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Abstract

Huntington's disease (HD) is an autosomal dominant, progressive, and fatal neurodegenerative
disorder caused by an expanded polyglutamine cytosine-adenine-guanine repeat in the gene coding
for the protein huntingtin. Despite great progress, a direct causative pathway from the HD gene
mutation to neuronal dysfunction and death has not yet been established. One important advance in
understanding the pathogenic mechanisms of this disease has been the development of multiple
murine models that replicate many of the clinical, neuropathological, and molecular events in HD
patients. These models have played an important role in providing accurate and experimentally
accessible systems to study multiple aspects of disease pathogenesis and to test potential therapeutic
treatment strategies. Understanding how disease processes interrelate has become important in
identifying a pharmacotherapy in HD and in the design of clinical trials. A review of the current state
of HD mouse models and their successes in elucidating disease pathogenesis are discussed. There is
no clinically proven treatment for HD that can halt or ameliorate the inexorable disease progression.
As such, a guide to assessing studies in mouse models and salient issues related to translation from
mice to humans are included.
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Introduction

Huntington's disease (HD) is an autosomal dominant inherited neurodegenerative disorder that

is characterized by progressive motor dysfunction, emotional disturbances, dementia, and

weight loss. Although the disorder had previously been reported, the initial detailed description

of HD was that of George Huntington, a medical practitioner of Pomeroy, Ohio, in 1872 [1].

He gave a detailed account of the disease based upon the descriptions taken by his father and

grandfather from their practice in East Hampton, Long Island, NY. Those patients could be

traced to a few individuals that had emigrated from a small village in Suffolk, England in 1630.

Neuropathologists had previously described HD as a chronic encephalitis [2]. In 1908,
however, Jergelsma first described the characteristic neuropathologic alterations within the
basal ganglia [3]. HD occurs worldwide, in all races and ethnic groups [4]. Its prevalence is

5-10 cases per 100,000, and there is a new mutation rate as high as 1-3% [5]. There are about

30,000 affected individuals in the United States. Another 150,000 Americans have a genetic

risk for developing the disease. The average age of onset is 38 years of age, however the range

is from infancy into the ninth decade. There is increasing reason to believe that pathologic
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alterations occur in the brain years before symptoms manifest [6,7,8]. A recent MRI study of
gray matter in presymptomatic HD patients close to estimated diagnostic onset, using a
weighted VBM voxel procedure, showed degenerative changes in the striatum, in contrast to
control subjects [8]. Once symptomatic, affected individuals are rapidly disabled by early
functional decline, and require increasing care and supervision for another 15-25 years before
succumbing to the effects of severe physical and mental deterioration. In approximately
twenty-five percent of patients with HD, the first symptoms appear after age 50 [9]. The rare
juvenile form of HD, which is associated with the rigid-type or Westphal variant, is found in
2% of the total population having the disease [10]. Because of early functional decline, the
chronic and the increasingly intensive multidisciplinary care it requires, and its genetic nature,
HD disproportionately consumes medical, social, and family resources [11].

The HD gene, first cloned in 1993 [12], codes for a large, highly conserved protein (huntingtin)
of unknown function that is found in neurons throughout the brain. Emerging evidence,
however, suggests it is involved in fast axonal transport [13,14], specifically enhancing
vesicular transport of brain-derived neurotrophic factor along microtubules [15]. Rather than
a simple missense mutation or deletion, the HD gene defect is an expanded unstable DNA
segment, containing a polymorphic trinucleotide cytosine-adenine-guanine (CAG) repeat in
the coding sequence of the IT15 gene on chromosome 4. In individuals with HD, a polymorphic
trinucleotide repeat sequence (CAGn), near the 5' end of the gene, is expanded beyond the
normal repeat range, leading to the translation of an expanded polyglutamine sequence in the
protein. In the normal population, the number of CAG repeats varies from 17 to 29. In
individuals with HD, there are more than 37 repeats. Once expanded into the pathogenic ranges,
there is an inverse relationship between the CAG repeat number and the age of onset, with
higher repeat associated with younger age and greater severity. In HD, both normal and mutant
alleles are expressed. Gain-of-function alterations in which mutant huntingtin has protein-level
toxicity, as well as loss of function of normal huntingtin, have been proposed to contribute to
HD.

Expansion of trinucleotide repeats is now well recognized as a major cause of neurological
disease [16-18]. HD is one member of the family of neurodegenerative triplet repeat disorders
with anticipation and a gain- or change-of-function mutation. These include spinocerebellar
ataxias, dentato-rubro-pallido-luysion atrophy, Machado-Joseph disease, and spinal bulbar
muscular atrophy. As in HD, selective loss of neurons underlies these diseases and misfolding
and abnormal aggregation of the mutant protein occur. It has thus been hypothesized that
neurodegeneration in these disorders may have similar molecular bases. Interestingly, the
pathogenic mechanisms in HD are also themes relevant for other neurodegenerative disorders,
including Parkinson's, amyotrophic lateral sclerosis, and Alzheimer's diseases.

Despite great progress, a direct causative pathway from the HD gene mutation to neuronal
dysfunction and death has not yet been established. Although the exact cause of neuronal death
in HD remains unknown, it has been postulated that proteolysis of mutant huntingtin plays a
role in disease pathogenesis, resulting in an abnormal and toxic amino acid (N)-terminal
fragment that forms protein aggregates in neurons. While these aggregates induce chaperone
expression and become ubiquitinated, they persist, indicating protein misfolding [19] and failed
proteolysis [20]. They also sequester a variety of other important cellular proteins including
chaperones [21], proteasomal proteins [22], normal huntingtin [19], and transcription factors
[23], as another means of disturbing protein homeostasis [24]. These aggregates can be readily
detected throughout the course of the disease [25-27]. While no one specific protein-protein
interaction of mutant huntingtin has been suggested to be the pathologic trigger, evidence has
accumulated that direct interactions between mutant huntingtin and transcription factors may
be the proximal defect that underlies transcriptional dysfunction [23]. This then results in a
cascade of compensatory and damaging events to molecular processes and genetic programs
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that ultimately lead to neuronal death. These pathological events include oxidative stress,
mitochondrial dysfunction, altered receptor activities, inflammation, pro-apoptotic signals,
bioenergetic defects, increased transglutaminase activity, and excitotoxicity [28].

Basal ganglia pathology has been the most thoroughly characterized and has been central to
the development of animal models and hypotheses about the circuitry involved in chorea and
about potential mechanisms of neuronal death in HD. While cerebral cortical changes in HD
occur early and are topographically selective to subcortical white matter in premanifest disease
[29,30], the most striking early neuropathological feature is marked gross atrophy of the
neostriatum with concomitant neuronal degeneration within the caudate nucleus and putamen
[31,8]. There is a topographic progression of neuronal loss and astrogliosis first observed in
the dorso-medial aspect of the striatum and progressing ventro-laterally, with relative sparing
of the ventral striatum [32]. The striosomal/matrix pattern in the neostriatum is topographically
altered in HD, with the total area of matrix reduced and the area of the striosomes unchanged.
These findings are consistent with the preferential loss of striatal D1 receptors. Not all neurons,
however, are affected equally within the neostriatum [33]. The hallmark of neuropathology in
HD is selective neurodegeneration in which vulnerable populations of neurons degenerate,
while less vulnerable populations are spared [33]. While large cholinergic neurons and
medium-sized nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase aspiny
neurons remain relatively spared in HD, medium-sized spiny y-aminobutyric acid (GABA)-
ergic projection neurons of the striatum, which make up roughly 90% of striatal neuron content,
are disproportionately affected early and most severely [34-36]. There is also a reduction in
striatal neurochemicals that parallels striatal neurodegeneration in HD [37], with enkephalin-
expressing striatal projection neurons appearing more vulnerable in early adult-onset HD, in
comparison to substance P striatal neurons [38]. It is of interest to note that substance P is found
in both spiny and aspiny neurons in a 70:30 % ratio respectively [39]. It is unclear is depleted
in HD. Some substance P neurons, however, are still present throughout HD striatum. The
majority of these preserved neurons have been characterized as aspiny, using light and electron
microscopic methods [40]. In addition, striatal medium spiny neurons show both proliferative
and degenerative changes in the prolonged process leading to neuronal dysfunction and cell
death [41,42].

The pathogenic significance of cytosolic and nuclear mutant huntingtin aggregation remains
unclear. Ongoing debate continues, as with other neurodegenerative disorders in which protein
aggregates are a hallmark of disease, questioning whether inclusions, otherwise referred to as
intracellular agglomerates, formed by the aggregated N-terminal truncation of huntingtin cause
neuronal death through alterations of nuclear transport or DNA arrangements affecting
transcription [23]. Nuclear inclusions are largely made up of cleaved N-terminal products,
whereas cytoplasmic inclusions contain both cleaved and larger intact proteins [43]. In general,
huntingtin aggregates are ubiquitous and in large numbers throughout HD mouse brain models
[44], while largely confined to the neocortex with little or no aggregates observed in the
neostriatum of HD patients [25,27]. It is unlikely that the latter can be explained by
unrecognized aggregates or their rapid formation and loss. Nuclear huntingtin and ubiquitin
aggregation is present well before the neurological deficits occur in transgene animal models,
implicating nuclear aggregation in neuronal dysfunction and subsequent death in HD [45,46].
Interestingly, ‘shortstop’ YAC transgenic mice have widespread nuclear huntingtin inclusions,
yet demonstrate no significant HD phenotype [47] and suggest that not all mutant huntingtin
fragments are toxic [48]. As such, rather than a harbinger of neuronal death, mutant huntingtin
aggregation may be a cytoprotective mechanism inactivating polyglutamine-induced
neurotoxicity by sequestering the mutant protein until ubiquitination can dismantle it. As such,
huntingtin inclusions may not be a key player in the pathogenic events leading to selective
neuronal death nor a predictor of neuronal death [27,49-51]. It may well be that soluble mutant
huntingtin fragments engage pathologic interactions and that neuronal death may be dependent
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upon the levels of diffuse unaggregated huntingtin found in affected neurons and provide an
explanation for the pattern of striatal neuron loss [52,53]. It is difficult, however, to reason that
such factors as the mass effect of cytosolic and nuclear huntingtin aggregate burden, the
sequestration of essential cellular transcription factors and neuronal proteins and their
subsequent reduced activity [54], altered proteosomal function [55], and the localization of
mutant huntingtin aggregates to cellular organelles such as mitochondria [56], do not have a
deleterious effect upon neuronal function and survival. In defense of this comment, select
therapies reduce huntingtin aggregates in HD mouse models and are thought to be responsible,
at least in part, for the significant improvement of the behavioral and neuropathological
phenotype found in these mice [28,57]. In addition, the blockade of mutant huntingtin in a
conditional murine model of HD reduces inclusions and ameliorates the behavioral phenotype
[58].

While great strides have been made in understanding the pathogenesis of HD, there is still an
incomplete understanding of the disease mechanisms. Animal toxin and genetic models that
closely mimic the neurobiological and clinical symptoms of the disease may provide an
alternative approach for the study of HD molecular pathogenesis and in the development of
existing treatments and novel therapeutic strategies for HD. Therefore, animal models are a
crucial part of this rapidly advancing field of HD research. In this chapter, animal models are
reviewed in association with implications in uncovering pathogenic mechanisms. In addition,
the development of therapies is discussed along with a guide to assessing preclinical trials in
mouse models.

Toxin Models of HD

Excitotoxin Lesions in Animals

A suitable animal model of HD must at least replicate the neuropathological features of the
disorder as described above. An increasing body of evidence suggests that excitotoxicity plays
arole in both acute and chronic neurological diseases. One of the earliest experimental models
of HD was established in rats and mice and included the direct introduction of excitatory
agonists into the central nervous system. Lucas and Newhouse first observed retinal
degeneration in mice after systemic administration of glutamate [59]. This was followed by
the demonstration that excitatory amino acids mediated cell death in anoxic hippocampal
cultures [60]. The initial observation suggesting that excitotoxicity may play a role in HD was
made by the McGeers and Coyle and Schwarcz [61,62]. Both groups of investigators showed
that injections of the excitatory glutamate-type neurotoxin, kainic acid, produced degeneration
of striatal GABAergic projection neurons with preservation of striatal afferents, resembling
the neuropathological sequelae observed in HD. This model was refined by using N-methyl-
D-aspartate (NMDA) type excitotoxins, including quinolinic acid, an endogenous intermediate
in the kynurenine pathway of tryptophan metabolism, produced a more accurate model of HD.
Quinolinic acid is elevated in HD patients, the increased levels possibly derived from activated
microglia, resulting in neurodegeneration [63]. Unlike kainic acid, quinolinic acid shows
differential sparing of striatal neurons. Quinolinic acid damaged both GABAergic and
substance P-containing neurons, with relative sparing of NADPH-diaphorase and cholinergic
neurons, that latter of which are known to be spared in HD [34,35]. Of interest to note,
quinolinic acid administration results in an age-dependent decrease in enkephalin neuron
vulnerability in contrast to substance-P striatal neurons [64]. Others and we have demonstrated
that intrastriatal injection of quinolinic acid produced a more accurate model of HD [65,66].
Other NMDA agonists also reproduce relative sparing of NADPH-diaphorase neurons [67].
Chronic quinolinic acid lesions, where months have passed to allow resorption of the necrotic
injection site, closely reproduce the patterns of selective neuronal sparing in the rat striatum
and cerebral cortex found in HD [68]. Excitotoxin lesions in the monkey, using quinolinic acid,
provide an experimental primate model that closely resembles the neuropathological,
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neurochemical, and clinical features of HD [66]. These lesions were characterized by a central
zone of intense astrogliosis and marked neuronal depletion. Immunocytochemical and enzyme
histochemical markers for both large and medium-sized aspiny striatal neurons and spiny
striatal neurons clearly demonstrated a selective pattern of neuronal vulnerability and relative
resistance to the excitotoxic effects of quinolinic acid within lesioned striata. There was a
disproportionate involvement of the matrix compartment similar to that seen in HD. These
changes were accompanied by behavioral alterations suggestive of a hyperkinetic movement
disorder. Dopaminergic agonist-inducible chorea was observed in the primates and was
indistinguishable from that seen in HD [69]. Ultrastructural analysis confirmed axon-sparing
lesions with neuronal loss and astrogliosis. Nonphosphorylated neurofilament
immunoreactivity was reduced in cell bodies but increased in axons, consistent with NMDA-
mediated activation of the calcium-dependent phosphatase, calcineurin, which
dephosphorylates neurofilament protein [70]. These animal models demonstrate a
characteristic profile consistent with the features of HD and strongly suggest that an excitotoxic
process plays a role in the pathogenesis of this disorder. If an NMDA excitotoxic process plays
arole in the selective neuronal degeneration in HD, neurons containing high densities of these
receptors should be preferentially vulnerable, resulting in a depletion of these receptors. This
is indeed the case. Young and colleagues have shown that NMDA receptors are differentially
depleted as compared to other receptor subtypes [71].

It is well established that striatal excitotoxic lesions depend on corticostriatal glutamatergic
inputs [72,73]. There is also a substantial body of evidence indicating that striatal excitotoxic
lesions are dependent on dopaminergic inputs from the substantia nigra [72-74]. Nigrostriatal
dopaminergic neurotransmission is altered in HD based on early and dramatic changes in
related receptors and may contribute to striatal vulnerability in HD. More directly, released
dopamine can be a stressor to striatal neurons through oxidative mechanisms, as well as
modulation of glutamate release [75-77]. It is possible that both cortical and nigral afferent
inputs may be responsible for the regional selectivity of neuronal degeneration that is observed
in HD.

Defective Energy Metabolism Toxin Models

While an abnormality affecting the NMDA receptor or an increased endogenous excitotoxin
could be responsible for HD, candidate toxins, such as quinolinic acid, however, are not
increased in this disease. A novel hypothesis explaining the pattern of degeneration in HD has
evolved based on animal studies and observations in HD patients. It suggests that impaired
cellular energy may be involved in the degenerative process [78,79]. The initial relevant
observations were made by Olney who showed that partial membrane depolarization can
produce NMDA receptor mediated excitotoxicity by removing the voltage-dependent
magnesium block of the NMDA-linked calcium channel [80-81]. The open calcium channel
permits normal amounts of endogenous glutamate to produce NMDA receptor-mediated
neurotoxicity. Evidence suggests that energy depletion producing partial membrane
depolarization also produces NMDA-type excitotoxic lesions [81-82].

It is of great interest that energy failure may be the consequence of impaired electron transport
chain function, with subsequent reduced ATP stores that result in membrane depolarization,
removal of magnesium from the NMDA-linked calcium channel, and subsequent excitotoxic
injury. The electron transport chain is comprised of a series of enzymes, consisting of five
major complexes. It is one of a series of reactions that are involved in oxidative
phosphorylation. A proton gradient generated by the electron transport chain complexes I, 11,
and I11, stores potential energy for the synthesis of ATP along with reducing oxygen to water.
Impaired electron transport chain function produces energy failure that results in membrane
depolarization, removal of magnesium from the NMDA-linked calcium channel, and

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

Page 6

subsequent excitotoxic injury. Several electron transport chain enzymes have been shown to
be altered in HD. Cytochrome oxidase (Complex IV) abnormalities have been reported in HD
caudate nucleus [83]. The loss of cytochrome oxidase in damaged brain areas, however, may
be a consequence of neuronal loss rather than a cause. Studies of platelets from HD patients
suggest that Complex | activity may also be selectively decreased in HD patients, although it
is normal in at-risk family members [84]. Other electron transport chain complexes, including
Complex Il (succinate ubiquinol oxidoreductase), Complex Il (ubiquinol cytochrome c
reductase) and Complex IV (cytochrome oxidase) are normal in blood platelets [84]. Decreased
activity of Complex I1/111 of the electron transport chain has been found in the caudate nucleus,
but not in other brain areas in HD [85]. Beal and colleagues have demonstrated a 22% decrease
in Complex I1-111 activity in the caudate nucleus and a significant increase in Complex | activity
in the frontal cortex, which may be compensatory [86]. It is possible that the mutation in HD
affects a nuclear encoded component of Complex 11, Complex I, or the process of protein
translocation and import into mitochondria.

Over 30 years ago, Mettler showed that sodium azide, a Complex 1V (cytochrome oxidase)
inhibitor, produced striatal damage and a hyperkinetic movement disorder in primates [87].
More recent animal studies show that striatal injections of mitochondrial toxins produce
differential neuronal toxicity identical to that produced by NMDA receptor agonists [88-91].
Several specific inhibitors, such as malonate and 3-nitropropionic acid (3-NP), act at various
complexes of the electron transport chain. A naturally occurring plant toxin and mycotoxin, 3-
NP, has been associated with neurological illness in animals and humans [92]. 3-NP is an
irreversible inhibitor of succinate dehydrogenase that inhibits both the Krebs cycle and
Complex Il activity of the electron transport chain. Ingestion in cattle causes dyspnea, hindlimb
weakness, and motor abnormalities [92,93]. In China, accidental human systemic ingestion of
3-NP from contaminated sugar cane has resulted in neurologic sequelae that include
encephalopathy with stupor and subsequent coma. A delayed-onset nonprogressive dystonia
with jerk-like movements and facial grimacing results in those patients that recover. Brain
imaging has identified bilateral damage to the basal ganglia, particularly the putamen.

In vitro studies have shown that 3-NP reduces cellular levels of ATP and causes neuronal
damage by an excitotoxic mechanism [94]. We have demonstrated that systemic administration
of 3-NP to both rats and primates can produce selective striatal lesions that are a consequence
of secondary excitotoxic mechanisms [95-96]. These lesions accurately replicate a number of
motor and neuropathological symptoms observed in HD patients. Systemic administration
results in differential sparing of striatal NADPH-diaphorase and large cholinergic neurons with
a significant loss of striatal GABAergic neurons. Both enkephalin and substance P striatal
neurons, however, are equally affected by 3NP, a finding that is inconsistent with those present
in adult-onset HD [97]. 3-NP is the first neurotoxin to show an age-dependent neurotoxicity.
The age-dependent neurotoxicity of 3-NP observed in young adult rats in these studies is similar
to the typical age of onset in HD. Both freeze-clamp measurements and chemical shift magnetic
resonance spectroscopy show that 3-NP impairs energy metabolism in the striatum in vivo.
While intrastriatal injection of 3-NP results in striatal neuronal death in rats, neurochemical
and histologic evaluation shows that markers of both spiny projection neurons (GABA,
substance P, calbindin) and aspiny interneurons (somatostatin, neuropeptide Y, NADPH-
diaphorase) are equally affected in intrastriatal injections [95].

Interestingly, the lesions produced by intrastriatal injection or systemic administration of 3-
NP are blocked by prior decortication, suggesting that intact corticostriatal glutamatergic
innervation plays an important role in striatal degeneration produced by systemic
administration of 3-NP. As glutamate is a central tenant in provoking excitotoxic cell death in
striatal neurons already weakened by the collective molecular events occurring in HD, it is of
interest to note that the modulation of other neurotransmitters, such as dopamine, can contribute
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to the neurodegeneration in HD. In addition, the modulation of A2a receptors can ameliorate
3-NP-induced neuronal damage [98]. In primates, chronic 3-NP administration produces
selective bilateral striatal lesions characterized by a depletion of calbindin neurons with sparing
of NADPH-diaphorase neurons, and proliferative changes in the dendrites of spiny neurons.

Lesion approaches in experimental animals using selective neurotoxins have made it possible
to clarify the mechanisms that underlie the hyperkinesis [99-101]. It has been suggested that
there is a shift in the pathways of the basal ganglia/thalamocortical circuit in HD [101]. Animals
also show both spontaneous and apomorphine-inducible choreiform movement disorders
resembling those in HD. These findings clearly associate metabolic stress and striatal neuron
vulnerability. It is of interest to note that differences in the periodicity of excitotoxin injections
and total dosing levels result in the reported differences in susceptibility. Acute treatments
consisting of a single i.p. dose of 3-NP rapidly lead to striatal degeneration within 6-12 h after
injection [102-104]. Subacute treatments consisting of daily repeated intraperitoneal injections
lead to striatal degeneration over a few days [95,105,106]. Chronic treatments are based on
continuous systemic administration of 3-NP (over 5 days to 4 weeks depending on the protocol)
using osmotic minipumps implanted subcutaneously. Of great interest is the fact that toxicity
in rodents is dependent upon the strain and gender of experimental animal used [107].

Unfortunately, systemic administration of 3-NP is not specific to the CNS alone. There is now
very strong data to suggest that 3-NP has severe cardiotoxic effects in addition to neurotoxicity
[108]. It may be unclear what the underlying cause of the mortality and clinical phenomena
observed in 3-NP toxicity are and to what degree peripheral damage contributes to the clinical
and neuropathological outcome measures. As such, postmortem analysis of somatic organs,
especially the heart, in assessing pathological involvement is critical in determining the
involvement of systemic and neurological contributions to CNS damage. While 3-NP toxicity
replicates a number of the cell death mechanisms associated with HD (e.g. electron transport
activity inhibition and mitochondrial dysfunction, activation of the apoptotic cascade and
execution proteases, increased reactive oxygen species production, and proteolytic calpain
activation), transgene and full-length mutant huntingtin rodent models provide the best possible
molecular and genetic comparability and pathophysiological correlation to humans with HD.
Although toxin models do not help to advance our understanding of the pathogenicity of
expanded polyglutamine tracts, this is not to suggest that the 3-NP model is not without merit.
The 3-NP model continues to enrich our understanding of specific pathophysiological
phenomena in HD associated with excitotoxicity and mitochondrial dysfunction.

Genetic Models of HD

Genetic models have revolutionized the study of human neurological diseases by providing
accurate and experimentally accessible systems in which to study molecular pathogenesis.
Genetic models also provide an opportunity to test potential treatments and explore their
promise for translation to humans experiencing these diseases. The promise of using genetic
models for treatment discovery is perhaps greatest in inherited diseases, such as HD, which
affectsingle genes. It must be said, however, that even the genetic models of HD are not perfect,
since there are subtle differences in the huntingtin gene from the human orthologue along with
dissimilar promoters. In addition, the polyglutamine repeats in some genetic models are quite
long and have been suggested to replicate the more fulminant juvenile form of HD and not
necessarily the adult-onset form of the disease. The degree of over-expression of mutant protein
plays a significant role in the phenotype observed in mice. The gold standard is the human
condition and no genetic model replicates all of the findings in HD patients. Each model,
however, has valid and useful experimental outcomes that can be used to provide a greater
understanding of the disease process in humans and especially in identifying potential
therapeutic strategies. While mutant huntingtin has been expressed in a number of invertebrate

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

Page 8

and vertebrate species in modeling different aspects of the HD phenotype, this review will
concentrate on mouse models, since they are the most common experimental tool currently in
use.

Different genetic mouse lines have been generated with varying phenotypes as a product of
how the mutant huntingtin was incorporated into the mouse genome. They fall into three broad
categories: (1) mice that express exon-1 or exon-1 and 2 of the human huntingtin (htt) gene
containing polyglutamine mutations (in addition to both alleles of murine wild-type huntingtin,
Hdh) [109-111]; (2) mice with pathogenic CAG repeats inserted into the existing CAG
expansion in murine Hdh (knock-in mice) [112-118]; and (3) mice that express the full-length
human HD gene (plus murine Hdh) [119,120]. Although all of these models share features with
human HD, the phenotype of full-length huntingtin mutation models develops gradually over
many months and may not have a sufficient expression of disease to use progressive morbidity
and survival as endpoints. Although the full-length models are genetically more accurate, the
fragment models have a rapidly coursing robust phenotype, well-defined neurobehavioral and
neuropathological findings, and die between 3 and 4 months of age. It has been a common
practice to use the fragment models for therapeutics research because the outcomes are more
clearly established and trials are more easily conducted [121]. The ideal transgenic mouse
model should have a robust phenotype, moderate to rapid disease onset and progression, well-
defined behavioral abnormalities that can be quantified, and neuropathological features, all of
which accurately replicate human HD.

Fragment/Segment Genetic Murine Models of Human HD

Not surprisingly, the degree of similarity to human HD increases the closer the model
reproduces the exact neuropathological and molecular conditions for HD. Unfortunately, the
more genetically accurate the model is, the more subtle the phenotype. Thus, it has so far been
much more feasible to use the fragment models for therapeutics research because the outcomes
are more prevalent and definable; hence, trials can be conducted using smaller sample sizes.
This category of genetic mice expresses N-terminal fragments of human HD and includes the
R6/2, R6/1 and N171-82Q lines (Table 1). They show a relatively rapid onset and progression
of a phenotype that includes weight loss, motor performance abnormalities, neuropathological
sequelae, and a shortened lifespan.

R6/2 Transgenic Mice—The R6/2 line was the first transgenic mouse model of HD and has
an N-terminal fragment of htt (exon 1) with approximately 144-150 CAG repeats at exon 1
[109]. It is one of the most widely employed genetic models of HD. The R6/2 model exhibits
a progressive homogeneous HD-like phenotype, with survival ranging from 14 to 21 weeks,
depending on housing and facility conditions. Differences in survival duration may be the result
of variations in housing, handling, environmental enrichment, and the allowable presence of
viral and bacterial symbionts, in addition to other factors. Given that enriched environments
can alter the progression of behavioral phenotype in R6/2 mice [122], it stands to reason that
differences between laboratories may well alter the R6/2 phenotype. This mandates that within
any colony of R6/2 mice, a repeatable measurement of survival, or any other phenotypic
measurement, is paramount for each successive “f” generation.

Recent findings suggest that the R6/2 HD model exhibits a progressive HD-like behavioral
and neuropathological phenotype that more closely corresponds to human HD than previously
believed, providing further assurance that the R6/2 mouse is an appropriate model for testing
potential therapies for HD [44]. Behavioral analyses of the R6/2 mouse reveal age-related
impairments in dystonic movements, motor performance, grip strength, and body weight that
progressively worsen until death. There is a very small subset of R6/2 mice, less than 2%, that
die prematurely through constant seizure activity (status epilepticus). This may occur as early
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as 60 Days. Over-handling of these mice may exacerbate seizure activity. .Significant
neuropathological sequelae, identified as increasing marked reductions in brain weight, are
present from 30 days, whereas decreased brain volume and hyperventricular enlargement is
present from 60 days, both a hallmark of the disease. In addition, decreased neostriatal volume,
striatal neuron atrophy, increased astrogliosis, with a concomitant reduction in striatal neuron
number, are present at 90 days of age [44]. Consistent with early adult-onset HD, enkephalin
striatal neurons are reduced in comparison to substance P striatal projection neurons [97]. There
is, however, equal preservation of enkephalin and substance P striatonigral projections.

Huntingtin-positive aggregates are present at postnatal day 1 and increase in number and size
with age, suggesting that disease onset and progression occur before clinical phenomena
[44]. The huntingtin inclusions are extensive and found throughout the brain in great numbers,
a phenomenon that is inconsistent with that observed in HD patients. It has been suggested that
the latter may be the result of using only a portion of the HD gene, transgene effects, and the
use of foreign promoters that increase expression levels. There does not appear to be any gender
differences in the pathological phenotype. There is remarkable parallelism between the
reported mechanisms of disease pathogenesis observed in HD patients and those found in the
R6/2 mice, which include altered proteolysis and proteosomal activities, increased protein
crosslinking, induced chaperone expression, and defects in vital cellular processes that
comprise endocytosis, intraneuronal trafficking, transcriptional regulation, postsynaptic
signaling, apoptotic cascades, and alterations in bioenergetic metabolism and mitochondrial
function [28,57,123].

Although the R6/2 model has many of the temporal behavioral and neuropathological features
observed in HD patients, it is not an exact genetic and neuropathological correlate to HD
patients. While some disparity exists in the specific aspects associated with onset and presence
of both neuropathological and behavioral alterations observed in the R6/2 mice, with resulting
potential confound [124-127], these differences may just be the result from varying
methodological practices. Nevertheless, the R6/2 model has a well-characterized progressive
phenotype with moderate variability such that experimental groups can contain as few as 10
mice and provide the power to detect 10% differences in many outcome measures. It is possible
to perform survival studies, an important potential surrogate indicator for neuroprotection, in
approximately 3 months. R6/2 mice have been used in a number of preclinical therapeutic trials
[28,57] that have recently been translated to human clinical trials [28,57,123]. The efficiency
and clear experimental endpoints of the R6/2 mice remain a major advantage.

It has been long held that synaptic stress may contribute to the neurodegeneration in HD and,
as such, modulation of synaptic influences in R6/2 mice, that is glutamatergic and
dopaminergic transmission, ameliorates disease progression. Deafferentation of the
corticostriatal and nigrostriatal pathways mitigates striatal stress and neurodegeneration. Both
surgical and chemical lesions of the corticostriatal and nigrostriatal pathways, respectively,
improve the behavioral, neuropathological, and biochemical phenotype in R6/2 transgenic
mice and extend survival [128]. Decortication ameliorates hindlimb clasping, striatal neuron
atrophy, and huntingtin-positive aggregates, improves N-acetyl aspartate/creatine levels,
reduces oxidative stress, and significantly lowers striatal glutamate levels. In addition, 6-
hydroxydopamine-lesioned R6/2 mice show extended survival along with a significant
reduction in striatal glutamate.

There can be great variability in phenotype presentation, which is dependent on CAG repeat
size. The number of CAG repeats in the R6/2 line is 148-153 with 500-550 bp, as determined
by PCR analysis [44]. An increased number of base pairs greater than 550 results in moderation
of the severity of the R6/2 phenotype. With increasing base pair numbers, there is a concomitant
increase in CAG repeat size. R6/2 mice in which the base pairs ranged between 600 and 800
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have CAG repeat sizes between 175 and 192. The average survival extension significantly
increased in age to 131.4 £ 12.1 days, in contrast to 500-550 bp at 97.4 £ 0.58 days. Base pair
numbers of 1,000 and above have CAG repeat sizes consistently above 200, with a mean
survival of 147.9 + 15.6 days. We have found that the variability in survival and the
amelioration of the behavioral and neuropathological phenotype in R6/2 mice with increased
base pair number and CAG repeat size reduces their utility in therapeutic trials and may
confound results [44]. Although great variability in clinical measures is common in human
trials, minimizing measurement variability increases the power to detect differences in mouse
drug trials. Thus care should be taken to ensure that genetic variability is reduced, providing
a relatively homogeneous population of mice within experimental cohorts.

R6/1 Transgenic Mice—The R6/1 mice were developed at the same time as the R6/2 mice
and express exon 1 of the human HD gene with approximately 116 CAG repeats. The R6/1
mice have not been as well studied as the R6/2 mice [109]. The R6/1 line has a later age of
onset and a slower disease progression. Body weight loss occurs after 22 weeks [129]. They
exhibit motor performance abnormalities, as limb clasping, at 4-5 months. There isasignificant
decline in rotarod performance between 14 and 20 weeks that correlates with the presence of
huntingtin aggregates in striatal neurons. There are gait abnormalities and hindlimb clasping
similar to the R6/2 mice. These mice can live beyond 12 months. Brain volume is significantly
reduced by 18 weeks with striatal neuron atrophy. There is, however, no neuronal loss, as
identified by neuron-specific nuclear protein NeuN or met-enkephalin immunostaining in the
striatum [129]. Huntingtin aggregates do not appear until 2 months of age. Although it has
been reported that both R6/1 and R6/2 mice are resistant to excitotoxic lesions produced by
quinolinic acid and malonate [130,131], it is possible that the latter may be attributable to a
marked reduction in dopamine levels in the R6/1 mice and R6/2 mice [132,133]. In the R6/1
mice, extracellular dopamine levels are reduced by 70% compared with wild-type littermates,
and intrastriatal administration of malonate in these mice resulted in significantly smaller lesion
size [134]. In contrast, we have showed that R6/2 mice are more susceptible to the
mitochondrial toxin, 3-nitropropionic acid [135]. It may well be that differences in the
periodicity of excitotoxin injections and in total dosing levels result in the reported differences
in susceptibility. Equally, background strain may play a role in resistance [136]. Of interest to
note, reduced sensitivity to excitotoxins may be dependent upon age and CAG repeat length
[137].

N171-82Q Transgenic HD Mice—N171-82Q mice have an N-terminal fragment of
huntingtin incorporating both exon 1 and exon 2 of the huntingtin gene, with 82 polyglutamines
[110]. The N-terminal fragment is driven by the mouse prion promoter and expression is
restricted to neurons and no other cells in the CNS. The mice contain two wild-type copies of
the gene along with one mutant copy. The phenotype of N171-82Q mice is similar to, but less
severe than that found in the R6/2 mice. The first detection of phenotypic abnormality is a
failure to gain weight with a significant body weight loss over the last 6 weeks of life. In contrast
to the R6 lines of HD mice, seizure activity and hyperkinesis are not present in the N171-82Q
mice. These mice show deficits in the radial arm water maze test of working and reference
memory at 14 weeks [138]. The commercially available line has a life span range from 130-180
days. The neuropathological features of the N171-82Q mouse models are similar to the R6
mice in that they show striatal atrophy, hyperventricular enlargement, and striatal neuron loss
by 16 weeks [139]. While the original description of these mice did not include neuronal loss
and astrogliosis, these pathological phenomena have been reported in these mice [139,140].
Huntingtin and ubiquitin-positive inclusions are found as early as 16 weeks and continue to
increase in number through end-stage disease, particularly in the pyriform cortex. The
phenotype of N171-82Q mice, however, is more variable than that of R6/2 mice and, as such,
a greater number of N171-82Q mice are needed for preclinical drug trials within the
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experimental groups (n=20). The N171-82Q mice are a useful model in which to screen drugs
using weight loss, performance on the rotarod test, and survival as outcome measures.

Murine Hungtintin Homologue Knock-In Mice

While this group of HD mice may represent a more precise genetic model of HD, the knock-
in mice models present with a mild and protracted behavioral and neuropathological phenotype,
in contrast to the fragment models. These mice live a normal life span. An expanded CAG
repeat is inserted into the murine huntingtin homologue and, therefore, the mutation is
genomically correct and under the endogenous Hdh promoter. The mice can be homozygous
or heterozygous for the mutation. A number of lines have been made (Table 2). The chimeric
HdhQ lines were developed by a mutated exon 1 containing either 111 or 92 CAG repeats.
These large polyglutamine repeats cause a CAG repeat instability, predisposing them to
subsequent increases in CAG repeat, resulting in a more fulminant disease process [113].
Huntingtin-positive puncta are present in neuronal nuclei by 4.5 months along with an increase
in gliosis by 24 months in both of these lines [115]. Mitochondria undergo compensatory
changes in calcium sensitivity in both the Q92 and Q111 mice [141]. A knock-in Hdh mouse
with 72-80 CAG repeats shows aggressive behavior and neuropil aggregates, but no gliosis or
neuronal loss [114]. These mice develop rotarod impairment.

The HdhQIII knock-in mice have 111 CAG repeats inserted into the murine HD gene [115].
The mice develop a progressive neuropathological phenotype with specificity for striatal
neurons, consisting of nuclear localization of the full-length huntingtin protein in medium spiny
neurons, and subsequent formation of N-terminal inclusions and insoluble aggregates. The
mice eventually develop a late-onset neurodegeneration and gait deficit in older mice at 24
months of age [142]. While there were no differences in rotarod and paw-clasping outcome
measures, tunnel walk and stride length revealed a “subtle’ gait deficit. Reactive gliosis and
toluidine-blue stained striatal neurons were present at 24 months. These neurons were negative
for TUNNEL staining, again suggesting a very “subtle’ disease progression as reported by the
authors.

Mice with greater CAG repeats, however, show a less fulminant phenotype that corresponds
to that found in HD patients. A knock-in mouse with 94 CAG repeats has increased rearing at
night at 2 months of age, decreased activity at 4 and 6 months, but a normal lifespan. Nuclear
microaggregates are present at 4 months and are widely distributed at 6 months of age in these
mice. In mice developed by the same group with 140 CAG repeats, a very similar pattern of
motor alterations is present [117]. Of interest, disease onset in the 140 CAG mice occurs much
earlier than in the 94 CAG mice, consistent with the same phenomena in HD patients. The
onset of symptoms in HD patients occurs at a younger age with greater CAG repeat size. In
addition, there is increased motor activity and rearing at 1 month of age, hypoactivity at 4
months of age, and a reduction in stride length at 12 months of age. No significant weight loss
was observed up to one year of age. Further analysis, however, has shown a much wider range
of motor and behavioral dysfunction [143]. Neuronal loss and reactive astrogliosis are not
present in the 94 CAG, but found in the 140 CAG mice. The 140 CAG mice show a progressive
gliosis, decreases in dopamine and cAMP-regulated phosphoprotein of 32 kDa (DARPP32) (a
marker of striatal projection neurons) at 12 months, and neuronal loss at 2 years of age [143].
Huntingtin aggregates are present in both the 94 CAG and 140 CAG mice, occurring much
earlier, at one month, in the 140 CAG knock-in mice. With age, there is a more global presence
of huntingtin aggregates throughout the CNS. We have noted a derangement in bioenergetic
mechanisms, increased oxidative stress, and factors associated with transcription regulation.
The 140 CAG mice have reduced ATP brain levels, increased 8-hydroxy 2'-deoxyguanosine,
a marker of DNA oxidation, in both brain and urine, and hypoacetylation of histone activities
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[144]. We suggest that the 140 CAG mice may well be useful in premanifest HD investigations
as well as in therapeutic evaluation.

Another knock-in mouse model with 150 CAG repeats has late-onset gait abnormalities and
develops neuronal intranuclear inclusions predominantly in the striatum [116,118,145]. There
is an age-dependent late-onset behavioral phenotype with significant motor abnormalities at
70 and 100 weeks of age measured by rotarod, balance beam, and clasping [118]. At 100 weeks
the mice exhibit resting tremor, unsteady movements, and staggering gait. No significant
gender differences were observed. There was significant weight loss by 70 and 100 weeks.
Gliosis is significantly increased by 14 months. Further analysis of this model showed that
striatal nuclear huntingtin and ubiquitin-positive inclusions were initially associated with the
matrix compartment by 27 weeks, the topographic striatal area first thought to be involved in
HD patients [106]. In older animals, nuclear inclusions were distributed evenly in both the
striatal patch and matrix compartments by approximately 2 years, nuclear inclusions were
present in most brain areas. Dopamine D1 and D2 receptor binding sites are reduced by at 70
and 100 weeks. Striatal neuron loss was present at 100 weeks, with a 50% loss in striatal
perikarya and a 40% reduction in striatal volume. Recent evidence shows NMDA receptor
mediated excitotoxicity in this mouse line, providing additional proof that the interaction of
huntingtin with NMDA receptors may be an early event in neuronal death in HD [118]. As
with the 140 CAG HD mice, the Hdh (CAG) 150 mice may be useful in identifying early
mechanisms and premanifest biomarkers of disease.

While the knock-in mouse lines do not have a sufficient expression of disease to use progressive
morbidity and survival as an endpoint, they do have a number of measurable neuropathological
and behavioral phenotypes that can be validated as potential endpoints in therapeutic studies
and may be useful as a secondary model for confirmation. It is clear that a greater investigation
into the pathophysiological phenomena of these mice is needed.

Full-length Human HD Gene Transgenic Mouse Models

Transgenic mice with full-length huntingtin containing 48 or 89 CAG repeats have been
described that show behavioral abnormalities and neuron loss, but have not been available for
use in therapeutic discovery [120]. A yeast artificial chromosome mouse model of HD with
the entire human huntingtin gene containing 128 CAG repeats (YAC 128), as well as flanking
segments that might involve regulatory elements, develops motor abnormalities consisting of
initial hyperactivity followed by difficulty walking along an elevated rotating rod from 6 to 12
months, and then hypokinesis [146,147]. There are other significant motor performance
declines starting as early as 3 months that include circling behavior, hindlimb clasping, and
gait abnormalities. More recent studies show rotarod and open field abnormalities at 4 and 2
months, respectively [148]. While there is a significant body weight loss in the YAC72 mouse
model, there is an increase in body weight at 2 months in the YAC128 mouse by 2 months
[148]. Cognitive dysfunction, as measured by a swim test for procedural learning is similar to
the perseveration observed in HD patients. The motor deficit in the YAC128 mice correlates
with striatal and cortical neuron loss, providing a structural correlate for the behavioral changes
[147]. Neuropathological examination shows decreased striatal and cortical volume, reduced
striatal neuron area and number by 12 months, the presence of huntingtin immunostaining at
1-2 months, huntingtin macraggregates starting at 12 months and increasing in number by 18
months in the YAC128 model [148]. The YAC 128 model has been used extensively to
investigate pathogenic mechanisms of HD and most recently to identify therapeutic strategies.
Medium-sized spiny striatal neurons are more vulnerable to NMDA receptor-mediated death
in the YAC transgenic mouse model of HD expressing full-length mutant huntingtin [149].
Both mitochondrial and apoptotic pathways are altered in these mice [150]. The
neuropathology in the YAC mice has excellent fidelity with human HD. As with the 140 CAG
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and 150CAG mice, the length of time for phenotype development may hinder the use of this
model for treatment paradigms unless early biomarkers of disease can be identified in the YAC
mice.

New transgenic mouse, created using a bacterial artificial chromosome (BAC), look promising
[151]. These mice have a 240 kb BAC that contains the entire 170 kb human huntingtin locus.
These mice show progressive motor deficits. They exhibit a significant reduction in rotarod
performance at 2 months with worsening behavior through 12 months. The BACHD mice aso
show asignificant gain in body weight, similar to the YAC 128 mice, that plateaus at 12 months.
By 12 months there is marked gross brain atrophy and brain weight loss, with significant
decreases in both cortical and striatal volume. Degenerating dark neurons were present in the
striatum at 12 months without significant neuronal loss. Huntingtin inclusions were detected
at 12 and 18 months, almost entirely within the cortex and a few small inclusions within the
striatum. Electrophysiological studies show that sponrtaneous excitatory transmission is
significantly reduce in the BACHD mice, suggesting early abnormalities in cortical input to
striatal neurons. Although these transgenic mice expressing a full-length mutant huntingtin
have not yet been used in a published therapeutic discovery experiment, there are efforts
underway.

A transgenic rat model also exists that expresses 51 human CAG repeats [152]. Expression of
the gene is under an endogenous rat promoter. The rat is normal at birth and by 24 months has
significant body weight loss. There is a progressive poor performance on rotarod after 2 months
of age, along with cognitive deficits by 12 months [153]. Gait abnormalities and head
dyskinesias occur starting at 10 months. The neuropathological sequelae include
hyperventricular enlargement along with huntingtin inclusions present throughout the brain.

Lentiviral-Mediated Mutant Huntingtin Model

A lentiviral delivery of mutant huntingtin has been developed in a rat model using 44, 66, and
82 repeat fragments [154]. There is an increased expression of ubiquitinated htt aggregates
starting one week after injection with great numbers of inclusions by 4 weeks time. Striatal
neuron degeneration, loss of DARPP-32 staining, and cell death occur over 6 months. The
neurodegeneration is specific to GABAergic neurons, with little or no effect on striatal
interneurons, consistent with observations in HD patients.

Non-Human Primate Models of HD

Both toxin and genetic primate models of HD exist and play an important role in extending
those findings observed in rodent models HD [66,69,99,100,101,155]. While the toxin lesions
provide an experimental model that closely parallels the neuropathological, neurochemical,
and clinical features of HD, a recently developed transgenic HD rhesus monkey model that
expresses expanded huntingtin polyglutamine shows clinical phenomena that include dystonia
and chorea characteristic of that found in HD patients [155]. While marked expression of
huntingtin aggregates were present in the brains of those monkeys that succumbed to an early
death, no striatal neuron degeneration was present. As HD is a slowly progressive disorder, it
may be years before these monkeys show a full HD neuropathological phenotype. Clinical
follow-up continues with surviving monkeys. As such, the availability of non-human primates
with HD could be valuable in any final analysis evaluating the most promising therapeutic
candidates for HD patients.

Biomarkers of Huntington's Disease

A major goal of current clinical research in Huntington's disease is to improve early detection
of disease and premanifest detection of neuronal dysfunction with translation to therapeutic
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trials. Biomarkers are urgently needed for diagnosis, disease progression, and for potential
disease-modifying therapies that are being developed and evaluated in clinical trials, especially
at the preclinical stage. The development of early premanifest biomarkers is of great
importance, as these may improve the power and cost-effectiveness of drug trials. As the
mechanism of pathogenesis in HD is not yet clear, biomarkers will be required at all stages of
disease and will necessitate multiple combinations of detection methods. One complementary
research strategy has been to perform parallel correlative biomarker studies in HD patients and
animal models of HD and make comparisons. This approach takes advantage of advances being
made in animal models to best understand the most effective therapeutic strategies. While many
different approaches have been undertaken to identify biomarkers, profiling objective
biomarker measurements of HD has proven somewhat difficult at the present time. There has
been, however, some advancement in this arena, particularly in R6/2 mice. It has been shown
that biomarkers of protein crosslinking are significantly elevated in both HD patients and in
HD mice. Both transglutaminase and gamma glutamy! lysine activities are significantly
increased in brain samples in a disease-dependent manner [156]. There is also evidence that
biomarkers of nucleosomal and bioenergetic dysfunction are present in both HD mice and HD
patients, representing biomarkers as predictors of disease onset and progression [57]. Lastly,
8-hydroxy-2-deoxyguanosine, a marker of DNA oxidation, is significantly increased in brain
and urine from HD patients and HD mice [144,157]. Of great interest are studies using high-
dose creatine in HD patients and in HD mice, showing parallelism in biomarkers of disease
pathogenesis and treatment efficacy. Creatine treatment significantly improves brain creatine
levels and reduces urine levels of 8-hydroxy-2-deoxyguanosine, a marker of DNA oxidation,
in both HD patients and mice [144,157]. While it has not yet been confirmed that therapeutic
experiments demonstrating improved phenotype in HD mice are predictive of benefits in
humans, the above evidence demonstrates that mice do provide value. Correlative biomarker
analysis in both mice and man will provide a more rapid and desirable body of evidence to
fully inform clinical decision-making, and identify what factors contribute to the equipoise in
determining whether preclinical mouse information about a therapy makes clinical study
warranted in patients. While the efficiency and clear experimental endpoints of the R6/2 mice
remain a major advantage, the fulminant and early expression of disease in these mice may not
allow for premanifest and early symptomatic identification of biomarkers. Full-length knock-
in HD mice, however, may provide the best possible molecular and genetic comparability to
human HD and strengthen the ability to confirm the detection of biomarkers, especially prior
to disease onset, given their slow disease progression.

Methodological Considerations for Mouse Therapeutic Trials

Although making the therapeutic leap from genetic models to humans fulfills one of the
promises of molecular medicine, it also brings risk to human subjects and expends human and
financial resources. Thus, how data from experiments using experimental models are used to
inform choices about clinical trials requires reflection and examination. Among the important
issues are what constitutes an informative genetic model, what principals should be followed
in designing experiments using these models, what body of evidence is desirable to fully inform
clinical decision making, and what factors contribute to the equipoise in determining whether
preclinical information about a therapy makes human study warranted.

While toxin models play a role in understanding mechanisms of excitotoxocity and
mitochondrial dysfunction in HD, they fall short as a reliable model of an autosomal dominant
genetic disease characterized by the misfolding of the mutant huntingtin protein. Toxin models
are acute experimental paradigms in contrast to slowly progressive events that occur over years
in HD patients and months and years in genetic models of HD. As such, this section will focus
on issues related to standardization of experimental therapeutics in transgenic mouse models
of HD and discuss some of the salient issues related to translation from mice to humans.
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Genetic animal models of inherited neurological diseases provide an opportunity to test
potential treatments and explore their promise for translation to humans experiencing these
diseases. Therapeutic trials conducted in mouse models of HD have identified a growing
number of potential therapies that are candidates for clinical trials and have been reviewed in
multiple publication venues [28,57]. While it is very exciting to have these candidates, there
has also been increasing concern about the feasibility and desirability of taking all of the
compounds that may work in mice and testing them in patients with HD. There is a need to
begin to prioritize leads emerging from transgenic mouse studies, however, it is difficult to
compare results between compounds and laboratories and there are also many additional factors
that can affect translation to humans.

Genetic models encompass a variety of assays in which the mutant gene or some portion of it
has been introduced into living organisms which experience a phenotypic response in some
measure indicative of the human disease. Screening of high-throughput assays using libraries
containing thousands to millions of small molecules can bring candidate therapies forward
based upon obtaining a desired effect on a biochemical or cellular phenotype, irrespective of
knowledge about mechanism of action. However leads arise, proof of efficacy in mammalian
models is considered a requisite before considering possible testing in humans. For compounds
already in the pharmacopoeia it can be easy to contemplate rapid translation to clinical trials.
For compounds that are not yet pharmaceuticals or nutriceuticals, efficacy in mammalian
models would lead first to standard preclinical pharmacokinetic, toxicity, teratogenicity
studies, and perhaps the development of more promising analogs before testing can begin in
humans. When selecting compounds for study in preclinical experiments, we have prioritized
compounds already in human use because of the indispensable knowledge base that comes
with them and the existence of pharmaceutical material ready for human use.

Transgenic mouse models of HD have been extensively used in the last several years to test
potential therapies [28]. While most studies have concentrated on compounds that have already
had human use, we are also beginning to test leads arriving from screens performed in cellular
and submammalian models. Some of the compounds that we have demonstrated to be
efficacious in transgenic mice have gone on to clinical testing, often in trials we have also
participated in designing [57]. Through this experience and discussions with many others, we
have developed a perspective about using transgenic mouse experiments to stimulate and guide
clinical trials. We have also encountered a wide range of thoughts in the HD research
community, from the opinion that preclinical studies in mouse models are of limited
significance because mice and humans are so different, to suggestions that there should be rigid
criteria for success in the mouse models before a therapy is considered for human clinical trials.
It is quite complex to consider what constitutes sufficient data from mouse models to justify
translation to humans. The lack of a proven neuroprotective therapy for HD also effects the
equation by keeping the level of urgency high.

Though there is a need to begin to prioritize leads emerging from transgenic mouse studies, it
may be difficult to compare results between compounds and laboratories. There are also many
additional factors that can affect the overall desirability of compounds, such as availability
from a manufacturer, expected toxicity, redundancy of mechanism, and the nature of potential
interactions with other agents. As yet, there have been insufficient fully powered clinical trials
in humans to permit a comparison of therapeutic benefits in the two species from any given
therapy. Thus it has not yet been confirmed that experiments demonstrating improved
phenotype in transgenic mice are predictive of benefits in humans. Similarly, it is unknown
whether the magnitude of benefit in mice predicts the magnitude of benefit in humans.
Nevertheless, results from human clinical trials will illuminate the value of mouse clinical trials
in the foreseeable future. In the meantime, there are clinical trials being planned, a growing
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list of therapies that are effective in mouse models, and a need for discussion about how
transgenic mouse therapeutic trial data can best be used.

Outcome Measures

As in human clinical trials, the use of appropriate methodology in mouse trials determines
whether the experimental outcomes are valid and useful. Many of the same considerations
apply both to human and mouse trials but are not always considered in the latter. For example,
blinding of study personnel about the treatment condition of the animals they are studying
should be standard practice. A priori power analysis is necessary to establish whether the study
has sufficient numbers of mice for each endpoint. Whereas in human trials enormous variability
is a given; in mouse trials it is possible to minimize the variability and thereby increase the
power to detect smaller differences in smaller groups. It is important to understand the genetic,
physical, and environmental sources of variability to take advantage of this.

An estimation of the sample size is a critical first step. The numbers of mice for preclinical
studies must be carefully considered and reflect the different outcome measures to be analyzed.
Using power analysis, our experience in survival studies shows that an 'n’ of 10 in the R6/2
transgenic mice and an “n’ of 20 in the N171-82Q transgenic mice in each experimental group
are necessary to have an 80% chance of detecting a 30% difference between groups. Our
experience with neurohistopathological measures and neurochemical assays has shown that a
standard deviation of 15-20% can be expected. A similar power analysis suggests that to detect
a 30% difference between groups an "n™ of 10 is necessary for each cohort. Others have
provided similar power analyses in detecting differences in huntingtin accumulation over time
in R6/2 mice [159]. A 30% reduction in huntingtin aggregation is observed at 95% confidence
using 10 R6/2 transgenic mice per group. Power calculations also show that the probability of
detecting a deficit in R6/2 mice on the running wheel and climbing cage was greater than 90%
using a group size of 14 mice (160). In the full-length human mutant huntingtin bacterial
artificial chromosome (BAC) transgenic mouse model, power analyses were performed to
estimate the number of mice to rescue disease-relevant outcomes (151). Power analysis
showing a 30% rescue of rotarod deficit at 6 months would require 22 BAC mice. In addition
power analysis showed that a sample size of 14 BAC mice was necessary to detect a 30%
rescue of dark neurons, along with 5 and 11 BAC mice, respectively for a 30% rescue of cortical
and striatal volumes. A 15-20% standard deviation could be expected.

As in human clinical research, it is important to have inclusion and exclusion criteria, which
should be predetermined. For example, there is good reason to consider excluding “runts” (we
routinely exclude mice weighing less than 8 gms at 21 days), mice with injuries, mice in which
CAG repeat length is out of the median range (CAG repeat must be monitored in the colony),
and mice unable to perform some of the planned evaluations, such as the rotarod. Treatment
groups should be physically and genetically comparable. In particular, there should be a
systematic assignment of mice to experimental groups to prevent overrepresentation of sibs in
any group. For example, it can be predetermined that no more than one or two mice from any
litter be in a given experimental group. Mice should be evenly distributed into cohorts by body
weight. The environment in which these mice are housed and treated needs to be uniform, since
environmental enrichment slows disease progression in HD mice and may be considered a
therapeutic treatment in and of itself [161]. Another important consideration is the onset and
duration of treatment in mouse trials. Initiation of treatment at weaning, as has been most
common, is analogous to treating presymptomatic humans. Initiation of treatment once a motor
or other clinical phenotype is evident would be analogous to most human trials for HD, the
latter of which have generally used early symptomatic subjects.
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Primary Measures—There are many potential outcome measures that can be used in mouse
therapeutic trials. These bear close examination because they can differ enormously in
relevance with some clearly being much more informative and specific than others. For clarity,
in neurodegenerative disease research we are especially concerned with achieving
neuroprotection, which at its most basic level is the preservation of neuronal processes, somata,
and function. Measures that assess these directly (brain weight, gross atrophy, cellular atrophy,
neuronal counts, gliosis, volumetric imaging) should be considered the primary outcome
measures. While it may also be possible to model the treatment of symptoms in genetic models
and it may also happen that improving symptoms corresponds to neuroprotection, assessments
of symptoms should be considered secondary outcome measures. The reason for this is that
symptoms can be modified without affecting neurodegeneration, for example by modifying
motivation, level of consciousness, energy, etc. This distinction is important to keep in mind
when considering how informative the results of a mouse therapeutic trial might be for
considering translation to humans. A treatment cannot be considered to be neuroprotective in
mice in the absence of neuropathological evidence that brain atrophy, cellular atrophy, or
neuronal loss has been prevented. The quality of neuropathology in mouse therapeutic trials is
thus of foremost importance. It should also be mentioned that other neuropathological
measures, such as protein aggregate load or the expression of molecules of interest, are only
meaningful if brain atrophy, cellular atrophy, or neuronal loss are measured to provide a context
for interpreting them.

In our labs, cohorts of treated and untreated wild-type and mutant littermate mice, are
euthanized at early, moderate, and late stages of their phenotypes for neuropathological
analysis. Standardization of tissue processing is critical to the analysis. As an example, cut
tissue sections mounted from water will expand and those mounted from phosphate buffer will
contract, resulting in entirely different brain measures. Brain specimens are identified by the
originally assigned code so that the subsequent studies are performed blind to the investigator
as to the genetic identity and treatment of the mice. Quantitative methods are essential as
observation alone can only detect large differences and semi-quantitative methods are prone
to many types of errors. We use stereology to obtain various brain and cellular volumes and
counts and also to quantify other pathological features, such as huntingtin aggregates.

Secondary measures—Secondary outcome measures include survival, body weight,
performance on motor and cognitive tasks, and laboratory studies examining toxicity or
putative mechanisms of action. These should be completed at the same time of day because of
diurnal and circadian rhythms. Mouse survival, or a surrogate for mouse survival, which are
usually criteria for advanced morbidity that agrees with an institution's animal care policies
and triggers euthanasia, is an especially useful secondary outcome measure. Besides generally
correlating well with neuropathology, it provides a relevant measure of the magnitude of benefit
that is both understandable and enables ready comparison with other therapies. A dose versus
survival study is recommended, using at least three doses demonstrating no significant efficacy,
significant efficacy, and significantly greater morbidity and/or mortality in mutant mice. It is
important to observe mice in any treatment paradigm twice daily throughout the experiment
for any signs of morbidity and mortality. Strict criteria are necessary to determine when mice
should be euthanized. While this may vary between institutions, our own criteria for
euthanization is the point in time when the mice are unable to initiate movement and right
themselves after being placed upon their side and gently prodded for 30 seconds. Two
independent observers confirm these criteria.

While body weight has often showed early and significant improvements in some mouse
therapeutic trials, little effect has also been observed in other trials despite dramatic
improvement in survival. Our practice is to measure body weight weekly, on the same day,
usually from the time of weaning. Diurnal feeding habits necessitate that weights be taken at
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the same time, morning or afternoon. As mice progress towards the latter stages of disease, we
usually increase the frequency of weighing to twice weekly.

A variety of motor tasks have been used in mice to assess the clinical phenotype. These include
measuring activity and grooming, the length of time a mouse can balance on a rotating rod,
grip strength measurement, and gait. Preserved motor performance correlates with improved
survival and neuroprotective outcomes, though compounds administered to the CNS can also
have pharmacological affects that independently modify motor performance. The rotarod test,
in which mice are required to walk along an elevated rotating rod, is generally accepted as the
most sensitive and encompassing and is widely used. This equipment is commercially available
and its use has been standardized within most laboratories and can be compared across
experimental studies. In the fragment models, we perform testing twice weekly. There are a
number of variations of rotational speed and whether the rod is at a constant speed or
accelerating which investigators have applied. The length of time that the mice remain on the
rotating rod is used as the measure of competency on this task. Mice are tested until they are
unable to perform. On any given day, mice may fail or refuse to perform this task. If this occurs
early on in the time course of disease phenotype, additional repeated trials the next day may
be useful to ensure that performance failure is a reflection of disease. In the absence of a rotarod
apparatus, the onset of forelimb and hindlimb clasping, a measure of neurological abnormality
in HD mice, can be assessed daily until identified and confirmed by a second investigator.

Declining cognition occurs early in HD and the mouse models are expected to develop
cognitive deficits as well. However, few cognitive assessments have been validated in the
mouse models currently in use. In the fragment models, it is difficult to complete training before
the phenotype has already compromised performance. Nevertheless water maze, habituation
to acoustic startle, and prepulse inhibition have been used by a number of investigators and
efforts to develop further cognitive tests, such as serial reaction time and other implicit memory
tasks are ongoing [162,163]. Cognitive endpoints may prove especially valuable in the full-
length models in which motor symptoms are slow to develop.

Open Field Testing, which assesses general activity, is a complex measure that may be most
useful in the full-length models that progress more slowly. Commercially available units to
detect movement can analyze and quantify multiple motor behaviors. In our laboratory, testing
is usually performed during the dark phase of the diurnal cycle when mice are most active.
Measurements can be made during the first 15-30 minute interval after placement in a novel
open field. Horizontal and vertical motions can be counted and locomotor activity, rearing,
circling, and grooming assessed. The open field box must be cleaned between mice to prevent
behavioral effects from the odors of previous occupants. Testing is performed every other week
in the R6/2 and N171-82Q models and once a month in the full-length models to avoid
habituation to the open field and to ensure novelty of the measured behavior. There can be
some specific differences in the patterns of behaviors observed. For example, some HD mice
seem to continually repeat an abortive grooming process.

A behavioral observation system, SHIRPA, is a three stage, semi-quantitative protocol
designed to characterize phenotype changes in mice. In therapeutic trials, behavioral and
functional changes are scored by an observer blinded to treatment [164]. A composite score is
calculated following the assessment. A modified SHIRPA has been developed for longitudinal
use in mice with neurological disease [165]. The utility of such a behavioral protocol is in its
standardization and may be a useful cross measure for all laboratories performing therapeutic
drug trials in mice with neurological disease. The scoring, however, requires detailed scrutiny
of some behaviors and function in HD mice that are subject to interpretation, such as limb
clasping and physical appearance. For this reason, it is also important to maintain observer
consistency throughout a study.
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Pharmacokinetic Studies—Several types of laboratory studies contribute crucial
information that can greatly enrich the preclinical information about a compound.
Pharmacokinetic analysis of the study compound, its metabolites, or of molecules expected to
be affected by the treatment, help to insure that the compound reaches the brain and performs
as expected. Pharmacokinetic studies are useful in combination drug trials to examine the
effects on bioavailability of one compound in relation to the other compound. Additionally,
understanding effective doses in mice, along with blood and brain levels, can set the stage for
asking whether such doses and levels can be achieved in humans. In our experience, 0.5-1.0
ml of blood is required to produce sufficient serum for testing levels of agents and it is collected
by cardiac puncture, requiring euthanization. HPLC with electrochemical detection along with
spectrometric analysis are the methods of choice [156,166]. Because pharmacokinetic studies
provide critical information regarding optimal dosing, our current approach has been to
perform maximum-tolerated-dose studies to determine the LD50 dose starting at a minimum
tolerated based upon previously available ADMET data and increase the dose one fold b.i.d.
each administration over the course of 14 days or until LD50 is reached. In addition, we employ
a pharmacokinetic model to identify a series of concentration-time data points in blood, urine,
and brain. The bioequivalence is evaluated by comparison of variables such as peak
concentration, time of peak concentration, elimination half-life, and area under the
concentration curve in each tissue sample. These experimental studies are completed in both
wild type and mutant mice prior to a drug trial in mice and allow us to determine the optimal
pharmacokinetic parameters for dosing the mice. In addition to pharmacokinetic studies, it can
be very helpful to perform pharmacodynamic studies aimed at determining whether a
compound's expected mechanism of action is actually working. Both brain and peripheral body
tissue samples are used in the analyses. This can be important as many compounds have
multiple potential mechanisms of action. We currently assess nucleosomal (histone acteylation
and methylation) and bioenergetic (ATP/ADP/AMP, creatine, phosphocreatine, and coenzyme
Q10 and Qg levels) dysfunction, along with 8-hydroxy-2-deoxyguanosine concentrations, a
marker of DNA oxidation. Each of these biomarkers of disease is significantly altered in both
central and peripheral tissue samples [57]. It is additionally important to determine whether
any of the treatments might work by suppressing expression of the huntingtin transgene, since
this might help the mice but not humans in the absence of identical regulation. This is especially
important in mouse lines in which expression is regulated by exogenous promoters and for
drugs that affect aggregate formation and gene transcription [167]. Transgene expression can
be analyzed using Western and Northern assays, as well as real time-PCR methods.

Therapeutic Strategies—Many potential therapies have now been tested in genetic models
of HD and some have been demonstrated to be neuroprotective in HD transgenic mice (table
1). Efficacy in mouse trials has provided the rationale for a number of clinical trials that have
already occurred or are planned. These include coenzyme Qq¢, creatine, remacemide, riluzole,
minocycline, ethyl-epa, phenylbutyrate, and cysteamine [57]. Most of these have been early
phase clinical trials, so the predictive value of the mouse therapeutic trials are not yet known.
However, because these are actually very good models at many levels of analysis, it would be
surprising if some compounds benefiting the mouse models did not prove to benefit humans
with HD. Since clinical trials may be expensive, effortful, and years in length depending on
the type, there is growing discussion within neurodegenerative disorder clinical trials
organizations, such as the Huntington Study Group and sponsors, about how much preclinical
information is enough and how to prioritize among many efficacious compounds. Of course
the bar should be higher for later phase trials and higher when the interventions have greater
potential for risks to human subjects.

The impact therapeutic trials in genetic models can have on selecting compounds for clinical
trials in humans depends on many factors relating to the quality and breadth of the preclinical
data, as well as on the potential risks and benefits to performing the clinical trials. In this review,
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we have discussed the many factors that affect the quality of an individual mouse therapeutic
trial. Of course, the highest quality studies and those with the most robust neuroprotection
should have the greatest impact. Neuropathological evidence of neuroprotection remains the
most important finding with all other outcomes potentially providing additional support. Since
the numbers of compounds demonstrating some efficacy continues to grow, an issue of growing
importance is the question of how to compare their efficacy to better prioritize them. Since
procedures differ between labs, since the models have many differences, and since even the
same mouse line can have different phenotypes in different labs because of genetic drift,
background strain differences, and/or the presence of microbes within individual vivaria, it is
difficult to compare the magnitude of one treatment's effect with another's. We would propose
that laboratories performing therapeutic trials in mouse models use positive control compounds
to help place their results in context. For example, several labs have replicated benefits with
cystamine, so including a cystamine treatment cohort in trials of more novel therapeutics could
help calibrate results [57].

As in human clinical trials, the use of appropriate methodology in mouse trials determines
whether the experimental outcomes are valid and useful. Many of the same considerations
apply to both human and mouse trials but are not always considered in the latter. Based upon
our experience, positive outcomes in mice are critical indicators in determining whether
compound efficacy provides sufficient information to fully inform human clinical-trial
decision-making. While there are many different outcomes that could be used in characterizing
drug efficacy, the following minimum guideline criteria are essential to strengthen the evidence
for drug translation to patients.

1. Blinding of study personnel about the treatment condition of the animals they are
studying should be standard practice.

2. Power analyses are necessary to establish whether the study has sufficient numbers
of mice for each endpoint.

3. Use of both fragment and full-length HD mouse models in preclinical drug trials once
the potential of a compound has been established. Our current standard measure has
been the R6/2 with confirmation in the 140 CAG HD mice.

4. Asinhuman clinical research, it is important to have inclusion and exclusion criteria
in order to exclude bias (eg. CAG repeat size, body weight, parental inheritance)
Treatment groups should be genetically comparable to prevent overrepresentation of
sibs into any experimental cohort.

5. A dose versus survival study is recommended, using at least three doses, to decide
whether therapeutic benefits stabilize (saturate) or decline past the optimum dose
determined by pharmacokinetic studies.

6. Confirmation of experimental findings in at least one independent laboratory.
7. Rotarod Test: 20% and 15% improvement in R6/2 and 140 CAG mice, respectively.

8. Open Field Test: 20% and 15% improvement in R6/2 and 140 CAG mice,
respectively.

9. Survival extension of at least 15% in R6/2 mice. Survival is defined as meeting the
criteria for euthanasia in accordance with the institution IACUC guidelines.

10. Neuropathological measures that include a 20% reduction in gross brain and
ventricular measurements, a 25% reduction in huntingtin aggregate load, and a 30%
reduction in neuronal cell atrophy and/or neuronal loss using unbiased stereology.
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11. At least one pharmacodynamic or biochemical measure that correlates globally with
phenotypic progression and neuroprotection in mice and humans. We use 8-
hydroxy-2-deoxyguanosine concentrations, as they are elevated in urine and brain in
both HD patients and HD mice. This measure can be developed to the specific
compound in use.

There is a growing body of evidence suggesting that the phenotypes from mouse models of
neurological diseases closely correlate with human diseases and may validate known CNS drug
targets in a therapeutically relevant manner. The strengths of the HD mouse models are in their
utility to provide parallel pathophysiological targets that are present in HD patients, in their
potential as sensitive predictors for therapeutic intervention, and their promise in the
development of novel drug agents. While drug trials in mice confirm therapeutic direction, the
challenge is in determining what dose might be of value in patients since the pharmacokinetics
of mice and man is dissimilar.

Acknowledgments

This work was supported by National Institutes of Health Grants NS045242, NS045806, and NS058793, and by the
Veterans Administration. The author thanks Daniel Amante, Jinho Kim, and Jennifer Moody for their editorial
assistance.

References

1. Huntington, G. Med Surg Rep. Philadelphia: 1872. On chorea; p. 317-321.
2. Bruyn GW, Bots GT, Dom R. Huntington's chorea: Current neuropathological status, In Huntington's
disease. Advances in Neurology 1979;23:83-93.
3. Jergelsma G. Nue anatomische befunde bei paralysis agitans und bei chronischer progessiver chorea.
Neurol Centralbl 1908;27:995-996.
4. Kremer B, Goldberg P, Andrew SE, Theilmann J, Telenius H, Zeisler J, Squitieri F, Lin B, Bassett A,
Almaqvist E, Bird TD, Hayden MR. A worldwide study of Huntington's disease mutation: The
sensitivity and specificity of measuring CAG repeats. New Engl J Med 1994;330:1401-1406.
[PubMed: 8159192]
5. Myers RH, Macdonald ME, Koroshetz WJ, Duyao MP, Ambrose CM, Taylor SAM, Barnes G, Srinidhi
J, Lin CS, Whaley WL, Lazzarini AM, Schwarz M, Wolff G, Bird ED, Vonsattel JPG, Gusella JF. De
novo expansion of a (CAG)n repeat in sporadic Huntington's disease. Nat Genet 1993;5:168-173.
[PubMed: 8252042]
6. Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, Como P, Manning C, Hayden
MR, Shoulson I. The Huntington Study Group, Clinical markers of early disease in persons near onset
of Huntington's disease. Neurology 2001;57:658-662. [PubMed: 11524475]
7. Gomez-Tortosa E, MacDonald ME, Friend JC, Taylor SAM, Weiler LJ, Cupples LA, Srinidhi J,
Gusella JF, Bird ED, Vonsattel JP, Myers RH. Quantitative neuropathological changes in
presymptomatic Huntington's disease. Ann Neurol 2001;49:29-34. [PubMed: 11198293]
8. Kloppel S, Chu C, Tan GC, Draganski B, Johnson H, Paulsen JS, Kienzle W, Tabrizi SJ, Ashburner
J, Frackowiak RSJ. Automatic detection of preclinical neurodegeneration: Presymptomatic
Huntington's disease. Neurology 2009;72:426-431. [PubMed: 19188573]
9. Myers RH, Sax DS, Schoenfeld M, Bird ED, Wolf PA, Vonsattel JP, White RF, Martin JB. Late onset
Huntington's disease. J Neurol Neurosurg Psychiatry 1985;48:530-534. [PubMed: 3159849]
10. Jervis GA. Huntington's chorea in childhood. Arch Neurol 1963;9:244-257. [PubMed: 14049398]
11. Helder DI, Kaptein AA, van Kempen GM, van Houwellingen JC, Roos RAC. Impact of Huntington's
disease on quality of life. Mov Disord 2001;16:325-330. [PubMed: 11295789]

12. Huntington's Disease Collaborative Research Group. A novel gene containing a trinucleotide repeat
that is expanded and unstable on Huntington's disease chromosomes. Cell 1993;72:971-983.
[PubMed: 8458085]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

Page 22

13. Szebenyi G, Morfini GA, Babcock A, Gould M, Selkoe K, Stenoien D, Young M, Faber P, Macdonald
M, McPhaul M. Neuropathogenic forms of huntingtin and androgen receptor inhibit fast axonal
transport. Neuron 2003;40:41-52. [PubMed: 14527432]

14. Trushina E, Heldebrant MP, Perez-Terzic CM, Bortolon R, Kovtun 1V, Badger JD I, Terzic A,
Estévez A, Windebank AJ, Dyer RB, Yao J, McMurray CT. Microtubule destabilization and nuclear
entry are sequential steps leading to toxicity in Huntington's disease. Proc Natl Acad Sci U S A
2003;100:12171-12176. [PubMed: 14527999]

15. Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre J, Rangone H, Cordeliéres F, De Mey J,
MacDonald M, Lepmann V, Humbert S. Huntingtin controls neurotrophic support and survival of
neurons by enhancing BDNF vesicular transport along microtubules. Cell 2004;118:127-138.
[PubMed: 15242649]

16. La Spada AR, Paulson HL, Fischbeck KH. Trinucleotide repeat expansion in neurological disease.
Ann Neurol 1994;36:814-822. [PubMed: 7998766]

17. Ross CA, Wood JD, Schilling G, Peters MF Jr, Nucifora FC, Cooper JK, Sharp AH, Margolis RL,
Borchelt DR. Polyglutamine pathogenesis. Philos Trans R Soc Lond B Biol Sci 1999;354:1005—
1011. [PubMed: 10434299]

18. Bowater RP, Wells RD. The intrinsically unstable life of DNA triplet repeats associated with human
hereditary disorders. Prog Nucleic Acid Res Mol Biol 2001;66:159-202. [PubMed: 11051764]

19. Paulson HL. Protein fate in neurodegenerative proteinopathies: polyglutamine diseases join the (mis)
fold. Am J Hum Genet 1999;64:339-345. [PubMed: 9973270]

20. Jana NR, Zemskov EA, Wang G, Nukina N. Altered proteasomal function due to the expression of
polyglutamine-expanded truncated N-terminal huntingtin induces apoptosis by caspase activation
through mitochondrial cytochrome c release. Hum Mol Genet 2001;10:1049-1059. [PubMed:
11331615]

21. Jana NR, Tanaka M, Wang G, Nukina N. Polyglutamine length-dependent interaction of Hsp40 and
Hsp70 family chaperones with truncated N-terminal huntingtin: their role in suppression of
aggregation and cellular toxicity. Hum Mol Genet 2000;9:2009-2018. [PubMed: 10942430]

22. Chai Y, Koppenhafer SL, Shoesmith SJ, Perez MK, Paulson HL. Evidence for proteasome
involvement in polyglutamine disease: localization to nuclear inclusions in SCA3/MJD and
suppression of polyglutamine aggregation in vitro. Hum Mol Genet 1999;8:673-682. [PubMed:
10072437]

23. Cha JH. Transcriptional dysregulation in Huntington's disease. Trends Neurosci 2000;23:387-392.
[PubMed: 10941183]

24. Preisinger E, Jordan BM, Kazantsev A, Housman D. Evidence for a recruitment and sequestration
mechanism in Huntington's disease. Philos Trans R Soc Lond B Biol Sci 1999;354:1029-1034.
[PubMed: 10434302]

25. DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP, Vonsattel JP, Aronin N. Aggregation of
huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain. Science
1997;277:1990-1993. [PubMed: 9302293]

26. Gutekunst CA, Li SH, Yi H, Mulroy JS, Kuemmerle S, Jones R, Rye D, Ferrante RJ, Hersch SM, Li
XJ. Nuclear and neuropil aggregates in Huntington's disease: relationship to neuropathology. J
Neurosci 1999;19:2522-2534. [PubMed: 10087066]

27. Kuemmerle S, Gutekunst CA, Klein AM, Li X, Li S, Beal MF, Hersch SM, Ferrante RJ. Huntingtin
aggregates may not predict neuronal death in Huntington's disease. Ann Neurol 1999;46:842-849.
[PubMed: 10589536]

28. Beal MF, Ferrante RJ. Experimental therapeutics in transgenic mouse models of Huntington's disease.
Nat Rev Neurosci 2004;5:373-384. [PubMed: 15100720]

29. Rosas HD, Tuch DS, Hevelone ND, Zaleta AK, Vangel M, Hersch SM, Salat DH. Diffusion tensor
imaging in presymptomatic and early Huntington's disease: Selective white matter pathology and its
relationship to clinical measures. Mov Disord 2006;21:1317-1325. [PubMed: 16755582]

30. Rosas HD, Salat DH, Lee SY, Zaleta AK, Pappu V, Fischl B, Greve D, Hevelone ND, Hersch SM.
Cerebral cortex and the clinical expression of Huntington's disease: complexity and heterogeneity.
Brain 2008;131:1057-1068. [PubMed: 18337273]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

31.

32.

33

34.

35

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

Page 23

Hersch, SM.; Rosas, HR.; Ferrante, RJ. Neuropathology and pathophysiology of Huntington's disease.
In: Watts, RL.; Koller, WC., editors. Movement disorders: neurologic principles and practice.
McGraw-Hill; New York: 2004. p. 502-523.

Vonsattel JP, Meyers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr. Neuropathological
classification of Huntington's disease. J Neuropathol Exp Neurol 1985;44:559-577. [PubMed:
2932539]

. Kowall NW, Ferrante RJ, Martin JB. Patterns of cell loss in Huntington's disease. T IN S 1987;10:24—

29.

Ferrante RJ, Beal MF, Kowall NW, Richardson EP Jr, Martin JB. Sparing of acetylcholinesterase-
containing striatal neurons in Huntington's disease. Brain Res 1987;411:162-166. [PubMed:
2955849]

. Ferrante RJ, Kowall NW, Beal MF, Richardson EP Jr, Bird ED, Martin JB. Selective sparing of a

class of striatal neurons in Huntington's disease. Science 1985;230:561-563. [PubMed: 2931802]

Ferrante RJ, Kowall NW, Richardson EP Jr, Bird ED, Martin JB. Topography of enkephalin, substance
P and acetylcholinesterase staining in Huntington's disease striatum. Neurosci Lett 1986;71:283—
288. [PubMed: 2432445]

Bird ED, Iversen LL. Huntington's chorea. Post-mortem measurement of glutamic acid decarboxylase,
choline acetyltransferase and dopamine in basal ganglia. Brain 1974;97:457-472. [PubMed:
4157009]

Reiner A, Albin RL, Anderson KD, D'Amato CJ, Penney JB, Young AB. Differential loss of striatal
projection neurons in Huntington's disease. Proc Natl Acad Sci U S A 1988;85:5733-5737. [PubMed:
2456581]

Bolam JP, Somogyi P, Takagi H, Fodor I, Smith AD. Localization of substance P-like
immunoreactivity in neurons and nerve microscopic study. Neurocytol 1983;12:325-344.

Ferrante RJ, Kowall NW, Beal MF, Martin JB, Bird ED, Richardson EP Jr. Morphologic and
histochemical characteristics of a spared subset of striatal neurons in Huntington's disease. J
Neuropathol Exp Neurol 1987;46:12-27. [PubMed: 2947977]

. Ferrante RJ, Kowall NW, Richardson EP Jr. Proliferative and degenerative changes in striatal spiny

neurons in Huntington's disease: a combined study using the section-Golgi method and calbindin
D28K immunocytochemistry. J Neurosci 1991;11:3877-3887. [PubMed: 1836019]

Graveland GA, Williams RS, DiFiglia M. Evidence for degenerative and regenerative changes in
neostriatal spiny neurons in Huntington's disease. Science 1985;227:770-773. [PubMed: 3155875]

Kim M, Lee HS, LaForet G, Mclntyre C, Martin EJ, Chang P, Kim TW, Williams M, Reddy PH,
Tagle D, Boyce FM, Won L, Heller A, Aronin N, DiFliglia M. Mutant huntingtin expression in clonal
striatal cells: dissociation on inclusion formation and neuronal survival by caspase inhibition. J
Neurosci 1999;19:964-973. [PubMed: 9920660]

Stack EC, Kubilus JK, Smith K, Cormier K, Del Signore SJ, Guelin E, Ryu H, Hersch SM, Ferrante
RJ. Chronology of behavioral symptoms and neuropathological sequela in R6/2 Huntington's disease
transgenic mice. J Comp Neurol 2005;490:354-370. [PubMed: 16127709]

Davies SW, Beardsall K, Turmaine M, DiFiglia M, Aronin N, Bates GP. Are neuronal intranuclear
inclusions the common neuropathology of triplet-repeat disorders with polyglutamine-repeat
expansions? Lancet 1998;351:131-133. [PubMed: 9439509]

Meade CA, Deng YP, Fusco FR, Del Mar N, Hersch S, Goldowitz D, Reiner A. Cellular localization
and development of neuronal intranuclear inclusions in striatal and cortical neurons in R6/2 transgenic
mice. J Comp Neurol 2002;449:241-269. [PubMed: 12115678]

Slow EJ, Osmand RK, Graham AP, Devon RS, Lu G, Deng Y, Pearson J, Vald K, Bissada N, Wetzel
R, Leavitt BR, Hayden MR. Absence of behavioral abnormalities and neurodegeneration in vivo
despite widespread neuronal huntingtin inclusions. Proc Nat Acad Sci 2005;102:11402-11407.
[PubMed: 16076956]

Zhang H, Li Q, Graham RK, Slow E, Hayden MR, Bezprozvanny I. Full length mutant huntingtin is
required for altered Ca signaling and apoptosis of striatal neurons in the YAC mouse model of
Huntington's disease. Neurobiol Dis 2008;31:80-88. [PubMed: 18502655]

Ordway JM, Tallaksen-Greene S, Gutekunst CA, Bernstein EM, Cearley JA, Weiner HW, Dure LS
4th, Lindsey R, Hersch SM, Jope RS, Albin RL, Detloff PJ. Ectopically expressed CAG repeats cause

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

69

70

Page 24

intranuclear inclusions and a progressive late onset neurological phenotype in the mouse. Cell
1997;91:753-763. [PubMed: 9413985]

Klement IA, Skinner PJ, Kaytor MD, Ye H, Hersch SM, Clark HB, Zoghbi HY, Orr HT. Ataxin-1
nuclear localization and aggregation: role in polyglutamine-induced disease in SCAL transgenic
mice. Cell 1998;95:41-53. [PubMed: 9778246]

Sadou F, Finkbeiner S, Devys D, Greenberg ME. Huntingtin acts in the nucleus to induce apoptosis
but death does not correlate with the formation of intranuclear inclusion. Cell 1998;95:55-66.
[PubMed: 9778247]

Sisodia SS. Nuclear inclusions in glutamine repeat disorders: are they pernicious, coincidental, or
beneficial? Cell 1998;95:1-4. [PubMed: 9778239]

Arrasate M, Mitra S, Schweitzer ES, Segal MR, Finkbeiner S. Inclusion body formation reduces
levels of mutant huntingtin and the risk of neuronal death. Nature 2004;431:805-810. [PubMed:
15483602]

Nucifora FC Jr, Sasaki M, Peters MF, Huang H, Cooper JK, Yamada M, Takahashi H, Tsuhi S,
Troncoso J, Dawson VL, Dawson TM, Ross CA, Strittmatter WJ, Greenamyre JT. Interference by
huntingtin and atrophin-1 with CBP-mediated transcription leading to cellular toxicity. Science
2001;291:2423-2428. [PubMed: 11264541]

Bence NF, Sampat RM, Kopito RR. Impairment of the ubiquitin-proteasome system by protein
aggregation. Science 2001;292:1552-1555. [PubMed: 11375494]

Panov AV, Gutekunst CA, Leavitt BR, Hayden MR, Burke JR. Early mitochondrial calcium defects
in Huntington's disease are a direct effect of polyglutamines. Nat Neurosci 2002;5:731-736.
[PubMed: 12089530]

Stack EC, Ferrante RJ. Huntington's disease: progress and potential in the field. Expert Opin Investig
Drugs 2007;16:1933-1953.

Yamamoto A, Lucas JJ, Hen R. Reversal of neuropathology and motor dysfunction in a conditional
model of Huntington's disease. Cell 2000;101:57-66. [PubMed: 10778856]

Lucas DR, Newhouse JP. The toxic effect of sodium L-glutamate on the inner layers of the retina. A
M A Arch Ophthalmol 1957;58:193-201. [PubMed: 13443577]

Rothman S. Synaptic release of excitatory amino acid neurotransmitter mediates anoxic neuronal
death. J Neurosci 1984;4:1884-1891. [PubMed: 6737044]

McGeer EG, McGeer PL. Duplication of biochemical changes of Huntington's chorea by intrastriatal
injection of glutamic and kainic acids. Nature 1976;263:517-519. [PubMed: 9592]

Coyle JT, Schwarcz R. Lesion of striatal neurons with kainic acid provides a model for Huntington's
chorea. Nature 1976;263:244-246. [PubMed: 8731]

Lehrmann E, Guidetti P, Love A, Williamson J, Bertram EH, Schwarcz R. Glial activation precedes
seizures and hippocampal neurodegeneration in measles virus-infected mice. Epilepsia 2008;49:13—
23. [PubMed: 18226168]

Sun Z, Chen Q, Reiner A. Enkephalinergic striatal projection neurons become less affected by
quinolinic acid than substance P-containing striatal projection neurons as rats age. Exp Neurol
2003:1034-1042. [PubMed: 14769398]

Beal MF, Swartz KJ, Finn SF, Mazurek MF, Kowall NW. Neurochemical characterization of
excitotoxin lesions in the cerebral cortex. J Neurosci 1991;11:147-158. [PubMed: 1670782]
Ferrante RJ, Kowall NW, Cipolloni PB, Storey E, Beal MF. Excitotoxin lesions in primates as a model
for Huntington's disease: Histopathologic and neurochemical characterization. Exper Neurol
1993;119:46-71. [PubMed: 8432351]

Beal MF, Kowall NW, Swartz KJ, Ferrante RJ, Martin JB. Systemic approaches to modifying
quinolinic acid striatal lesions in rats. J Neurosci 1988;8:3901-3908. [PubMed: 2461437]

. Beal MF, Ferrante RJ, Swartz KJ, Kowall NW. Chronic quinolinic acid lesions in rats closely resemble

Huntington's disease. J Neurosci 1991;11:1649-1659. [PubMed: 1710657]

. Storey E, Cipolloni PB, Ferrante RJ, Kowall NW, Beal MF. Movement disorder following excitotoxin

lesions in primates. Neuroreport 1994;5:1259-61. [PubMed: 7919178]

. Nihei K, Kowall NW. Neurofilament and neural cell adhesion molecule immunocytochemistry of

Huntington's disease striatum. Ann Neurol 1992;31:59-63. [PubMed: 1531909]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

Page 25

Young AB, Greenamyre JT, Hollingsworth Z, Albin R, D'Amato C, Shoulson I, Penney JB. NMDA
receptor losses in putamen from patients with Huntington's disease. Science 1988;241:981-983.
[PubMed: 2841762]

McGeer EG, McGeer PL, Singh K. Kainate-induced degeneration of neostriatal neurons: dependency
upon corticostriatal tract. Brain Res 1978;139:381-383. [PubMed: 146535]

Biziere K, Coyle JT. Effects of cortical ablation on the neurotoxicity and receptor binding of kainic
acid in striatum. J Neurosci Res 1979;4:383-398. [PubMed: 42811]

Meldrum A, Dunnett SB, Everitt BJ. Role of corticostriatal and nigrostriatal inputs in malonate-
induced striatal toxicity. Neuroreport 2001;12:89-93. [PubMed: 11201098]

Maragos WF, Jakel RJ, Pang Z, Geddes JW. 6-Hydroxydopamine injections into the nigrostriatal
pathway attenuate striatal malonate and 3-nitropropionic acid lesions. Exp Neurol 1998;154:637—
644. [PubMed: 9878198]

Reynolds DS, Carter RJ, Morton AJ. Dopamine modulates the susceptibility of striatal neurons to 3-
nitropropionic acid in the rat model of Huntington's disease. J Neurosci 1998;18:10116-10127.
[PubMed: 9822765]

Jakel RJ, Maragos WF. Neuronal cell death in Huntington's disease: a potential role for dopamine.
Trends Neurosci 2000;23:239-245. [PubMed: 10838590]

Albin R, Greenamyre JT. Alternative excitotoxic hypotheses. Neurology 1992;42:733-738.
[PubMed: 1314341]

Beal MF. Does impairment of energy metabolism result in excitotoxic neuronal death in
neurodegenerative illnesses? Ann Neurol 1992;31:119-130. [PubMed: 1349466]

Olney, JW. Neurotoxicity of excitatory amino acids. In: Olney, JW.; McGeer, RL., editors. Kainic
acid as a tool in neurobiology. Raven Press; New York: 1978. p. 95-122.

Novelli A, Reilly JA, Lysko PG, Henneberry RC. Glutamate becomes neurotoxic via the N-methyl-
D-aspartate receptor when intracellular energy levels are reduced. Brain Res 1988;451:205-212.
[PubMed: 2472189]

Zeevalk GD, Nicklas WJ. Mechanisms underlying initiation of excitotoxicity associated with
metabolic inhibition. J Pharmacol Exp Ther 1991;257:870-878. [PubMed: 1851840]

Brennan WA Jr, Bird ED, Aprille JR. Regional mitochondrial respiratory activity in Huntington's
disease brain. J Neurochem 1985;44:1948-1950. [PubMed: 2985766]

Parker WD Jr, Boyson SJ, Luder AS, Parks JK. Evidence for a defect in NADH ubiquinone
oxidoreductase (complex I) in Huntington's disease. Neurology 1990;40:1231-1234. [PubMed:
2143271]

Mann VM, Cooper JM, Javoy-Agid F, Agid F, Jenner P, Schapira AHB. Mitochondrial function and
parental sex effect in Huntington's disease. Lancet 1990;336:749. [PubMed: 1975918]

Browne SE, Beal MF. Oxidative damage and mitochondrial dysfunction in neurodegenerative
diseases. Biochem Soc Trans 1994;22:1002-1006. [PubMed: 7698395]

Mettler FA. Choreoathetosis and striopallidal necrosis due to sodium azide. Exp Neurol 1972;34:291—
308. [PubMed: 4622699]

Beal MF, Swartz KJ, Hyman BT, Storey E, Finn SF, Koroshetz W. Aminooxyacetic acid results in
excitotoxin lesions by a novel indirect mechanism. J Neurochem 1991;57:1068-1073. [PubMed:
1830613]

Storey E, Hyman BT, Jenkins B, Brouillet E, Miller JM, Rosen BR, Beal MF. 1-Methyl-4-
phenylpyridinium produces excitotoxic lesions in rat striatum as a result of impairment of oxidative
metabolism. J Neurochem 1992;58:1975-1978. [PubMed: 1560246]

Schulz JB, Henshaw DR, Siwek D, Jenkins BG, Ferrante RJ, Cipolloni PB, Kowall NW, Rosen BR,
Beal MF. Involvement of free radicals in excitotoxicity in vivo. J Neurochem 1995;64:2239-2247.
[PubMed: 7536809]

Henshaw R, Jenkins BG, Schulz JB, Ferrante RJ, Kowall NW, Rosen BR, Beal MF. Malonate
produces striatal lesions by indirect NMDA receptor activation. Brain Res 1994;647:161-166.
[PubMed: 8069700]

Ludolph AC, He F, Spencer PS, Hammerstad J, Sabri M. 3-Nitropropionic acid-exogenous animal
neurotoxin and possible human striatal toxin. Can J Neurol Sci 1991;18:492-498. [PubMed:
1782616]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

Page 26

93. Alston TA, Mela L, Bright HJ. 3-Nitropropionate, the toxic substance of Indigofera, is a suicide
inactivator of succinate dehydrogenase. Proc Natl Acad Sci U S A 1977;74:3767-3771. [PubMed:
269430]

94. Ludolph AC, Seelig M, Ludolph A. 3-Nitropropionic acid decreases cellular energy levels and causes
neuronal degeneration in cortical explants. Neurodegeneration 1992;1:151-161.

95. Beal MF, Brouillet E, Jenkins BG, Ferrante RJ, Kowall NW, Miller JM, Storey E, Srivastava R, Rosen
BR, Hyman BT. Neurochemical and histologic characterization of striatal excitotoxic lesions
produced by the mitochondrial toxin 3-nitropropionic acid. J Neurosci 1993;13:4181-4192.
[PubMed: 7692009]

96. Brouillet E, Jenkins BG, Hyman BT, Ferrante RJ, Kowall NW, Srivastava R, Roy DS, Rosen BR,
Beal MF. Age-dependent vulnerability of the striatum to the mitochondrial toxin 3-nitropropionic
acid. J Neurochem 1993;60:356-359. [PubMed: 8417157]

97.Sun Z, Xie J, Reiner A. The differential vulnerability of striatal projection neurons in 3-nitropropionic
acid-treated rats does not match that typical of adult-onset Huntington's disease. Exp Neurol
2002;176:55-65. [PubMed: 12093082]

98. Blum D, Galas MC, Gall D, Cuvelier L, Schiffmann SN. Striatal and cortical neurochemical changes
induced by chronic metabolic compromise in the 3-nitropropionic model of Huntington's disease.
Neurobiol Dis 2002;10:4104-26.

99. Crossman AR. Primate models of dyskinesia: The experimental approach to the study of basal ganglia-
related involuntary movement. Neurosci 1987;21:1-40.

100. Crossman AR, Mitchell 13, Sambrook MA, Jackson A. Chorea and myoclonus in the monkey induced
by gamma-aminobutyric acid antagonism in the lentiform complex. Brain 1988;111:1211-1233.
[PubMed: 3179691]

101. DeLong MR. Primate models of movement disorders of basal ganglia origin. T I N S 1990;13:281—
285.

102. Alexi T, Hughes PE, Knlsel B, Tobin AJ. Metabolic compromise with systemic 3-nitropropionic
acid produces striatal apoptosis in Sprague-Dawley rats but not in BALB/c ByJ mice. Exp Neurol
1998;153:74-93. [PubMed: 9743569]

103. Brouillet E, Guyot MC, Mittoux V, Altairac S, Conde F, Palfi S, Hantraye P. Partial inhibition of
brain succinate dehydrogenase by 3-nitropropionic acid is sufficient to initiate striatal degeneration
in rat. J Neurochem 1998;70:794-805. [PubMed: 9453576]

104. Bizat N, Hermel JM, Humbert S, Jacquard C, Créminon C, Escartin C, Saudou F, Krajewski S,
Hantraye P, Brouillet E. In vivo calpain/caspase crosstalk during 3-nitropropionic acid-induced
striatal degeneration: implication of calpain-mediated cleavage of active caspase-3. J Biol Chem
2003;278:43245-43253. [PubMed: 12917435]

105. Schulz JB, Matthews RT, Jenkins BG, Ferrante RJ, Siwek D, Henshaw DR, Cipolloni PB, Mecocci
P, Kowall NW, Rosen BR. Blockade of neuronal nitric oxide synthase protects against excitotoxicity
in vivo. J Neurosci 1995;15:8419-8429. [PubMed: 8613773]

106. Guyot MC, Hantraye P, Dolan R, Palfi S, Maziére M, Brouillet E. Quantifiable bradykinesia, gait
abnormalities and Huntington's disease-like striatal lesions in rats chronically treated with 3-
nitropropionic acid. Neuroscience 1997;79:45-56. [PubMed: 9178864]

107. Brouillet E, Jacquard C, Bizat N, Blum D. 3-Nitropropionic acid: a mitochondrial toxin to uncover
physiopathological mechanisms underlying striatal degeneration in Huntington's disease. J
Neurochem 2005;95:1521-1540. [PubMed: 16300642]

108. Gabrielson KL, Hogue BA, Bohr VA, Cardounel AJ, Nakajima W, Kofler J, Zweier JL, Rodriguez
ER, Martin LJ, de Souza-Pinto NC, Bressler J. Mitochondrial toxin 3-nitropropionic acid induces
cardiac and neurotoxicity differentially in mice. Am J Pathol 2001;159:1507-1520. [PubMed:
11583977]

109. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton M, Trottier
Y, Lehrach H, Davies SW, Bates GP. Exon | of the HD gene with an expanded CAG repeat is
sufficient to cause a progressive neurological phenotype in transgenic mice. Cell 1996;87:493-506.
[PubMed: 8898202]

110. Jenkins NA, Schilling G, Copeland NG, Becher MW, Price DL, Sharp AH, Jinnah HA, Ross CA,
Borchelt DR, Duan K, Kotzuk JA, Slunt HH, Ratovitski T, Cooper JK. Intranuclear inclusions and

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Page 27

neuritic aggregates in transgenic mice expressing a mutant N-terminal fragment of huntingtin. Hum
Mol Genet 1999;8:397-407. [PubMed: 9949199]

Laforet GA, Sapp E, Chase K, Mclintyre C, Boyce FM, Campbell M, Cadigan BA, Warzecki L,
Tagle DA, Reddy PH, Cepeda C, Calvert CR, Jokel ES, Klapstein GJ, Ariano MA, Levine MS,
DiFiglia M, Aronin N. Changes in cortical and striatal neurons predict behavioral and
electrophysiological abnormalities in a transgenic murine model of Huntington's disease. J Neurosci
2001;21:9112-9123. [PubMed: 11717344]

White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF, Joyner AL, MacDonald ME.
Huntingtin is required for neurogenesis and is not impaired by the Huntington's disease CAG
expansion. Nat Genet 1997;17:404-410. [PubMed: 9398841]

Wheeler VC, Auerbach W, White JK, Srinidhi J, Auerbach A, Ryan A, Duyao MP, Vrbanac V,
Weaver M, Gusella JF, Joyner AL, MacDonald ME. Length-dependent gametic CAG repeat
instability in the Huntington's disease knock-in mouse. Hum Mol Genet 1999;8:115-122. [PubMed:
9887339]

Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L, Lewandoski M, Ennis M, Ramirez
L, Li Z, lannicola C, Littman DR, Myers RM. A Huntington's disease CAG expansion at the murine
Hdh locus is unstable and associated with behavioural abnormalities in mice. Hum Mol Genet
1999;8:763-774. [PubMed: 10196365]

Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M, Li XJ, Li SH, Yi H, Vonsattel JP,
Gusella JF, Hersch SM, Auerbach W, Joyner AL, MacDonald ME. Long glutamine tracts cause
nuclear localization of a novel form of huntingtin in medium spiny striatal neurons in HdhQ92 and
HdhQ111 knock-in mice. Hum Mol Genet 2000;9:503-513. [PubMed: 10699173]

Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, Ren S, Li XJ, Albin
RL, Detloff PJ. Neurological abnormalities in a knock-in mouse model of Huntington's disease.
Hum Mol Genet 2001;10:137-144. [PubMed: 11152661]

Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF. Time course of early motor and
neuropathological anomalies in a knock-in mouse model of Huntington's disease with 140 CAG
repeats. J Comp Neurol 2003;465:11-26. [PubMed: 12926013]

Heng MY, Tallaksen-Greene SJ, Detloff PJ, Albin RL. Longitudinal evaluation of the Hdh(CAG)
150 knock-in murine model of Huntington's disease. J Neurosci 2007;27:8989-8998. [PubMed:
17715336]

Hodgson JG, Smith DJ, McCutcheon K, Koide HB, Nishiyama K, Dinulos MB, Stevens ME, Bissada
N, Nasir J, Kanazawa I, Disteche CM, Rubin EM, Hayden MR. Human huntingtin derived from
YAC transgenes compensates for loss of murine huntingtin by rescue of the embryonic lethal
phenotype. Hum Mol Genet 1996;5:1875-1885. [PubMed: 8968738]

Reddy PH, Williams M, Charles V, Garett L, Pike-Buchanan L, Whetsell WO Jr, Miller G, Tagle
DA. Behavioural abnormalities and selective neuronal loss in HD transgenic mice expressing
mutated full-length HD cDNA. Nat Genet 1998:198-202. [PubMed: 9771716]

Hersch SM, Ferrante RJ. Translating therapies for Huntington's disease from genetic animal models
to clinical trials. NeuroRx 2004;1:298-306. [PubMed: 15717031]

Hannan AJ. Molecular mediators, environmental modulators and experience-dependent synaptic
dysfunction in Huntington's disease. Acta Biochim Pol 2004;51:415-430. [PubMed: 15218539]
Ryu H, Rosas HD, Hersch SM, Ferrante RJ. The therapeutic role of creatine in Huntington's disease.
Pharmacology and Ther 2005;108:193-207.

Higgins DS, Hoyt KR, Baic C, Vensel J, Sulka M. Metabolic and glutamatergic disturbances in the
Huntington's disease transgenic mouse. Ann N 'Y Acad Sci 1999;893:298-300. [PubMed:
10672253]

Luesse HG, Schiefer J, Spruenken A, Puls C, Block F, Kosinski CM. Evaluation of R6/2 HD
transgenic mice for therapeutic studies in Huntington's disease: behavioral testing and impact of
diabetes mellitus. Behav Brain Res 2001;126:185-195. [PubMed: 11704263]

Rebec GV, Barton SJ, Ennis MD. Dysregulation of ascorbate release in the striatum of behaving
mice expressing the Huntington's disease gene. J Neurosci 2002;22:1-5. [PubMed: 11756482]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Page 28

Bolivar VJ, Manley K, Messer A. Exploratory activity and fear conditioning abnormalities develop
early in R6/2 Huntington's disease transgenic mice. Behav Neurosci 2003;117:1233-1242.
[PubMed: 14674843]

Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov M, Matson WR, Yang L,
Jenkins BG, Luthi-Carter R, Kowall NW, Hersch SM, Beal MF, Ferrante RJ. Neuroprotective
Effects of Synaptic Modulation in Huntington's Disease. J Neurosci 2007;27:12908-12915.
[PubMed: 18032664]

Naver B, Stub C, Maller M, Fenger K, Hansen AK, Hasholt L, Sgrensen SA. Molecular and
behavioral analysis of the R6/1 Huntington's disease transgenic mouse. Neuroscience
2003;122:1049-1057. [PubMed: 14643771]

Hansson O, Petersén A, Leist M, Nicotera P, Castilho RF, Brundin P. Transgenic mice expressing
a Huntington's disease mutation are resistant to quinolinic acid-induced striatal excitotoxicity. Proc
Natl Acad Sci U S A 1999;96:8727-8732. [PubMed: 10411943]

Hansson O, Guatteo E, Mercuri NB, Bernardi G, Li XJ, Castilho RF, Brundin P. Resistance to
NMDA toxicity correlates with appearance of nuclear inclusions, behavioural deficits and changes
in calcium homeostasis in mice transgenic for exon 1 of Huntington gene. Eur J Neurosci
2001;14:1492-1504. [PubMed: 11722611]

Hickey MA, Reynolds GP, Morton AJ. The role of dopamine in motor symptoms in the R6/2
transgenic mouse model of Huntington's disease. J Neurochem 2002;81:46-59. [PubMed:
12067237]

Petersen A, Chase K, Puschban Z, DiFiglia M, Brundin P, Aronin N. Maintenance of susceptibility
to neurodegeneration following intrastriatal injections of quinolinic acid in a new transgenic mouse
model of Huntington's disease. Exp Neurol 2002;175:297-300. [PubMed: 12009780]

Petersen A, Puschban Z, Lotharius J, NicNiocaill B, Wiekop P, O'Connor WT, Brundin P. Evidence
for dysfunction of the nigrostriatal pathway in the R6/1 line of transgenic Huntington's disease mice.
Neurobiol Dis 2002;11:134-146. [PubMed: 12460553]

Bogdanov MB, Ferrante RJ, Klivenyi P, Beal MF. Increased vulnerability to 3-nitropropionic acid
in an animal model of Huntington's disease. J Neurochem 1998;71:2642-2644. [PubMed: 9832167]
McLin JP, Thompson LM, Steward O. Differential susceptibility to striatal neurodegeneration
induced by quinolinic acid and kainate in inbred-outbred and hybrid mouse strains. Eur J Neurosci
2006;24:3134-3140. [PubMed: 17156374]

Hansson O, Castilho RF, Korbonen L, Linholm D, Bates GP, Brundin P. Partial resistance to
malonate-induced striatal cell death in transgenic mouse models of Huntington's disease is
dependent on age and CAG repeat length. J Neurochem 2001;78:694—703. [PubMed: 11520890]
Ramaswamy S, McBride JL, Zhou L, Han I, Berry-Kravis EM, Herzog CD, Gasmi M, Partus RT,
Kordower JH. Cognitive deficits in the N171-82Q transgenic mouse model of Huntington's disease,
Cell Transplant. Special issue for the American Society for Neural Therapy and Repair.

Yu ZX, Li SH, Evans J, Pillarisetti A, Li H, Li XJ. Mutant huntingtin causes context-dependent
neurodegeneration in mice with Huntington's disease. J Neurosci 2003;15:2193-2202. [PubMed:
12657678]

McBride JL, Ramaswamy S, Gasmi M, Bartus RT, Herzog CD, Brandon EP, Zhou L, Pitzer MR,
Berry-Kravis EM, Kordower JH. Viral delivery of glial cell line-derived neurotrophic factor
improves behavior and protects striatal neurons in a mouse model of Huntington's disease. Proc
Natl Acad Sci U S A 2006;103:9345-9350. [PubMed: 16751280]

Brustovetsky N, LaFrance R, Purl KJ, Brustovetsky T, Keene CD, Low WC, Dubinsky JM. Age-
dependent changes in the calcium sensistivity of striatal mitochondria in mouse models of
Huntington's disease. J Neurochem 2005;93:1361-1370. [PubMed: 15935052]

Wheeler V, Gutekunst CA, Vrbanac V, Lebel LA, Schilling G, Hersch S, Friedlander RM, Gusella
JF, Vonsattel JP, Borchelt DR, McDonald ME. Early pjenotypes that presage late-onset
neurodegenerative disease allow testing of modifiers on Hdh CAG knock-in mice. Human Mol Gen
2002;11:633-640.

Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S, Levine MS, Chesselet MF. Extensive
early motor and non-motor behavioral deficits are followed by striatal neuronal loss in knock-in
Huntington's disease mice. Neurosci 2008;157:280-295.

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

144.

Page 29

Foran E, Del Signore SJ, Markey A, Matson S, Smith K, Cormier K, Stack EC, Hersch SM, Ryu H,
Ferrante RJ. Dose ranging and efficacy study of high-dose creatine in Huntington's disease mouse
models. Society for Neuroscience Abstracts. 2006

145. Talaksen-Greene SJ, Crouse AB, Hunter JM, Detloff PJ, Albin RL. Neuronal internuclear inclusions

146.

147.

148.

149.

150.

151.

and neuropil aggregates in HdhCAG(150) knockin mice. Neurosci 2005;131:843-852.

Hodgson JG, Agopyan N, Gutekunst CA, Leavitt BR, Lepiane F, Singaraja R, Smith DJ, Bissada
N, McCutcheon K, Nasir J, Jarnot L, Li XJ, Stevens ME, Rosemond E, Roder JC, Phillips AG,
Rubin EM, Hersch SM, Hayden MR. A YAC mouse model for Huntington's disease with full-length
mutant huntingtin, cytoplasmic toxicity, and selective striatal neurodegeneration. Neuron
1999;23:181-192. [PubMed: 10402204]

Slow EJ, van Raamsdonk JM, Rogers D, Coleman SH, Graham RK, Deng Y, Oh R, Bissada N,
Hossain SM, Yang YZ, Li XJ, Simpson EM, Gutekunst CA, Leavitt BR, Hayden MR. Selective
striatal neuronal loss in a YAC128 mouse model of Huntington disease. Hum Mol Genet
2003;12:1555-1567. [PubMed: 12812983]

Van Raamsdonk JM, WArby SC, Hayden MR. Selective degeneration in YAC mouse models of
Huntington's disease. Brain Res Bull 2007;72:124-131. [PubMed: 17352936]

Zeron MM, Hansson O, Chen N, Wellington CL, Leavitt BR, Brundin P, Hayden MR, Raymond
LA. Increased sensitivity to N-methyl-Daspartate receptor-mediated excitotoxicity in a mouse
model of Huntington's disease. Neuron 2002;33:849-860. [PubMed: 11906693]

Fernandes HB, Baimbridge KG, Church J, Hayden MR, Raymond LA. Mitochondrial sensitivity
and altered calcium handling underlie enhanced NMDA-induced apoptosis in YAC128 model of
Huntington's disease. J Neurosci 2007;27:13614-13623. [PubMed: 18077673]

Gray M, Shirasaki DI, Cepeda C, Andre VM, Wilburn B, Lu XH, Tao J, Yamazaki I, Li SH, Sun
YE, Li XJ, Levine MS, Yang XW. Full-length human mutant huntingtin with a stable polyglutamine
repeat can elicit progressive and selective neuropathogenesis in BACHD mice. J Neurosci
2008;28:6182—6195. [PubMed: 18550760]

152. von Hérsten S, Schmitt I, Nguyen HP, Holzmann C, Schmidt T, Walther T, Bader M, Pabst R, Kobbe

153.

154.

155.

156.

157.

158.

P, Krotova J. D. Transgenic rat model of Huntington's disease. Hum Mol Genet 2003;12:617-624.
[PubMed: 12620967]

Nguyen HP, Kobbe P, Rahne H, Worpel T, Jager B, Stephan M, Pabst R, Holzmann C, Riess O,
Korr H, Kéantor O, Petrasch-Parwez E, Wetzel R, Osmand A, von Hoérsten S. Behavioral
abnormalities precede neuropathological markers in rats transgenic for Huntington's disease. Hum
Mol Genet 2006;15:3177-3194. [PubMed: 16984963]

de Almeida LP, Ross CA, Zala D, Aebischer P, Déglon N. Lentiviral-mediated delivery of mutant
huntingtin in the striatum of rats induces a selective neuropathology modulated by polyglutamine
repeat size, huntingtin expression levels, and protein length. J Neurosci 2002;22:3473-3483.
[PubMed: 11978824]

Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng EC, Snyder B, Larkin K, Liu
J, OrkinJ, Fang ZH, Smith Y, Bachevalier J, Zola SM, Li SH, Li XJ, Chan AW. Towards a transgenic
model of Huntington's disease in a non-human primate. Nature 2008;453:921-924. [PubMed:
18488016]

Dedeoglu A, Kubilus JK, Jeitner TM, Matson SA, Bogdanov M, Kowall NW, Matson WR, Cooper
AJL, Ratan RR, Beal MF, Hersch SM, Ferrante RJ. Therapeutic effects of cystamine in a murine
model of huntington's disease. J Neurosci 2002;22:8942-8950. [PubMed: 12388601]

Hersch SM, Gevorkian S, Marder K, Moskowitz C, Feigin A, Cox M, Como P, Zimmerman C, Lin
M, Zhang L, Ulug AM, Beal MF, Matson W, Bogdanov M, Ebbel E, Zaleta A, Kaneko Y, Jenkins
B, Hevelone N, Zhang Z, Yu H, Schoenfeld D, Ferrante RJ, Rosas HD. Creatine in Huntington
disease is safe, tolerable, bioavailable in brain and reduces serum 80H2'dG. Neurology
2006;66:250-252. [PubMed: 16434666]

Smith KM, Matson S, Matson W, Cormier K, Hagerty SW, Del Signore S, Stack EC, Ryu H, Ferrante
RJ. Dose ranging and efficacy study of high-dose coenzyme Q1q formulations in Huntington's
disease mice. Biochim Biophys Acta 2006;1762:616-626. [PubMed: 16647250]

159. Weiss A, Klein C, Woodman B, Sathasivam K, Bibel M, Regulier E, Bates GP, Paganetti P. Sensitive

biochemical aggregate detection reveals aggregation onset before symptom development in cellular
and murine models of Huntington's disease. J Neurochem 2008;104:846-858. [PubMed: 17986219]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrante

160.

161.

162.

163.

164.

165.

166.

167.

Page 30

Hickey MA, Gallant K, Gross GG, Levine MS, Chesselet MF. Early behavioral deficits in R6/2
mice suitable for use in preclinical drug testing. Neurobiol Dis 2005;20:1-11. [PubMed: 16137562]

Hockly E, Cordery PM, Woodman B, Mahal A, Van Dellen A, Blakemore C, Lewis CM, Hannan
AJ, Bates GP. Environmental enrichment slows disease progression in R6/2 Huntington's disease
mice. Ann Neurol 2002;51:235-242. [PubMed: 11835380]

Van Raamsdonk JM, Pearson J, Slow EJ, Hossain SM, Leavitt BR, Hayden MR. Cognitive
dysfunction precedes neuropathology and motor abnormalities in the YAC128 mouse model of
Huntington's disease. J Neurosci 2005;25:4169-4180. [PubMed: 15843620]

Morton AJ, Hunt MJ, Hodges AK, Lewis PD, Redfern AJ, Dunnett SB, Jones L. A combination
drug therapy improves cognition and reverses gene expression changes in a mouse model of
Huntington's disease. Eur J Neurosci 2005;21:855-870. [PubMed: 15787692]

Rogers DC, Jones DN, Nelson PR, Jones CM, Quilter CA, Robinson TL, Hagan JJ. Use of SHIRPA
and discriminant analysis to characterise marked differences in the behavioural phenotype of six
inbred mouse strains, Behav. Brain Res 1999;105:207-217.

Rogers DC, Peters J, Martin JE, Ball S, Nicholson SJ, Witherden AS, Hafezparast M, Latcham J,
Robinson TL, Quilter CA, Fisher EMC. SHIRPA, a protocol for behavioral assessment: validation
for longitudinal study of neurological dysfunction in mice. Neurosci Lett 2001;306:89-92.
[PubMed: 11403965]

Dedeoglu A, Kubilus JK, Yang L, Ferrante KL, Hersch SM, Beal MF, Ferrante RJ. Creatine therapy
provides neuroprotection after onset of clinical symptoms in Huntington's disease transgenic mice.
J Neurochem 2003;85:1359-1367. [PubMed: 12787055]

Ferrante RJ, Kubilus JK, Lee J, Ryu H, Beesen A, Zucker B, Smith K, Kowall NW, Ratan RR, Luthi-
Carter R, Hersch SM. Histone deacetylase inhibition by sodium butyrate chemotherapy ameliorates
the neurodegenerative phenotype in Huntington's disease mice. J Neurosci 2003;23:9418-9427.
[PubMed: 14561870]

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



Page 31

Ferrante

'SS0| UOINAU [eIeLIS "suoisnjoul unbununy

‘syiuow QT Aq seisauiysAp
peaH ‘syluow T Aq sioyap aamubod
‘syuow yz Aq ssoj 1ybram Apoq jueaiyiubis

GET'VET pawodal suou pue juawabie|us JejnotuanladAH Yum ‘syauowl g Aq auljosp poselos anlssaifold 15 ey oluabsuel |
'SH98M 9T
Aq aouasaid ayebalbbe unbununy pue ‘ssoj "SY89M T 1e SHI1ap
8zT pue Aydoue uoinau [elerns ‘yuawsabiejus azew Jarepn syeam TT Aq Buidse|d quij pue
‘)21'921'86 sAep 08T-0ET JepnotiuaniadAy ‘Aydose urelq ssolo ‘sHolgep aouewloylad Jojo ssoj ybiam Apog Z8 asnow OZ8-T/IN
's|ana| aulwedop paonpay 'sAep 06
1e sisoljfoisy ‘T Aep 1e Builiels uolrew.oy
a1ebalbbe unbununy aaissaibold ‘sAep salagelq ‘saInziss
06 Aq sso] Jeuodnau yum Aydoure jeuoinau 'syj9am G Aq sabueyd poueloy "Ajaainoadsal
anIssalboud Juawabirejua JejnoLiuaniadAy ‘S)eam TT pue 6 Aq aouew.opiad quiijaloy pue
yum sAep 09 Aq Aydouie urelq ssoi quiipuly paonpay ‘s}eem 6-8 Aq ssoj 1ybram
TTT'L6 SY93M 8T-2T 'skep 0g 1e sso] JyBlam ureiq Juealiubls Apog "sxaam g Aq Burdse|d quit ynm eluoisAq 0ST-7¥7T asnow z/94
'sjana] aulwedop ‘paanpay ‘sypuow g e
jussaid ate sajebaibbe unbununy ussaid ‘syuowl
S SSO| [euoJnau jou Ing AydoJre [euoinaN G- Je Sanjewloude aouew.oyiad J0JON
61T'L6 syluow +gt 'S%9am 8T AQ aWN|OA Ulelq paonpay "S9am zz 1e sso| ybiram Apoq 1ueaiiubis 917 asnow T/94
S30UdJ89Y [eAIAINS AbojoyredoinaN sabueyd [edoineyag 1eadal OvYD |8POIN 1UBPOY

NIH-PA Author Manuscript

dH UewnH 0 S|apojAl Juswibea [euiwas-N

Ta|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.



Page 32

Ferrante

"891w snobAzowoy

Ul $)j9am 00T Ag awnjoA pue eAseyiiad

u0JNau [eleLs JO SSOT "S)dam 9g 1e sisoljfolise
3AI10BIY 'SHIIM /€ 1B SUOISN|dUl JBajoNN

'Syj9am 00T-0/ Aq aouejeq
wieaq pue ‘)reb ‘poueios uo siolyep

90T'v0T ueds 8y [ewou "Sy9am gz 1e AllAnoealounwwi unbununy [ereins aouewloyiad 1010 $so| ybiam Apog 0ST 0STOVD
EEEI
'SSO| [eUOJNaN ‘syluow g 8v Aq sanifew.oude 1e9 'syasm g1 Aq
Aq Buieis Auanoe unbununy asnyip Yum ‘syiuow AiAnoeladAy pasealsour Ylm syaam 7 Je
62T'S0T ueds a1 [ewlou 8 Aq juasaid aue sayebaibbe ‘jidoinau pue JesjonN AinnoeladAy feniuy “ssoj ybiam Apog ovT orTOVI
's)eam 96 Aq Juasaid sisoljBoaisy ‘syeam g9
Aq sayebalbbe 1doinau pue syaam g Aq suoisnjoul
€01 ueds aj1j euiou 1e919NU UM $>498M 9 Ag ANAIdR URBURUNY 8SNYIA 'S>19M 96 Aq JusWredw! e TTT-60T TTTOUPH
sygam 96 Aq sarebaibbe
Jeajonu yum sxaam gz Aq serebalbbe unbununH ‘Juawiredwi poeloy
20T ueds 81| [ewou 's1501160.3Se 9A110B3I JO SSO| [eUOINBU ON 'ss0] yBi1am ON "Joineyaq anIssaIBby 08-2. 08-2.O/PH
S30UdJ8)9Y [eAIAINS ABojoyredoinaN sabueyd [eJoineyag 1eadal YD |8POIN 1UBPOY

Biochim Biophys Acta. Author manuscript; available in PMC 2010 June 1.

AH O SI3POIAl 3SNOIA UI-XI0UD]
¢ 9|gel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



