
polyQ. These micehave alesswell-defined neurobehavioral
phenotype than that of R6/2 mice. Their neuropathol ogical
featuresaremore similar tohuman HD in that Htt aggregates
are more prominent in the cortex than in the striatum, and
neurodegeneration is more prominent and seems more se-
lective for the striatum. However, the phenotype is more
variable than that of the R6/2 mice and therefore, a much
larger number of mice (morethan 20 in each treatment group)
are necessary to provide better accuracy in detecting statis-
tical significance of changes®.

Although these mice show rather little overt cell death, it
was in this strain that the NIl were first demonstrated,
suggesting that the phenotypeis an expression of abnormal
function of cells expressing the mutant protein rather than a
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result of cell death. The discovery of NIl in the brains of
these transgenic mice came at atime when similar features
were reported in models of other CAG-repeat diseases,
suggesting a common pathological mechanism of these dis-
eased® %, Thistriggered aflurry of studies aimed at identi-
fying the components of inclusions, the mechanism of Htt
aggre-gation, the role of NII in neurotoxicity and ways to
prevent Htt aggregation.

Although the transgenic mice with fragments display
many of the behavioral and neuropathological features ob-
served in HD patients, it is not a perfect genetic and neuro-
pathol ogical match tothat observed in humans. For example,
the R6/2 mice have more extensive Htt aggregate formation
than what occursin HD, they areresistant to excitotoxicity
and neuronal lossislessselective and dramatic. In addition,
the pathogenic mechanism of the truncated Htt in these
mouse modelsisquestionable. Themgjor problemisall these
fragments chosen have no physiological ground because
these fragmentsmay not be produced in the human HD brain.
Since Htt is a big protein with many potential functional
domains, its conformation and function may show variable
changes and thus, create artificia propertieswhen Htt iscut
into different sizes of fragments. These would make many
findingsin transgenic HD mice expressing N-terminal frag-
ments hard to relate to HD pathogenic mechanismg®.

Transgenicmicewith full-length Htt: Several mouse mod-
els have been generated using afull-length human 1 T15 gene
asthetransgene. Unfortunately, some of these models are
not successful. For instance, Goldberg et al generated
transgenic mice that carried full-length human Htt with 44
CAG repeats. No protein expression was detected and there
was no indication of neuronal loss, neurodegeneration or
behavioral abnormalities®, but with the CAG repeats
increased, the symptoms and pathol ogy of transgenic mice
models become more significant. For instance, mice that
expressafull-length IT15 cDNA clonewith either 48 or 89
repeats driven by the cytomcgal ovirus promoter (CMV)
showed a progressive motor phenotype, and more
importantly, neuronal lossin the griatum. Surprisingly, NI
wereextremdy rareinthesemice. A smilar featureisshared
by ayeast artificial chromosome (YAC) mouse expressing a
full length IT15 genewith 72 repeats. Although these mice
did not have NI, much smaller aggregates of Htt were ob-
served in the nucleus. Disease progression was slow in the
YAC mice, which corre ateswith asmaller repeat length and
amuch lower level of transgene expression (30%-50%). An
attractivefeature of the YAC miceisthat cell lossislimited to
the striatum, thus recapitul ating to some extent the regional
sel ectivity of HDI™™,
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Jeremy et al also studied the selective degeneration of
neuronsin YAC128 mice. They found that thesemiceexhibit
selective atrophy and neuronal loss in a pattern similar to
human HD. Although the striatum doesnot show increased
mHtt expression, nuclear localization of mHtt occurs earlier
andto agreater extent in the striatum, suggesting the possi-
bility that sdl ective nuclear localization of mHtt may contrib-
ute to the selective neurodegeneration in HD. Furthermore,
the appearance of mHtt in the nucleus coincides with the
onset of behavioral abnormalities, suggesting that this may
contribute to neuronal dysfunction. A comparison to R6/1
mice reveal snon-sdlective nud ear detection of mHtt in these
mouse models and suggeststhat the expression of full-length
mHtt may be important in modeling the s&l ective neuropa-
thology in HD!™. Tanakaet al have generated an inducible
mouse model of HD expressing full-length Htt with 148Q
using a doxycycline-regulated promoter. In inducibletrans-
genic mice, Htt was expressed widely in the brain under the
control of the Tet-transactivator driven by the prion promater.
They found that there were prominent NIl in the cortex and
striatum, as well as cytoplasmic aggregates. Their further
studies showed that the distribution of the inclusions and
other aggregates were more widespread than that typically
seen in HD patients, with inclusions prominent not only in
the cortex and striatum, but also in the hippocampus, brain
stem and cerebellum. There may be2 reasonsfor this: First,
their constructs have a very long polyQ repeat (with 148Q);
HD patients with longer polyQ repeats also tend to have
more widespread pathology. Second, expression is driven
not by the Htt promoter, but by the prion protein promoter™.

The prominent difference between transgenic mice with
full-length HD and human HD istherdative lack of marked
neuronal cel death in micestriatum. Thereisincreased glial
fibrillary acidic protein (GFAP) labding, characteristic of
astrogliosis, and ventricular enlargement, consistent with
neurodegeneration, but there does not appear to be massive
neuronal lossin the striatum. In this respect, transgenic
micemode swith full-length mHtt aresimilar to other genetic
mouse models of HD. While there has been some degree of
degeneration and astrogliosis in several of these models,
none of them reproduce the massive sel ective neuronal cell
death of up to 95% of medium spiny neurons that can be
seen in advanced HD patients™,

Compared to transgenic mice with truncated gene, the
neuropathol ogy of transgenic mice with full-length Htt has
greater fidelity with human disease. However, the N-termi-
nal fragment mice generally have a more obvious behavioral
and pathol ogical phenotypethan miceexpressing full-length
Htt. Thevariability and the slow phenotype deve opment of

model s expressing full-length Htt may hinder its use for the
research of potential therapeutic compounds. In contrast,
the efficiency and clear experimental endpointsarethe major
advantages of N-terminal fragment mice and are a so the
reasons for itswidespread usein HD research.

K nock-in mouse models In theory, knock-in modelsare
the most faithful genetic model s of the human HD condition,
since knock-in mice carry the mutation in its appropriate
murine genomic and protein context and under the endog-
enous Hdh promoter. However, these models were disap-
pointing initially because the mice showed either no behav-
ioral phenotypes or anomalies that apparently did not in-
volve movement disorders. Thisinitial disappointment was
later dispelled after closer analysis and generation of addi-
tional model§™™. Homozygous knock-in mice have now
been shown to develop very early behavioral anomaliesprior
to any detectable neuropathology. These mice carried 94
CAG repeats and behavioral data suggested that cellular
dysfunction (prior to mHtt aggregation) was responsible for
theinitial symptomsof HD. Themice showed abnormal ac-
tivity levelsthat were biphasic and mirrored the progression
of motor symptomsin HD. Therefore, knock-in mouse mod-
elsrepresent avalid model of HD, with the added advantage
of a slower progression of phenotype and pathology, thus
allowing more detailed analysis™ .

So far, the knock-in mice do not have sufficient expres-
sion of diseaseto use progressive morbidity and survival as
an endpoint; however, they have a variety of measurable
neuropathological and behavioral phenotypes that could be
validated as potential endpointsin therapeutic studies. A
common feature of different knock-in micemoddsisthepres-
ence of nuclear staining and microaggregates of Htt in the
brains of miceat 2-6 months of age, whichisrdatively early
in the course of the disease. By contrast, NIl are only ob-
served when the mice are older (10-18 months of age), and
cell death has not been reported. Overt neuronal loss and
gliosis, evenin older animals, isabsent. However, molecular
alterations (decrease in mMRNA encoding enkephalin in the
striatum) and cellular alterations (increased sensitivity to
NMDA) similar to those observed in the R6/2 mice were
present in the 94-CAG-repeat knock-in mice. The presence
of these clear anomalies further suggests that neuronal dys-
function precedes cell death in HD and might be primarily
responsiblefor early functional deficits. Thiscorrdateswith
thefinding that subtle motor deficits precede by many years
the appearance of overt symptoms and striatal atrophy in
HD patients. Further crucial information obtained fromknock-
in miceisevidence of an age-related instability of expanded
CAG repeatsin neurons, despite the fact that mature neu-
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rons do not divide. Importantly, thisinstability is region-
specific, with larger increasesin CAG numbersfound in the
striatum and cortex. Because thereis a clear relationship
between the number of CAG repeats and thetoxicity of mHit,
thiscould be areason for theregional selectivity of neuronal
loss in adult-onset HDI®™,

In summary, genetic mouse models provideinsight into
the pathogenesisof HD and areinvaluabletoolsfor the evalu-
ation of potential therapeutic approaches. The widespread
use of genetic mice hasled to someimportant discoveriesin
HD molecular pathogenesis, including misfolding and
aggregation, abnormal protein interactionsand dysregulation
of transcription conferred on mHtt. Meanwhile, genetic mice
have also led to the emergence of many potential chemicals
which may correct these acquired properties. These com-
pounds may i nhibit mHtt aggregation, transgl utaminase, pro-
tease or histon deacetylasein animal experiments™*.

The knock-out mice model Soon after the discovery of
the gene mutation that causes HD, it was found that ho-
mozygous gene knock-out in mice was embryonic lethal,
which contrasts with the late onset of the human disease.
Thus, these early knock-out mice are not good HD models,
but they indicate that Htt has an essential rolein embryonic
development. Furthermore, mHLtt can rescue the knock-out
phenotype, which indicatesthat the effect of the mutation is
not primarily dueto loss of function!® %, Htt contains a
polymorphic stretch of polyQ near its N-terminus. HD re-
sults when the polyQ stretch is expanded beyond 37Q.
However, the role of the normal polyQ stretch in the func-
tion of Htt is unknown. Clabough et al deleted the CAG
triplet repeat encoding 7Q in the mouse HD gene (Hdh*®) to
determine the contribution of the polyQ stretch to normal
Htt function. They found these Hdh(DQ/DQ) mice are born
with normal Mendelian frequency and exhibit no gross phe-
notypic differencesin comparison to contral littermates, sug-
gesting that the polyQ stretch is not essential for Htt’sfunc-
tions during embryonic development. However, adult mice
commit moreerrorsinitially in the Barnescircular mazelearn-
ing and memory test and perform dightly better than wild-
type controls in the accelerating rotarod test for motor
coordination. The polyQ deletion results is only a subtle
phenotype in vivo, thus, it islikely that the polyQ stretch is
not required for an essential function of Htt, but instead,
may modul ate anormal function of Htt!®

M ousemodelswithvir ally-inserted mutated polyQ tracts
Viral-vector aided insertion in genes, whether infull or partial,
has the advantage of precise localization of injection and
geneexpression. Thereare 2 typesof viral vectors currently
used. These include adeno-associated and lentiviral, both
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of which integrate into the host genome. These kinds of
model s are morelabor-intensive than transgenic or knock-in
mice. However, thistechnology is applicable to non-rodent
speciesin away that isnot currently possible with transgene
or knock-in technology. These models can be used to study
the effects of discrete amounts of the mHtt protein and can
also be used to study load, temporal and spatial effects of
the mutation in more controlled circumstances than in
transgenic or knock-in animals. In addition, the effect of
different viral vector inserts can be compared, potentially in
the same animal. This may be important since genetically
identical animalswith the same mutant polyQ transgene de-
velop very different amounts of aggregates of the mHtt pro-
teinfe58d,

Senut et al examined the effect of a polyQ (97Q) repeat
expression in the context of an adeno-associated viral vec-
tor (AAVV). High levesof expression of the polyQ tract led
to development of nuclear and cytoplasmic aggregates as
early as5d post infection. Thisindicatesthat expression of
the polyQ aloneis highly associated with the devel opment
of inclusion bodies. Aggregates were also observed at a
distance from theinjection site, indicating that anterograde
and retrograde transport of the vector had taken place. In
theory, lentiviral vectors are capable of carrying larger
transgenes than AAVVs. deAlmeidaet al also found that
expression levels of the transgene were proportional to the
severity of neuropathology. In addition, increased expres-
sion led tothe production of NI, whereas neuritic and nuclear
aggregates were observed when expression was driven by a
weaker promoter. Longer CAG-repeat lengths corrd ated with
increased aggregate formation. Loss of staining for aggre-
gated mHItt near theinjection Stewasattributed to cell death
and proportional to high expression levels. Importantly, cho-
line acetyltransferase (ChAT)and NADPH-d interneurones
were relatively preserved as the same feature of human
HDI&#71,

Fly (Drosophila) models Thefly isone of the best inver-
tebrates for modeling higher organisms. Comparative
genome analysis revealsthat at least 50% of fly genes are
similar to those of humansg®¥. Among those human genes
known to be associated with disease, 75% have a Droso-
phila ortholog®. Analysis of the genomic and cDNA
sequences indicates that the Drosophila HD gene has 29
exons, compared with the 67 exons present in vertebrate HD
genes, and that Drosophila Htt lacks the polyQ and
polyproline stretches presented in itsmammalian counter-
parts®. Thefly is also an excellent choice for modeling
neurodegenerative diseases because it contains a fully func-
tional nervous system with an architecture that separates
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specialized functions such asvision, olfaction, learning and
memory. Further, the compound eye of afruit fly ismadeup
of hundreds of repeating constellations of photoreceptor
neurons such that any perturbation in the pattern is quite
evident. Most importantly, in Drosophila, foreign genes
can be engineered to be expressed in tissue-specific and
temporally regulated patterns and an impressive array of
genetic tools are availabl &Y.

Foreign genes are expressed using a bipartite gene ex-
pression system in which genesinserted behind the yeast
upstream activator sequence (UAS) are activated by the yeast
Gal4 protein. Genesfused to UAS and injected into embryos
with ahd per element integrateinto the chromosome produc-
ing transgenic linescarrying the UAStransgene. Many mea-
sures of neuronal dysfunction are possible, with some of the
maost common onesbeing climbing ability or integrity of pho-
toreceptor cells of the eyd®®. In all models studied, it has
been found that pathology exhibits a polyQ length depen-
dency similar to that of humans. Drosophila embryogen-
esi s spans approximately 1 d, and neurogenesis begins at
about 5 h and concludes by about 15 h. To our knowledge,
no evidence of neurodegeneration has previously been de-
scribed early in the larval stages, but clear evidence of de-
generation occursin mature larvae, in pupae and in aging
adults. Thus, by every measure, flies expressing mutant
human genes present with pathol ogy that mimicsthehuman
disease in every important way'**!. How to make Droso-
phila models more amenabl e to high-throughput and auto-
mated screening for therapeutics isan important issue. In
thisregard, practical hurdlesto be overcome are the auto-
mated manipulation and scoring of flies and the fact that
fliesare not accessible to externally administered drugs.

Caenorhabditis elegans models The nematode
Caenorhabditis elegans (C elegans) is an established model
for developmental biology. Parker et al expressedthefirgt 57
amino acids of human Htt with normal and expanded polyQ
fused to a fluorescent protein marker in C elegans touch
receptor neurons by using the mec-3 promoter (Pmec-3).
Pmec-3 is active in 6 touch receptor neurons needed for
gentle touch. Because C elegans does not contain a Htt
homolog nor long polyQ tracts, transgenic phenotypesin
worms can be attributed to polyQ transgenes®®, In C
elegans, expanded polyQ produces mild nose touch abnor-
malitiesand low penetration of dye-filling defects, and causes
cell death when expressed in sensitized ASH sensory neu-
ronsunder the control of the osm-10 promoter. Perinuclear
protein accumul ation was observed in tail mechanosensory
neurons, the phospholemman (PLM) cells, but did not corre-
late with polyQ length or the mechanosensory defective

(Mec) phenotype. Animalsexpressing 128 Glnresidues(Glns)
were strongly Mec at thetail and morelikely to have aggre-
gatesin PLM neuronal processes. Additionally, neurons
appeared to show selective susceptibility to polyQ-medi-
ated degeneration. The differencein penetrance between
anterior and posterior touch responsiveness may reflect neu-
ronal susceptibility to polyQ toxicity. These observations
are congistent with another observation that mechanosen-
sory neurons of the Drosophila eye are resistant to polyQ-
induced toxicity, whereas photoreceptor neurons are highly
sensitive. Most notably, PLM neuronal processesin these
animals also display morphological abnormalities, and neu-
ronal dysfunction occurs in the absence of cell death.
Importantly, studies of these animals also indicate that
polyQ-mediated neuronal dysfunction isindependent of cell
body aggregatesand partially correlates with aggregation in
neuronal processes and abnormal morphol ogy of axongd®*™,

Yeast HD models Although several transgenic animal
models exist for studying the functions of Htt, none are as
readily amenableto genetic analysis as yeast. Yeast models
of HD have been created primarily by transgene approaches
us ng glutamine-encoding trinucleotide expansions. To pro-
vide a genetically tractable moded system for the study of
Htt, Krobitsch et al engineered yeast cellsto expressan N-
terminal fragment of Htt with different polyQ repeat lengths.
Homopolymeric tracts of CAG, the naturally occurring
glutamine codon in Htt, areinherently unstable, and particu-
larly soin yeast. To reducethis problem, the CAG and Cy-
tosine Adenine Adenine (CAA)-mixed codon polyQ repeats
were performed in their experiments according to the fact
that glutamineis encoded by both CAG and CAA and that
mixed-codon repeats are considerably more stabl &%,
The results indicate that the extent of aggregation varies
with thelength of the polyQ repeat. At the 2 extremes, most
HtQ103 protein coalesced into a single large cytoplasmic
aggregate, whereas HtQ25 exhibited no sign of aggregation.
Further-more, the polyQ fragments of Htt exhibited minimal
toxicity in yeast, whether they were present in the aggre-
gated or soluble state®,

In humans, Htt proteins with the longer repeat expan-
sions not only produce disease earlier, but a so expand the
cell-typedistribution of toxicity. Lack of toxicity for theag-
gregated and soluble Htt fragmentsin yeast is advantageous
for 3 reasons. First, it provides an opportunity to study
natural cellular factorsthat control thefate of misfolded polyQ
proteins and to search for potential therapeutic agents that
affect misfolding, aggregation and degradation, without the
complication of deciphering the contributions of toxicity to
the outcome of the assay. Second, polyQ-expanded pro-
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teins may perturb the distribution of other cellular proteins
by providing novel interaction surfaces’®™®, The nature
of theseinteractionsis most readily and rapidly tested in an
environment where the aggregation state of the polyQ pro-
tein can readily be manipulated. Finally, the greatest conun-
drum of the polyQ diseases may be that most of the proteins
are ubiquitoudy expressed, yet each manifestsitstoxicity in
a unique and distinct set of neurons. Yeast screens with
different polyQ proteins may provide an opportunity toiden-
tify the cell type-specific factorsthat contribute to the unique
spectrum of toxicities and subsequently, to search for fac-
torsthat ameliorate their effectd™™.

Cél culturemodelsof HD Geneexpress on studies con-
ducted with HD animal modd shavereveal ed profound modi-
ficationsin genetranscription. However, the complexity of
in vivo tissue hampers definition of very early transcrip-
tional modifications and does not allow discrimination be-
tween cell-autonomous changes and those resulting from
intercellular activity processes. An inducible, clonally
derived, cell line expressing mHtt can offer a stable and con-
trolled genetic and transcriptional background in which to
perform gene expression studies. In such a system, biologi-
cal and experimental variability can begreatly reduced. Sev-
eral cdl modelsof HD areavailable. One of themisamouse
neuron which has been fused with mouse teratoma cells,
and the resulting hybrids have been stably transfected with
various polyQ-contai ning peptides. Another available model
is based on stably transfected, temperature-sensitive, im-
mortalized mouse striatal neurons "%,

Stable, inducible PC12 modd s of HD expressing wild-
type and mutant Htt, either in the context of an exon 1 frag-
ment or thefull-length protein, have been employed. These
models exhibit normal morphology and growth patterns
which are indistinguishable from the parental PC12 Tet-On
line, together with high transgene inducibility and low
background. These cel linesexpressed similar levels of en-
dogenous and exogenous mHItt, anal ogous to the heterozy-
gous condition. Compared with theexon 1 model, these full-
length cell lines exhibited very low levels of cdl death in
cycling cells. The mutant polyQ lines also exhibited time-
dependent aggregate formation, in both the nucleus and
cytoplasm. ST14A cdls, derived from rat embryonic striatum,
were also used to generate inducible cell lines expressing
the N-terminal fragment of Htt. The advantage of these mod-
elsisthat we can study events without the complications of
cell death, because cell death in the mutant, mitotic linesis
very low and isno higher than that of thewild typelineg'®4,

Cell mode s to elucidate the molecular pathogenesis of
HD have been used. Many hypotheses have been produced
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based on cell modd s studiesin vitro. Some investigators
have explored the role of autophagy in Htt processingin 3
cell lines: clonal driatal cells, PC12 cells and rodent embry-
onic cellslacking cathepsin D. Results suggest that autoph-
agy playsacritical rolein the degradation of N-terminal Htt.
Blocking autophagy raiseslevels of exogenously expressed
Hitt, reduces cell viability and increases the number of cells
bearing mHtt aggregates. Stimulating autophagy promotes
Htt degradation, including the breakdown of caspase cleaved
N-terminal Htt fragments. They also found that Htt expres-
sion increases level s of the lysosomal enzyme cathepsin D
by an autophagy-dependent pathway. These results indi-
catethat altered processing of mHtt by autophagy and cathe-
psin D may contribute to HD pathogenesis™. The mamma-
lian target of rapamycin is a kinase which can inhibit autoph-
agy in cellsfrom yeast to humans. Rapamycin is a specific
inhibitor of mammalian target of rapamycin (mTOR) which
can stimulate autophagy. Rapamycin is lipophilic and
demonstates good blood-brain barrier penetration. These
resultsindicate that rapamycin isagood chemical candidate
for useintreating HD. Ravikumar et al found that the ability
of rgpamycin toinhibit mTOR activity may beimpaired after
prolonged Htt expression and thus increased aggregate
formation. Therefore, early treatment with rapamycin may
attenuate HD!*'.

Classification and evaluation of HD models

Asdescribed earlier, there aremany animal modelswhich
mimic some aspectsof HD symptomsor pathology. Charac-
terization of multiple animal models is necessary to under-
stand the mechanism of pathogenesis and the effects of
potential therapies. According to the different methods of
classification, HD models can be divided into several re-
spective categories. According to the mechanism of
replication, HD models can be divided into chemically-in-
duced animal modd sand genetic animal models. The chemi-
cally-induced HD models are the earliest models which were
widely used beforetheidentification of the HD gene, includ-
ing excitotoxic lesion models (glutamate, kainic acid,
quinolinic acid-induced) and mitochondrial dysfunction
models (3-NP, malonate-induced). Genetic animal models,
which are the most recent of HD models, can be subdivided
into transgenic (expressing thefull-length or fragment of HD
gene), knock-in, knock-out and virally-inserted mutated
polyQ tract models. Itiswell known that HD isahereditary
neurodegenerative disorder known as one of the CAG tri-
nucl eotiderepeat disorders. Therefore, genetic modelsmimic
the molecular pathogenesis of HD more closdy than that of
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chemical lesion models.

According to the species of model animals, HD models
can be divided into cell-free and cell culture models, |ower
organisms (such as yeast, Drosophila, C elegans, zebrafish),
rodent models (mouse, rat), and non-human primate model's
(monkey and baboon). The outcome measure of cell culture
or cell-free models is cytotoxicity or some structural or bio-
chemical measure related to pathogenesis which is espe-
cialy suitablefor high-throughput screening. Lower organ-
ismscan provideamore salient context for the genetic muta-
tion and opportunity for genetic analyses. The disease ex-
pression and responseto potential therapies of the mamma-
lian models can be quite close to that occurring in humans.
Rodent and non-human primates are particularly useful to
€lucidate aspects of the disease that are related to neuronal
circuitry, afeaturenot reproduced in invitro model s or lower
animas.

After classification, the next crucial question is how to
evaluate these modds. Arethere some advantages and limi-
tations of each model? Which model is the best modd to
closely mimic the symptoms and pathology of HD? In order
to answer these questions, we should first establish a
standard. Theideal mouse model would havethe following
characteristics. (1) arobust phenotype, well-defined neuro-
behavioral abnormalitieswhich areeasy to be quantified; (2)
neuropathol ogical findings which accurately mirror human
patients; (3) rapid disease onset and progression; and (4)
limited variability to enhance study accuracy™.

To date, thereis no model which satisfies all the stan-
dardsdescribed above. Among all theHD models, including
the 3-NPlesion model, R6/2 and R6/1 mice, N171 miceand
YACT72 mice modedls sudied in the most detail, it was estab-
lished that each model has its own inevitable advantages
and limitations. For example, chronic systemic administra-
tion of 3-NP produces motor dysfunctions and striatal le-
sions that share many of the characteristic histological and
neurochemical featuresof HD, therefore, thiskind of model
has attracted much attention over thelast decades. However,
although metabolic toxin mode s may provide ahigher level
of neuropathol ogical vdidity, theinteranimal variability and
theincidence of gross nonspecific striatal damage are higher
than that of excitotoxin lesion models and it requires very
dow chronic titration of delivery to achieve an acceptable
level of specificity.

Another example isthe genetic mouse model. Lots of
genetic models have been created and all of these models
share somefeatureswith human HD. Both strainsof R6 mice
exhihit little cell death and neuritic pathol ogy, but widespread
NIl. N171 miceshow striatal cell death and widespread NI|I.

YACT72 mice, which contain the entire human gene and the
human promoter, show variable amounts of hyperactivity at
about 1 year and then become less active, displaying striatal
pathology and evidence of apoptotic cell death™. In
general, themoresimilar to the human HD, the more closdy
the modd reproduces the exact neuropathological and mo-
lecular conditionsfor HD. Unfortunately, the more geneti-
cally accuratethemodd (for example, YAC 128, YAC72mice),
the more variable and subtle the phenotype. Thus, it has so
far been much morefeasibleto usethefragment models(R6/2,
R6/1 mice) for therapeutics research because the outcomes
are more prevalent and definablé™3. An emerging strategy
isto use the fragment model s for most experimentsand full-
length transgenic or knock-in micefor confirmatory studies
oncethe potentia of acompound has been established. Until
thereismorefeedback from human therapeutic experiments,
it will not be known whether the fragment mouse models
stand on their own as predictors of responses to therapies
or whether the full-length models are even necessary.

Implications of HD models in developing
candidate therapies

Animal models provide an opportunity to test potential
treatments and explore their promise for translation to
humans. Inthelast severd years, animal models of HD have
been extensively used to test potential therapies. In order to
get effective and safe medicines from thousands to millions
of small molecules, high-throughput screening should first
be carried out. When the lead compounds arise, proof of
efficacy in mammalian modelsis considered a prerequisite
before considering possible testing in humans.

High-throughput screening techniques are essential for
theidentification of potential treatments. Cell-free, cultured
cell and other lower organism models are often used in the
process of high-throughput screening, in which to explore
the effect of small molecules on some specific molecular tar-
getsin the disease process. Potential targets for high-
throughput chemical screenings include molecular cha-
perones, caspases, the ubiquitin/proteasome proteases, tran-
scription factors, and the offending polygl utamine-contain-
ing proteinsthemselves. Much attention has been focused
on screening for drugsthat prevent aggregation of Htt with
the expanded polyQ tract®?. Since aggregates are such ubig-
uitous hallmarks of neurodegenerative diseases, polyQ ag-
gregates are a tempting target for high-throughput screen-
ing of pharmacological agents that might block or disrupt
aggregate formation. Many cell-free and cell-based screens
have been devel oped™=™#, However, the potential effi-

1297



Wang LH et al

Acta Pharmacologica Sinica ISSN 1671-4083

cacy of aggregate preventing compounds in relieving pa-
thology must be addressed in vivo.

Liveanimal screensexhibit inherently lower throughput
than cdl or cdl-free-based screens. However, they can filter
out a large number of false leads in the early phases of
screening. Effortsto automate and improve the throughput
of live animal screens are underway. High-throughput
screening is also being planned using transgenic HD mice.
Hickey et al haveidentified early behavioral deficitsin tests
of motor function that are amenable to cost effective auto-
mated analysisin R6/2 mice. Running whed activity and
climbing behavior werereduced in R6/2 micefrom asearly as
4.5 weeks of age, at atime when rotarod performance and
grip strength were still normal. Power cal cul ations showed
that the running whed test could detect improvement with
manageable group sizes. This test can be automated and
requireslittle manual input. Therefore, the running whee
testisappropriate for efficient, high-throughput drug screen-
ing at an early age’™.

Identification of lead compounds from high-throughput
screening then proceedsto animal testing wherealarge num-
ber drop out, either because they do not ameliorate the dis-
ease process in vivo or because of some unwanted side
effects. Therefore, this process of drug development isslow
and expensive. It could proceed morerapidly and at lower
cost by using non-vertebrate organisms that can be geneti-
cally engineered and have short generation timesthat allow
rapid identification of the most promising strategies. Droso-
phila models have proven effective in rapidly allowing the
efficacy of various pharmacol ogical and synthetic peptide
agents on neuropathol ogy to be tested™82],

Apostal et al have developed inducible PC12 cell-cul-
ture modelsto screen for loss of visible aggregates. To test
the validity of thisapproach, compoundsthat inhibit aggre-
gation in the PC12 cell-based screen weretested in a Droso-
phila model. The disruption of aggregation in PC12 cells
strongly correlates with the suppression of neuronal degen-
eration in Drosophila. Thus, the engineered PC12 cells
coupled with the Drosophila model provide arapid and ef-
fective method to screen and validate compounds™®. The
concordance of compoundsthat areeffectivein both fly and
mouse models of HD underscores the utility of using fly
models of human disease to screen for target pathways. It
also argues that wider use of invertebrate systems to screen
directly for compounds that lead to functional neurological
improvement may be effective? 24,

Summary and conclusion
Asdescribed earlier, thereare many animal modelsclosaly
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mimicking HD symptomsor pathology. They include chemi-
cal-induced HD animal modd s, genetic animal HD moddsin
which cell-free and cell culture, lower organisms (such as
yeast, Drosophila, C. elegans, zebrafish), rodent (mouse,
rat) and non-human primates are involved. These animal
models provide some accessible systems in which to study
molecular pathogenesis and to test potential treatments.
Among these model's, 3-NP induced and R6/2 transgenic
mouse models are most commonly used. Because HD isan
inherited disorder caused by gene mutation, genetic models
morefaithfully replicate the human condition than chemical
lesion models. Among all the genetic model's, knock-in mice
have the advantage of carrying the mutation in the appropri-
ate protein context, the full-length Huntington protein and
under the endogenous promoter which makesknock-in mice
the most valuable models at present.

Currently, screening for drugs and therapeutics takes
place in many laboratories. However, the development of
more effective therapies may not come until better animal
modelsare available for evaluation of adrug’ sefficacy. The
usefulness of genetic modelsis invaluable and the seminal
multidisciplinary work promises a very exciting future for
understanding the pathological mechanisms of HD and for
devising new avenues for treatment. Despitethispromising
beginning, none of themodel s replicate the massive cdl loss
of striatal neurons occurring in human patients. Much re-
mai ns to be done to create mechanistically significant, full
model s of thisdisease. A combination of new genetic ap-
proaches and closer mimicking of theenvironment in which
the disease developsin humansisrequired.
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