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Abstract

A milestone in Huntington’s disease (HD) research is represented by the identification of the
causative gene. With the genetics at hand, a series of transgenic cellular and animal models has been
developed, which has greatly contributed to understanding of HD. All these models are described in
this review, and are compared to each other, along with the information they have generated.
Although the mechanism by which progressive loss of striatal neurons occurs in HD remains uncer-
tain, hypotheses on mutant huntingtin toxicity involve impaired vescicular trafficking, transcrip-
tional dysregulation, and/or activation of apoptotic pathways. The development of inducible HD
mice has shown that neurodegeneration in HD may be at least partially blocked. Although tradition-
ally considered a “gain-of-function” disease, the recent finding that normal huntingtin has an impor-
tant role in neuronal survival suggests that loss of function of the normal protein might contribute to
HD as well, also discloseing new perspectives on the therapeutical approach to the pathology.

Index Entries: Huntingtin; models; caspases; Huntington’s Disease; apoptosis.

Introduction

Huntington’s disease (HD) is an inherited
neurodegenerative disease, mainly affecting
striatal and cortical neurons. The cause of the
disease has been identified in the expansion of
a stretch of CAG repeats in the coding region
of the gene for huntingtin, a 348-kDa protein
whose function has only begun to be eluci-
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dated. The disease, which is greatly disabling,
progressive, and leading to death, has a high
prevalence in the Caucasian population, affect-
ing 4-10/100,000 individuals.

After the gene responsible for HD was iden-
tified in 1993, great progress has been made in
understanding of pathology, thanks to the con-
siderable number of more precise animal and
cellular transgenic models that have been gen-
erated. However, despite a decade of intense
research in the field, crucial questions remain:
why are selected subpopulations of neurons
affected? What are normal and pathological
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huntingtin doing in those cells? What strate-
gies should be developed to fight the disease?
Every month new data and information on the
genetics, biology, biochemistry, and physiol-
ogy of HD appear as pieces of a complex puz-
zle. The authors try to put them together, to
give an overview of the state-of-the-art in this
tield, summarizing, at the same time, the ani-
mal and cellular models that help in compos-
ing this puzzle.

Clinical and Neuropathological
Features of HD

HD is characterized by motor, cognitive, and
behavioral dysfunction. Motor symptoms are
the most peculiar feature of the disease,
although the pattern of symptoms and their
progression may vary among affected individ-
uals. Patients usually show involuntary chor-
eic movements and impaired control of
voluntary motor functions. With disease pro-
gression, rigidity, bradykinesia, and dystonia
usually supersede chorea. There is general
agreement in considering the disease onset as
the time when motor symptoms begin, which
is, on an average, at the age of 3540 yr. Yet, as
symptoms begin insidiously, the exact assess-
ment of the disease onset is sometimes prob-
lematic (1-4).

Recently, deficits in the control of skilled arm
movements, and in the ability to accurately
point at targets, have been identified in
presymptomatic patients, up to 7 yr before the
predicted onset of clinical symptoms (5).
Hence, the question arises as to whether HD is
really a late-onset disease, or rather does it
become evident only when symptomatology
has already progressed to a late stage. In the
latter case, therapy, used when the disease is
not yet advanced, would surely produce the
highest benefits.

Weight loss is another consistent feature of
HD, but the underlying cause is not clear (6-9).

Long expansion of the CAG repeats results
in juvenile onset of HD, and a symptomatol-
ogy that is usually more severe and often char-
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acterized by different hallmarks than adult-
hood-onset HD, such as rigidity, tremor, and
epileptic seizures (10,11).

HD symptomatology correlates well with the
neuropathology, the most striking feature (but
not the only one) being a dramatic loss of neu-
rons and astrogliosis in the striatum (12), with a
reduction up to 60% of the striatal volume.
Gamma-aminobutyric acid-ergic, medium-
sized, spiny neurons, projecting to substantia
nigra and globus pallidus, are selectively
affected, with a preferential loss of the neuronal
subpopulation expressing enkephalin and D2
receptor, at least in the early stages of HD
(13-15).

Cortical atrophy is another prominent fea-
ture in HD neuropathology, with the more pro-
nounced degeneration occurring in layers III,
V, and VI (16,17), though brain regions may
show signs of the disease (12,18).

Although HD mainly affects the central ner-
vous system (CNS), minor effects on other sys-
tems may be present. Indeed, abnormal
skeletal muscle energy metabolism has been
observed, caused by a deficit in mitochondrial
oxidative metabolism (19).

Genetics of HD

HD is inherited as a typical autosomal-dom-
inant feature. The HD locus was mapped on
4p16.3 chromosome in 1983 (20), but, only 10
yr later, the gene responsible for HD was iden-
tified (21). As mentioned, a polymorphic CAG
repeat (9-36 repeats) is present in exon 1, and it
is expanded (above 36 repeats) in patients with
HD (22,23).

An inverse correlation exists between the
number of CAG repeats and age of onset
(24,25), with cases of juvenile onset HD charac-
terized by 100 or more repeats. However, the
CAG repeat number only explains 50% of the
variance in age of onset (4,26). In search for
modulating factors, variations in the kainate-
specific glutamate receptor GluR6 genotype
have been shown to account for some of the
fluctuations in the age of onset of HD not
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accounted for by CAG repeat length (27).
Genetic polymorphisms adjacent to the CAG
repeats have been suggested to influence age of
onset, as well (28-30). Indeed, patients carrying
the A2642 glutamic acid polymorphism (a dele-
tion of three nucleotides encoding for Glu at
codon positions 2642-2645) develop the disease
earlier than predicted by the CAG number in
their HD gene (28,31). This suggests that the
action of mutant huntingtin may be influenced
not only by the CAG expansion, but also by
possible cis-acting elements, or by the normal
allele itself (32,33). So far, no differences in
symptomatology, age of onset, and disease pro-
gression have been reported between heterozy-
gous and homozygous HD patients, but the
small number of homozygous cases analyzed
and flaws in statistical approaches in earlier
studies may have been misleading (34). In light
of some recent findings on the normal role of
huntingtin, re-evaluation of all these data
becomes necessary.

Expanded CAG repeats are preferentially
associated with seven downstream CCG
repeats (35,36). Reduced prevalence of HD is
correlated with higher frequency of allelles
with shorter CCG stretch in Finland, Japan,
China and among African Blacks (37).

A well-known phenomenon associated
with HD is the genetic anticipation, i.e., indi-
viduals inheriting the disease from the father
bear a longer CAG stretch and, consequently,
develop the disease at a younger age (26). The
molecular mechanism responsible for repeat
expansion in HD is not yet clear. Increased
triplet number may derive from replication
slippage (38) and the large number of mitotic
divisions during spermatogenesis may
account for the expansion of the CAG stretch.
Somatic instability and tissue mosaicism of
the CAG repeat number in HD patients have
also been reported (39). The highest variabil-
ity was found in cortical and striatal neurons,
and in spermatozoa. However, the possibility
that increased polyglutamine (polyQ) load
may contribute to the pattern of selective
neuronal cell death in HD remains controver-
sial. More recently, Kennedy and Shelbourne
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(40) have reported on a dramatic increase of
the CAG expansion in striatal cells from old
HD knock-in mice. Tissue mosaicism and
repeat instability have also been observed in
somatic cells of HD transgenic mice (41). Fol-
lowing the observation that no instability was
present in an HD transgenic male mouse, in
which the transgene was not expressed, Man-
giarini et al. (41) suggested that repeat insta-
bility may be related to gene transcription,
rather than DNA replication. The mechanism
underlying triplet repeats expansion in
somatic cells, and its role in HD pathogenesis,
remain to be elucidated.

Huntingtin Expression
and Regulation

The presence of a CAG expansion in the HD
gene does not significantly alter regional and
cellular expression of huntingtin protein
(39,42,43). Both wild-type and mutant protein
are widespread in the CNS and peripheral tis-
sues (44-48), and studies conducted so far,
although sometimes discordant, failed to
demonstrate any correlation between hunt-
ingtin expression and neuronal vulnerability
(49,50). However, one study has recently called
into question huntingtin expression in the stri-
atal neurons (shown to be very low), demon-
strating, instead, that corticostriatal neurons
are rich in huntingtin protein and mRNA (49).
These data suggest that re-evaluation of the
distribution and expression levels of normal
and mutant huntingtin, in the cortex and stria-
tum of HD brains, may be necessary, since dis-
tinction between normal and mutant protein
may have been set with difficulty. As a matter
of fact, Ona et al. (51) recently reported that not
only are levels of endogenous full-length hunt-
ingtin low in the brain of transgenic mice car-
rying an N-terminal portion of the mutant
protein (R6/2 mice), but that the majority of
wild-type protein is cleaved, generating a
smaller fragment. This finding suggests that
loss of normal huntingtin function may occur
in these mice.

Volume 23, 2001



24

Very little is known about regulation of
huntingtin expression. The HD gene encodes
two mRNA transcripts of different molecular
weight (10 and 13.7 kb), resulting from two dif-
ferent polyadenylation signals (52). The larger
mRNA is the predominant transcript in human
brain; the shorter one is particularly enriched
in testis (563-55).

The promoters of the human HD gene (56)
and the murine homologous Hdh gene (from
both mouse and rat) have been isolated and
characterized (56,57). They all present a high
GC content and lack of typical TATA and
CAAT cis-elements, suggesting that they are
“housekeeping” genes. A putative AP2-bind-
ing site and numerous potential Sp1-binding
sites are present, along with binding sites for
other transcription factors that may be acting
during development (57). In the rat promoter, a
binding site for SRY, a transcription factor
essential for testis development (58,59), has
been identified, as well (57).

Modulation of huntingtin levels occurs in a
cell-specific manner upon phorbol esters expo-
sure (60,61), and a significant upregulation of
huntingtin in astrocytes of the arcuate nucleus
of the hypothalamus of lactating rats has been
reported (62). Huntingtin upregulation also
occurs upon desferroxamine mesylate admin-
istration, indicating that its expression may be
regulated by iron (63).

Animal Models of HD

In the pregenomic era of HD research exci-
totoxic lesions by intrastriatal injections of
quinolinic acid (64-67) and metabolic impair-
ment by administration of 3-nitropropionic
acid (68) have been valuable and unique
means for reproducing in animals a pattern
of striatal neurodegeneration resembling
human HD.

Although we are still learning from these
toxin-induced models, the development of
transgenic HD animals has had a tremendous
impact in the field, allowing for the more pre-

Molecular Neurobiology

Sipione and Cattaneo

cise reproduction of the pathology, and for the
analysis of disease progression. Until now, sev-
eral genetic models have been generated, each
of them having strengths and weaknesses.
Probably no single model can yet recapitulate
the human pathology entirely (maybe no ani-
mal model can), however a complementary
analysis of data coming from different models
may provide a global picture closer to the
human pathology.

Knockout of Huntingtin Gene

Targeted disruption of the huntingtin gene
in mouse was performed to analyze whether a
HD-like phenotype could be generated. Hdh
(the murine homolog of the human HD gene)
knockout invariably led to embryonic lethality
by embryonic day 8.5 (69-71), and this was
accompained by a remarkable increase in the
rate of apoptosis in the embryonic ectoderm
(69,71). Experiments on chimeric embryos,
produced by injection of Hdh-null ES cells
(Hdh~/-) into wild-type blastocysts (Hdh*/*),
suggested that embryonic lethality, in the
absence of huntingtin, was possibly caused by
an impairment of the nutritive function of
extraembryonic tissues (72). Besides demon-
strating an essential role for huntingtin during
development, these studies also showed that a
simple loss of function of huntingtin protein,
in the presence of an expanded CAG repeat,
could not account, by itself, for the HD pathol-
ogy. The lack of a HD-like phenotype in knock-
out mice has always been interpreted as a
proof of a gain-of-function activity of the
polyQ expansion in HD. The same conclusion
was drawn from data on heterozygous Hdh
knockout mice (Hdh*/-) which showed a nor-
mal phenotype in two different models (69,71).
However, in a third model (in which knockout
mice still produced a putative truncated N-
terminal fragment of the protein), heterozy-
gous mice showed increased motor activity,
cognitive deficits, neuronal loss and degenera-
tion in the subthalamic nucleus and globus
pallidus (70). To explain discrepancies with the
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previous two models, it was suggested that the
putative truncated protein produced by the
targeted allele might exert a dominant effect in
the heterozygous mice, therefore generating a
phenotype, and that huntingtin may play a key
role in normal functioning of the basal ganglia
(73). However, lack of endogenous huntingtin
does not prevent homozygous knockout ES
cells from differentiating into neuronal-like
cells that can establish functional synapses and
express functional voltage- and neurotransmit-
ter-gated ion channels (74).

Other features could be modulated by hunt-
ingtin in postsynaptic neurons. One of these is
the neuronal response to N-methyl-D-aspar-
tate (NMDA)-evoked currents, which have a
higher amplitude in knockout neuronal-like
cells, compared to wild-type neurons (74).
Increased sensitivity to NMDA has been also
observed in transgenic (75) and knock-in mod-
els for mutant huntingtin (76), suggesting that
loss of at least some of the functions of hunt-
ingtin may occur in the presence of the
expanded CAG. Huntingtin knockout ES cells
can also normally differentiate into hematopoi-
etic progenitors (77), but, in the presence of
hematopoietic cytokines, heterozygous and
homozygous knockout cells show a gene-
dosage-dependent decrease in proliferation
and survival. Finally, if expression of hunt-
ingtin is reduced by >50%, abnormal brain
development and perinatal lethality are
observed (78), indicating that huntingtin may
play a role in regulating the balance between
proliferation and death.

The essential role for huntingtin during
embryonic development long precluded assess-
ment of its function in the adult brain. The prob-
lem has recently been circumvented by
Dragatsis et al. (79), who have developed a con-
ditional knockout model of huntingtin. In this
model, the Cre-loxP site-specific recombination
system has been used to generate mice in which
the Cre gene is expressed under a neuronal spe-
cific promoter (o-calcium/calmodulin-depen-
dent protein kinase II). Conditional knockout
animals show progressively more severe motor
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deficits, which are evident by the age of 10-12
mo, and have a reduced life-span. In the brain,
tissue degeneration occurs in the striatum and
cortex, and, in older mice, it is accompanied by
degeneration of axon fibers and more limited,
but evident, apoptosis. These features are simi-
lar to those reported in currently used trans-
genic models of HD, suggesting that loss of
huntingtin function may greatly contribute to
the pathological phenotype.

As a result of Cre-mediated recombination
and reduced Hdh expression in testis, atrophy
of seminiferous tubules and sterility were pre-
sent in the conditional knockout animals.
Among the non-CNS tissues, huntingtin is
most highly expressed in testis (44,54), where it
may play a role in the process of sperm matu-
ration (79). In agreement with this hypothesis
is the finding that upregulation of huntingtin
occurs, in vitro, in rat male germ cells co-culti-
vated with Sertoli cells (55), and that YAC
transgenic mice bearing mutant huntingtin,
but lacking the endogenous wild-type protein,
show massive spermatocyte loss and testicular
atrophy (80).

Transgenic Mice Expressing N-Terminal
Portions of Huntingtin

The first transgenic model of HD was
developed by Mangiarini et al. (81), who
introduced the human huntingtin exon-1
with 115-150 CAG repeats, along with its
own promoter, in mice. These mice (the most
widely used mice line being R6/2) show a
progressive neurological phenotype that
includes involuntary stereotypic movements,
tremors and epileptic seizures, weight loss,
and premature death. Neurotransmitter
receptors distribution is altered at least 1 mo
before the onset of motor symptoms (82), in
coincidence with a reduction of the corre-
sponding mRNA levels (83). Besides the neu-
rological phenotype, metabolic abnormalities
occur in adipose tissue, where an impaired
regulatory control of lipolysis and leptin
release may be responsible for the higher per-
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centage of body fat observed in young ani-
mals, and the later wasting that accompanies
the pathology (84). The R6/2 mice frequently
develop an insulin-responsive diabetes (85),
perhaps as a consequence of polyQ amyloid
accumulation in pancreatic islets (86).
Whether this is an artifactual consequence of
the transgenic model, or rather the reproduc-
tion, in the mouse model, of a feature of the
human pathology, is not yet clear. In fact,
increased frequency of diabetes in HD
patients, compared with the normal popula-
tion, has been reported (87), although it is not
known whether this is related to huntingtin
aggregates. In the R6/2 mice, huntingtin
aggregates are found in the nucleus of neu-
rons prior to the onset of symptoms (88), as
well as in skeletal muscle cells, heart, liver,
and pancreas (86). A similar neuropathologi-
cal phenotype was also obtained in a trans-
genic mouse model expressing a slightly
larger N-terminal fragment (N-171) of human
huntingtin containing 82Q (89).

New perspectives and hopes for the possi-
bility for curing HD have been recently dis-
closed by the surprising data obtained in an
inducible HD exon-1 mouse model (90). In
these mice, expression of mutant huntingtin is
turned off at will via tetracycline-induced inac-
tivation of a transcriptional transactivator (91).
Mice expressing HD exon-1 with 94 CAG
repeats showed the typical behavior and pro-
gressive neurodegenerative features seen in
previous models, including limb clasping
upon suspension by tail, reduced size of stria-
tum, reactive gliosis, and a decrease in D1
receptors. However, upon suppression of
mutant huntingtin expression by injection of
the tetracycline homolog, doxycycline, the pro-
gressive striatal degeneration was arrested.
Even more surprisingly, huntingtin aggregates
disappeared and motor behavior improved
significantly, in some cases reversing to the lev-
els of control mice. These data indicate that
progression of HD disease requires the con-
stant production of mutant huntingtin, and,
more importantly, that neurons not only retain
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the ability to dismantle and metabolize aggre-
gates, but also to reverse a pathological pheno-
type (92,93). Whether this may be true for
humans as well (and for the full-length mutant
protein) is not yet known, but it certainly pro-
vides hope for a treatment of patients with
already advanced HD symptoms.

Symptoms and neuropathology reminis-
cent of the HD exon-1 transgenic mice have
been also reproduced in transgenic mice, by
expressing a long polyQ stretch inserted into
the hypoxanthine phosphoribosyltransferase
protein (Hprt), an ubiquitous protein, unre-
lated to HD, that normally lacks a polygluta-
mine domain (94). This finding might be
considered proof that the polyQ stretch is
enough, by itself, to determine HD, by means
of a gain-of-function mechanism. Yet, several
other neurodegenerative diseases are caused
by a polyQ expansion in genes of known or
unknown function (95), and a distinctive pat-
tern of neurodegeneration is observed in each
of them, which suggests an important role for
the full-length protein in determining the
overall effects of the mutation and the cell-
specificity of the neurodegeneration. Exon-1
of huntingtin represents only 3% of the full-
length protein, and, consequently, transgenic
models based on expression of the N-terminal
portion of huntingtin may not reproduce the
same cell specificity and temporal evolution
of the degeneration seen in HD. Indeed, these
models have a shorter life-span and an earlier
onset of motor symptoms, compared to trans-
genic animals expressing full-length hunt-
ingtin (Table 1). Moreover, R6/2 mice appear
to display pathological features not shared by
human patients, such as aggregate accumula-
tion and generalized atrophy in several extra-
CNS organs (86).

Full-Length Huntingtin Transgenic Mice

Transgenic mice expressing full-length
huntingtin may provide better insights into
the events and factors determining the selec-
tive cell vulnerability typical of HD, since the
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expanded polyQ stretch is expressed in the
context of the entire huntingtin protein.

A transgenic model, expressing full-length
mutant huntingtin cDNA under the control of
a heterologous cytomegalovirus promoter, has
been developed by Reddy et al. (96). In these
mice, huntingtin expression is widespread in
the brain and peripheral tissues. A progressive
neurological phenotype is observed, beginning
at 2 mo of age. Parallel with the appearance of
motor symptoms, neurodegeneration and glio-
sis occur in striatum and cortex, and, to a lesser
extent, in the hippocampus and thalamus.
Apoptosis also occurs in areas typically
affected in HD, supporting the hypothesis that
selective neuronal vulnerability is determined
by the context of the full-length protein.

The entire HD gene cloned into yeast artifi-
cial chromosomes (YACs) has also been suc-
cessfully used to generate a transgenic mice
model, in which the mutant HD gene is sub-
jected to the same kind of regulation as the
endogenous gene (75). Indeed, in this mouse
model, the pattern of huntingtin expression
and neurodegeneration closely resembles the
human disease. Selective processing of hunt-
ingtin was also observed in the YAC mice, in
which fragments of huntingtin are found in
the nucleus of medium spiny neurons only.
Progressive electrophysiological dysfunction,
including abolishment of long-term potentia-
tion and abnormal NMDA receptor activity,
occurs early in the pathogenesis and prior to
nuclear localization of huntingtin.

In all the transgenic models expressing the
full-length protein, levels of mutant huntingtin
expression are higher than in R6/2 mice,
although motor symptoms develop much later.
As discussed in the section “Huntingtin and
Apoptosis”, N-terminal fragments of the
mutant protein must probably be generated to
exert toxicity. Under this perspective, the exon-
1 transgenic mice may represent a later stage of
the disease, overcoming the need for the gener-
ation of toxic fragments. If, as has been sug-
gested (97), a mechanism of selective
vulnerability resides in the cell-specific cleav-
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age of the mutant protein, this would explain
why R6/2 mice show a more diffuse and
severe phenotype and earlier disease onset.

Knock-In Models

A further improvement in the development of
genetic models of HD is represented by the pre-
cise insertion of an expanded CAG repeat into
the endogenous mouse huntingtin gene. This
molecular strategy circumvents potential prob-
lems generated by the use of heterologous pro-
moters to express transgenic huntingtin, by
position effects operating at the integration site,
or by overexpression of the transgene (98).

No marked neuropathological phenotype has
been reported for 4/5 knock-in models devel-
oped so far (76,78,99,100). In these, minor abnor-
malities have been observed, compared to
wild-type littermates. In some of the models,
mutant huntingtin clearly redistributes inside
the nucleus of striatal cells. N-terminal frag-
ments of the protein accumulate in nuclear
aggregates (97,99,101,102), where they also
recruit the wild-type protein (101). Another
knock-in mouse (76) shows resting membrane
potentials that are more depolarized than in con-
trol mice, and increased sensitivity to NMDA,
confirming data obtained in YAC transgenic
mice (75). A more recent knock-in mouse model,
in which 150 CAG repeat has been inserted into
the Hdh gene (102), is found to exhibit behav-
ioral and neurological features resembling HD
(Table 1). A gene-dosage effect has also been
observed in this knock-in. Homozygotes consis-
tently develop motor and behavioral symptoms
earlier than heterozygotes (102), although, at this
stage, it is not possible to determine whether this
phenomenon results from increased levels of
mutant huntingtin or, rather, from complete lack
of the normal protein.

Modeling HD in Flies and Worms

Although phylogenetically very distant from
mammals, flies and nematodes have often been
demonstrated to be excellent models for study-

Volume 23, 2001



30

ing genetics, as well as for dissecting cellular
processes and even reproducing human genetic
pathologies (103,104). Studies on these organ-
isms take advantage of their rapid generation
time, which allows reproducing, in just a few
days, pathological phenotypes that develop
only in years in humans, and in months in mice.

HD along with other polyQ diseases (103),
has been successfully reproduced in Drosophila,
by expressing an N-terminal fragment of the
human mutant protein in the photoreceptor
neurons of the fly eye (104). Similar to the
human pathology, the resulting phenotype is a
striking neuronal degeneration, with the hall-
marks of apoptosis, with severity and age of
onset strictly correlated with the length of the
polyQ expansion (104). Such a model of HD
has been used to screen for genetic factors
counteracting the neurodegeneration induced
by the expanded polyQ stretch, resulting in the
identification of two chaperon proteins which
are able to suppress, in the fly, mutant hunt-
ingtin toxicity (105).

As in the fly model, in a transgenic nematode
model for mutant huntingtin, in which the N-
terminal fragment of the protein is expressed in
the sensory neurons, progressive neurodegen-
eration and deficient uptake of lipophilic vital
dyes occur in a polyQ-length-dependent fash-
ion. The toxic effect is associated with the
appearance of protein aggregates, but cell
death is only observed when a second toxic
transgene, encoding for the dominant-negative
version of OSM-10 (a protein involved in regu-
lation of cell osmolarity in nematodes), is co-
expressed in the cells (106).

Fly and nematode models of HD may there-
fore provide powerful genetic means for dissect-
ing the mechanism of neuronal degeneration,
and to screen for modifiers that could be poten-
tial targets for HD therapy.

Cellular Models of HD

Various cellular systems have been devel-
oped in the attempt to mimic the disease in a
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cell culture dish. Although these attempts have
not yet consistently produced a sufficiently
good and standard cellular system in which
the activity of therapeutics or chemical
libraries could be assayed via high-throughput
screening, they have made important contribu-
tions to knowledge on the molecular mecha-
nisms underlying the disease. In general, these
experiments have demonstrated an increased
sensitivity of cultured cells expressing mutant
huntingtin to apoptotic stimuli.

Transient transfection of cells of nonneuronal
origin, such as human embryonic kidney (HEK)
293 cells or 2-2 monkey kidney cells, have been
extremely useful in analyzing the correlation
between aggregate formation and huntingtin
protein size, as well as CAG repeat length
(107-109). Immortalized HN33 cells, derived
from the hippocampus, have also been utilized
to study signaling pathways, in the presence of
transiently transfected mutant huntingtin
(110,111). No deep characterization is available
on these cells, but these studies have indicated
that the jun N-terminal kinase (JNK) pathway is
activated by mutant huntingtin.

Clonal mouse striatal cells (X57), derived by
somatic cell fusion of embryonic d 18 mouse
striatal cells, were utilized to demonstrate the
lack of correlation between neuronal survival
and intranuclear inclusions (112). The parental
cells are known to differentiate into neurofila-
ment-positive cells, and to express an array of
D1, D2, and D5 receptor mRNA, as well as
DARPP32 mRNA. Functional D1l-receptor
binding was described, and choline acetyl-
transferase activity was reported in the cells
(113). Primary CNS neurons (114-116) and ES
cells from knock-out mice (63,74,77) have also
been utilized with success, to manipulate hunt-
ingtin levels.

However, cellular models based on tran-
sient transfections are not ideal for long-term
analyses of the events occurring in the pres-
ence of mutant huntingtin. Instead, cells that
express neuronal properties and that sustain
long-term expression of the transgene may be
preferable. With this goal in mind, a number
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of neuronal-like cells, which stably express
huntingtin, have been obtained (Table 2).
These can be divided into two main groups:
those that overexpress exogenous huntingtin,
and those that express the mutant protein at
normal levels.

In a first model, pheochromocytoma 12
(PC12) cells have been utilized (117). The
advantage of PC12 cells is that they have been
exploited in various experimental paradigms,
and a large number of molecular and biologi-
cal details on their properties are available
(118). In addition, PC12 cells differentiate into
neuronal-like cells in the presence of nerve
growth factor. Cellular defects and altered
gene expression have been observed in PC12
cells expressing an N-terminal portion of
mutant huntingtin (117). In particular, mutant
huntingtin was found to localize diffusely into
the nucleus, suggestive of an influence on gene
transcription. Indeed, differential display poly-
merase chain reaction analyses, performed in
the same cells, showed altered gene expres-
sion. Engineered PC12 cells expressing the N-
terminal portion of mutant huntingtin also
displayed abnormal morphology and lack of
normal neurite development, and were more
susceptible to apoptotic stimulation (117).
Despite the relevance of such data, generation
of stable subclones from parental PC12 cells
may present problems. Selection of PC12 sub-
clones, indeed, often generates multiple phe-
notypes, imposing the screening of a large
number of colonies to verify the results.

Despite their origin from the peripheral ner-
vous system, neuroblastoma cells have also
been widely utilized for studies related to CNS
functions, because they are able to differentiate
into neuronal-like cells. The mouse-rat neu-
roblastoma-glioma hybrid cell line, NG108-15,
has been stably transfected with the tetracy-
cline-inducible transactivator and mutant
huntingtin cDNA (119). This system allows fol-
lowing longitudinally the evolution of the phe-
notype, including the processing of the normal
and mutant huntingtin, as well as aggregate
formation and localization with time.
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Although inducible systems should be pur-
sued, neuroblastoma cells are, like PC12 cells,
of tumoral origin, and the genetic events that
lead to their continous growth are unknown.
In this respect, a more reliable system is repre-
sented by conditionally immortalized cells,
which also offer the possibility of being
derived from the brain region of choice.
ST14A cells were obtained, more than 10 yr
ago, from the embryonic striatum via immor-
talization with a temperature-sensitive vari-
ant of the large-T antigen (120). These cells are
easy to genetically engineer, and can generate
subclones that stably maintain the properties
of the original line (121). ST14A cells divide in
vitro at 33°C, but stop dividing at 39°C and, in
vivo, after intracerebral transplantation
(120,122-124). Exposure to 39°C guarantees
inhibition of cell proliferation, but differentia-
tion in these conditions is obtained with diffi-
culty. Indeed, ST14A cells exposed to
serum-deprived medium at 39°C tend to
change morphology, then die progressively
by apoptosis (125). Cells death is postponed,
if cells are cultured in complete medium.
However, exposure of ST14A cells to a differ-
entiating mix produces morphological and
electrophysiogical differentiation in a percent-
age of the cells (126). More recently, ST14A
cells have been shown to express antigenic
and biochemical properties found in medium-
size striatal neurons. These include Y-
aminobutyric acid and DARPP-32 expression,
D1- and D2-like receptor activities (126), as
well as a functional adenosine 2a receptor
(A2a) (127).

Expression of mutant huntingtin in ST14A
cells accelerates apoptotic cell death in serum-
deprived medium, and makes them more sen-
sitive to proapoptotic stimuli (125). A
synergistic interaction between mutant hunt-
ingtin and caspase-3 and Bad was also
observed. Similarly, caspase-3 activity was
increased in ST14A cells expressing mutant
huntingtin. This evidence confirms prior
observations of increased apoptotic cell death
in lymphocytes obtained from HD patients
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Modeling HD in Cells, Flies, and Mice

(128), indicating that similar mechanisms
occur in human cells and in a cell culture dish.
A similar experiment, performed in PC12 cells,
gave the same result (111), providing addi-
tional evidence in favor of an overactivation of
caspase-3. More recently, engineered ST14A
cells have been exploited to evaluate whether
mutant huntingtin interferes with signaling
from the A2,/D2 striatal receptors. Aberrant
amplification of Az, signaling occurs in ST14A
cells expressing mutant huntingtin, and this
effect can be fully counteracted by selective A2,
antagonists (127).

Given the propensity of ST14A cells to
undergo apoptotic cell death in serum-
deprived medium, this paradigm was chosen
to test whether normal huntingtin could inter-
fere with cell apoptosis. Rigamonti et al. (125)
found that ST14A cells overexpressing normal
huntingtin are protected from death induced
by serum deprivation, 3-nitropropionic acid
exposure, or transfection of death genes. These
results have recently been confirmed in vivo,
and lead to the proposition that loss of hunt-
ingtin neuroprotective activity may contribute
to HD (34).

A further advance in the production of hunt-
ingtin-engineered cells is based on the condi-
tional immortalization of striatal cells obtained
from transgenic HD animals. In particular,
neuronal progenitor cell lines were established
from E14 striatal primordia of HdhQM knock-
in and wild-type littermate embryos (129), by
virtue of the same strategy utilized to generate
ST14A cells. Multiple clonal lines of nestin-
positive cells from the wild-type and the het-
erozygous mutant embryos were established
(130). In contrast, only two clones from the
mutant homozygote embryos were success-
fully passaged. This represents the only cell
model in which the mutant protein is
expressed at physiological levels.

Although something is learned from all
these cellular models, progress also urgently
needs to be made toward the production of a
neuronal cell system that more reproducibly
recapitulates aspects of the disease, including
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massive cell death coinciding with mutant
huntingtin expression.

Lessons from Models

Mutant Huntingtin Aggregates:
Cause or Effect?

A striking feature, shared by mutant hunt-
ingtin and other proteins involved in CAG-
repeat diseases, is their tendency to form
insoluble aggregates (131), either through
“polar zippers” (132) or by transglutaminase-
mediated events (133).

Ubiquitinated aggregates of N-terminal
mutant huntingtin accumulate in striatal and
cortical neurons of HD patients (134,135),
both in the nucleus and dystrophic neurites
(136). Huntingtin aggregates are also com-
mon to all transgenic models developed,
although description of their nuclear localiza-
tion is reported to vary from 0.1 (137) to 100%
(81) of the striatal neurons, depending on the
mouse model.

Cell culture studies showed that a longer
polyQ string (and a shorter protein fragment in
which it is contained) correlates with a greater
frequency of aggregate formation (107-109).

Whether aggregates in HD can be causative
of the pathology, or, rather, whether they repre-
sent an epiphenomenon (138,139), is still
debated. The latter hypothesis is substantiated
by cell studies showing that neurodegenera-
tion and cell death do not correlate with
mutant huntingtin aggregation (114,112), but,
rather, to nuclear localization of the mutant
protein (114). Similarly, a soluble form of
mutant huntingtin is found to affect synaptic
activity in the absence of aggregates (97), and
neurodegeneration occurs in the absence of
aggregates in the YAC HD model (75).

More recent studies have demonstrated that
the suppression of aggregate formation by
overexpression of heat shock proteins results
in reduced polyQ-induced toxicity/cell death
(140-142). However, the effect of heat shock
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proteins may vary, depending on the cell lines
used (143), and may also be related to their
intrinsic property of counteracting apoptosis
(144). Similarly, peptides that bind the
extended polyQ domain are able to inhibit
aggregation, both in vitro and in cells, and to
reduce cell death (145). Mutant huntingtin tox-
icity has not yet been conclusively proven to be
mediated by its aggregation, and a clear under-
standing of what mutant huntingtin inclusions
do inside the cells is crucial. Indeed, therapies
aimed at reducing aggregate formation could
result in worsening the general scenario of the
pathology, in the case that soluble N-terminal
fragments of the mutant protein are the real
toxic species, and aggregates are only the
means to sequestrate them into an inactive
form (146).

Huntingtin Interacting Proteins: Looking
for Hints

The toxicity of mutant huntingtin may
derive from abnormal interactions with other
proteins, as a consequence of conformational
changes induced by the expanded polyQ
stretch. The search for a huntingtin partner,
which would explain the toxicity of the
expanded CAG and the selective vulnerability
in HD, is still active. So far, several proteins
have been identified as potential partners of
huntingtin, but no interacting protein by itself
can explain the pathology. When looking at
huntingtin interactors (Table 2), evidently most
of them can be grouped into three main cate-
gories that may give clues to huntingtin func-
tion. One category is represented by proteins
involved in membrane trafficking, clathrin-
mediated endocytosis, and recycling of synap-
tic vesicles (147-150). All of them are able to
interact with both wild-type and mutant hunt-
ingtin, but the length of the polyQ modulates
the strength of the interaction.

Huntingtin-interacting protein 1 (HIP-1)
(148,149) is a homolog of Sla2p, a yeast protein
involved in actin organization and endocyto-
sis, and it has also been demonstrated to func-
tion as a proapoptotic protein containing a
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novel caspase-dependent death effector
domain (151). HIP-1 might be a molecular
accomplice in the pathogenesis of HD. Indeed,
the interaction of HIP-1 with mutant hunt-
ingtin is weaker than with the wild-type pro-
tein (148,149), and it has been suggested that
the inability of mutant huntingtin to efficiently
sequester HIP-1 may result in an increased rate
of apoptosis (151).

Another interacting protein involved in
membrane trafficking is huntingtin-associated
protein 1 (HAP-1) (147). A recent study has
shown that this protein is concentrated in axon
terminals, and is associated with synaptic vesi-
cles, in which it seems to have a role in pro-
moting neurite extension (152). When this
protein is co-transfected with mutant hunt-
ingtin in PC12 cells, it becomes recruited into
huntingtin aggregates, and it is no longer able
to stimulate neurite growth (152). Although
data on HAP-1 are suggestive of a role of
mutant huntingtin in altering synaptic func-
tions (an hypothesis also substantiated by data
obtained in transgenic models [97]), it is not
yet clear whether an aberrant interaction with
HAP-1 may actually contribute to HD. In fact,
a domain included between amino acids 171
and 230 of mutant huntingtin seems to be
essential for interaction with HAP-1 (153), but,
in a transgenic exon-1 model of HD (81), in
which the domain responsible for the interac-
tion is not present, neuropathology and
sympthomatology still mirror HD.

A second group of proteins interacting with
huntingtin includes those involved in tran-
scriptional events and transcriptional regula-
tion (154-156; Table 3). In all these proteins,
the region of huntingtin involved in the inter-
action is the same, i.e., the poly-Pro stretch,
but the length of the CAG expansion modu-
lates the strength of interaction. This is not
completely unexpected, since poly-Pro
stretches are often involved in protein—pro-
tein interactions (157,158), but it also raises
the possibility that some of the interactions
found may not be specific.

Interactors of the third group are involved in
signaling (111,159,160; Table 3). Specifically,
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huntingtin was found to be directly associated
with the SH3 domains of Grb2 and Ras
GAPase activating protein, upon activation of
epidermal growth factor receptor (159), sug-
gesting that huntingtin may be involved in the
regulation of Ras-dependent signaling path-
ways. Interaction with the mixed-lineage
kinase 2 (MLK2), a kinase involved in the mito-
gen-activated protein kinase cascade, has been
observed, as well (111).

Finally, a few proteins interacting with hunt-
ingtin do not fit into any of the three categories
mentioned above (161-164). Glyceraldeyde-P-
dehydrogenase (GAPDH) is one of them and its
aberrant interaction with huntingtin argues in
favor of metabolic and energy impairment in
HD (165). However, this interaction is not spe-
cific because GAPDH also interacts with the
dentatorubral-pallidoluysian atrophy (DRPLA)
protein (162).

Recently, a 40-kDa protein, HAP-40, has
been isolated, which co-immunoprecipitates
with full-length huntingtin, but not with its N-
terminal fragment. HAP-40, whose function is
still unknown, is distributed in the cytoplasm,
in the presence of huntingtin, but becomes
actively targeted to the nucleus in its absence
(164). The implication of this interaction, in
terms of providing clues on normal huntingtin
function or mutant huntingtin toxicity, remains
to be investigated.

If all the identified huntingtin interactors
really interact with huntingtin in vivo, one
should imagine huntingtin as a sort of molecu-
lar glue. Indeed, mutant huntingtin aggregates
do recruit several proteins (166), most of which
are transcription factors and regulators. Alter-
natively, interactions with different proteins
might be subjected to some kind of regulation.

Huntingtin Functions and Mutant
Huntingtin Dysfunction
Various lines of evidence suggest that nor-
mal huntingtin function and mutant hunt-

ingtin toxicity are faces of the same coin, i.e.,
that HD may be caused by the gain-of-function
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toxicity of the expanded CAG, and by the loss
of normal huntingtin function (34). Under this
new perspective, searching for normal hunt-
ingtin function might lead to a better under-
standing of the neuropathology and new
therapeutical strategies. Despite the early
recognition of the essential role of huntingtin
for embryonic development (69-71), only
recently has its function in the adult begun to
be elucidated.

Huntingtin and Intracellular Vesicle Trafficking

Diverse evidence converges to indicate that
normal huntingtin might be involved in cellu-
lar vesicle trafficking and endocytosis. As
already mentioned, several proteins interact-
ing with huntingtin are associated with mem-
brane vesicles and interact with cytoskeletal
proteins (Table 3). Huntingtin also co-distrib-
utes with intracellular and plasma membranes
containing clathrin (167), and is recruited with
clathrin to plasma membranes, following stim-
ulation of adenylyl cyclase or dopamine D1
receptor (168).

Another set of investigations has speculated
that huntingtin may have a role in retrograde
and fast axonal transport (169). Redistribution
of huntingtin from the cell body to dendrites,
neurites, and synaptic boutons, upon stimula-
tion of adenylyl cyclase or dopamine D1 recep-
tor, has been demonstrated (168). In addition,
synaptic vesicles incubated with N-terminal
fragments of mutant huntingtin show
impaired glutamate uptake in vitro (97). Data
obtained in HD brains and mice (75,97,134),
and in the conditional huntingtin knockout
mice (79), also show degeneration of axon
fibers, a finding that is compatible with the
above hypothesis of a function of huntingtin in
cellular trafficking and synaptic vesicles.

In knockout striatal cells abnormal distribu-
tion of nucleoli, nuclear transcription factor-
speckles, Golgi apparatus, mitochondria and
endoplasmic reticulum has been demonstrated
(63), suggesting that huntingtin may be impli-
cated in perinuclear processes essential for
normal trafficking of secretory membranes,
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and for the assembly of mitochondria near the
nucleus. It has also been suggested that the
toxicity of polyQ stretches might be deter-
mined by their ability to form nonselective ion
channels in phospholipids membranes (170).
This property is enhanced by acidic pH, mak-
ing mitochondrial and endosome/lysosomes
preferential targets for polyQ action. Indeed, a
potential action of mutant huntingtin on the
endosomal/lysosomal system has been
demonstrated (171). In aberrant conditions, a
process that is normally finely regulated (168)
may turn destructive, via activation of the
endosomal-lysosomal system, and subsequent
autophagy (171). How cell death occurs in HD
is still under intense investigation, and it is not
clear whether autophagy may be of relevance.

Huntingtin and Transcriptional Regulation

Huntingtin protein sequence does not pre-
dict its physiological role, but a striking fea-
ture in the structure of huntingtin is the
presence of a long polyQ stretch followed by
a polyproline domain. These structures are
primarily associated with transcriptional reg-
ulatory proteins (172), and their length influ-
ences the transcriptional activity of the
protein. Glutamine stretches longer than 40
show a reduced ability to mediate transcrip-
tional activation (172). Although huntingtin
does not seem to have a DNA-binding
domain, its N-terminal structure is sugges-
tive of an action as a modulator of transcrip-
tional events through interaction with
transcription factors (166). Several studies
have recently supported this hypothesis.
Huntingtin specifically binds the nuclear
receptor co-repressor, in a CAG length-
dependent fashion (155). Upon binding to
normal huntingtin, this protein remains
mostly in the cytoplasm, while in cortical and
striatal neurons of HD brains it redistributes
into the nucleus (155). Furthermore, in a cell
model, exon-1 huntingtin interacts with p53
and, when the CAG is extended, it represses
transcription of pb53-regulated promoters
(156). These data suggest that huntingtin nor-
mally interacts with transcriptional regula-
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tory proteins, and has a role in their transport
within the cytoplasm and inside the nucleus.
The length of the polyQ region may affect the
kinetics of association between huntingtin
and the transcriptional proteins, thus altering
their intracellular distribution and availabil-
ity (155).

Huntingtin also interacts with a family of
WW  domain proteins closely related to
nuclear-binding proteins (173) and co-localizes
with specific nuclear structures (130). On the
basis of these observations, Trettel et al. (130)
has suggested that huntingtin may be impli-
cated in the transport and processing of
mRNA. A possible role of huntingtin in cyto-
plasm—nucleus shuttling is also suggested by
its only known structural domains, i.e., HEAT
domains (174), which have also been found in
nuclear shuttle proteins, such as the importins
(175). In addition, translocation of huntingtin
or its N-terminal fragment to the nucleus
might be directed by a nuclear localization sig-
nal, potentially present in the N-terminus of
the protein (176).

Huntingtin and Apoptosis

Studies conducted by the authors have pro-
vided the first direct evidence for a role of
huntingtin on the survival of CNS cells (125).
Striatal cells engineered to express wild-type
huntingtin were indeed resistant to the lethal
effect of stresses, such as serum deprivation,
exposure to 3-nitropropionic acid or transfec-
tion of death genes. In particular, huntingtin
was found to have an antiapoptotic action that
is exerted downstream of proapoptotic Bcl-2
members and upstream of caspase-3 activation
(125). This evidence argue in favor of a loss-of-
function mechanism contributing to HD (34).

In the presence of mutant huntingtin, cells
were more susceptible to induction of apop-
tosis by toxic stimuli and, indeed, caspase-3
was more active than in controls (125). In
addition, a leakage of cytochrome c was
found in those cells, even in the absence of
apoptotic stress (Cattaneo et al.,, unpub-
lished). Leakage of cytochrome C, activation
of caspase-3 and, in addition, increased
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expression of caspase-1 in the presence of an
N-terminal fragment of mutant huntingtin, is
also reported by Li et al. (177).

A recent report indicates that huntingtin
antiapoptotic effect occurs via sequestration of
proapoptotic HIP-1 (151). Given the specific
distribution of HIP1 in the brain (although
expression is not restricted to striatum),
Hackam et al. (151) suggested that the inability
of mutant huntingtin to modulate HIP-1 toxic-
ity contributes to the amplification cascade of
cell-death signals in HD through the same
pathway identified by Rigamonti et al. (125).

Caspase-1-activated pathways appear to be
common to several other neuropathologies,
including Parkinson’s disease (178), amy-
otrophic lateral sclerosis (179) and ischemia
(180), and they appear to play an important
role in HD pathogenesis, as well (51). Caspase-
1 activity has been found to be higher in the
brains of HD patients and R6/2 mice (51).
When these mice were crossbred with a trans-
genic mouse expressing a dominant-negative
mutant of caspase-1, double transgenics
showed a delayed onset and slower progres-
sion of the disease (51). The same result was
achieved via inhibition of caspase-1 and cas-
pase-3 expression by minocycline (181).

Huntingtin is itself a substrate for caspases -
1, -3, and -6 (182,183), and abrogation of its
cleavage lessens the toxicity of the mutant pro-
tein in cell models (184). Caspase-1-dependent
cleavage of endogenous wild-type huntingtin
has been shown in R6/2 mice (51), along with a
reduced expression of the endogenous protein
in hippocampus, striatum, cortex and cerebel-
lum. In mice lacking caspase-1, together with a
general amelioration of the pathology, normal
levels of endogenous huntingtin were restored
(51). Also, this observation argues in favor of a
protective function of wild-type huntingtin.
Yet, although data are accumulating suggesting
an involvement of caspase-1 in HD pathology,
previous studies on fibroblasts (116) had shown
that caspase-1, -2, -3, and -11 did not play a crit-
ical role in polyQ-induced cell death. Discrep-
ancies among the studies could result from
differences in the cell models used, and, possi-
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bly, from the fact that, in the latter study, the
polyQ stretch by itself was used.

Caspase-8 is another potential target of
polyQ repeats. Its critical role in polyQ repeat-
induced cell death has been shown in cell lines
and rat primary neurons (116,185). In an
inducible cell model for expanded CAG, acti-
vation of caspase-8 was found to precede acti-
vation of caspase-3 (185). Also, activated
caspase-8 has been found in caudate, but not in
cerebellum, of HD and control brains (116).

Other death pathways are activated in the
presence of expanded polyQ repeats. Activa-
tion of JNK and neuronal apoptosis were
observed in a hippocampal-derived cell line
expressing mutant huntingtin (110). Wild-type
huntingtin normally interacts with and inhibits
the MLK2 (111), a kinase that indirectly acti-
vates JNK (186,187). Mutant huntingtin,
instead, binds MLK2 less efficiently, suggest-
ing that the highest concentration of free
(thereby active) MLK2, in cells expressing
mutant huntingtin, may lead to J]NK-mediated
apoptosis (111). Indeed, co-expression of a
dominant-negative form of MLK2 with full-
length mutant huntingtin dramatically reduces
neuronal toxicity mediated by mutant hunt-
ingtin. This may be another example in which
loss of wild-type huntingtin function is respon-
sible for at least part of the toxic effects
induced by the mutant protein. This is also
corroborated by the fact that co-expression of
an N-terminal fragment of wild-type hunt-
ingtin rescues cells from toxicity induced by
MLK2 and mutant huntingtin (111). In agree-
ment with the observations of huntingtin
beneficial functions, increasing the expression
of wild-type huntingtin in transgenic mice
protects against the toxic effects of mutant
huntingtin (80). YAC72 mice lacking endoge-
nous wild-type huntingtin, exhibited signifi-
cant cell death at an early age, in contrast to
minimal cell death in YAC72 mice with two
copies of the normal endogenous allele, and
intermediate cell death in YAC72 heterozygous
mice (80).

According to their central role in apoptosis,
mitochondria dysfunction has been also
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Fig. 1. Huntingtin, the key player. Schematic drawing summarizing some of the interactions of huntingtin
with key cellular elements involved in apoptotic cascades. Htt, huntingtin; MLK2, mixed-lineage Kinase 2; JNK,
jun N-terminal kinase; C9, caspase-9; C8, caspase-8; C7, caspase-7; C6, caspase-6; pro-C9, pro-caspase-9;

CytoC, cytochrome c.

reported in HD brains (188) and in lym-
phoblasts (128), probably associated with a
defect in Ca?* handling (189).

Different pathways of cell toxicity and death
may be activated by mutant huntingtin. Each
of these pathways may have major relevance,
depending on the cell type and context in
which they are evaluated. Perhaps huntingtin
is central among different death pathways
(Fig. 1). Loss of its normal function, from one
side, and stress-responses activated by the
expanded polyQ stretch, on the other side,
may act synergistically, first determining a
state of increased susceptibility to stress stim-
uli and, eventually, cell death. A lethal feed-
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forward cycle is also postulated, in which sub-
lethal stresses activate caspases which in turn,
cleave expanded polyQ-containing proteins.
The toxic fragments released would further
activate caspases, amplifying stress responses
and leading to cell death (185).

According to this hypothesis, it has recently
been demonstrated that the neuropathological
decline in HD patients can be described by a
mathematical model in which the probability
of neuronal death remains constant with age
(190). In other words, the time of death of an
individual neuron would be randomly deter-
mined. On the basis of this mathematical
analysis, it has been proposed that neurons
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bearing the mutation would be in an abnormal
homeostatic state, only slightly different from
the normal neuronal steady state, yet associ-
ated with an increased risk of cell death. Dif-
ferent mutations (i.e., different lengths of CAG
expansion) would shift, to various extents, the
steady state of neurons closer to the cell-death
threshold, thereby increasing, for neurons, the
chance of exceeding that threshold and dying
(190). This model would argue against HD
being a late-onset disease, but rather suggests
that the disease is constantly active throughout
a life-span.

Selective Vulnerability

The specific vulnerability of striatal neurons
in HD remains unexplained. Neither Hunt-
ingtin interactors, nor their expression and dis-
tribution in the brain, neither its effects on
apoptotic pathways, may be taken into account
to understand the cell specificity of the neu-
rodegeneration in HD (34). Alternatively, stria-
tum-specific transcriptional regulatory
proteins could be more vulnerable to hunt-
ingtin dysfunction, and lead to a progressive
transcriptional dysregulation, but this remains,
so far, a mere speculation.

Recently, Li et al. (97) has suggested that stri-
atal vulnerability in HD may rely on a stria-
tum-specific processing of the full-length
protein. Two different studies have demon-
strated a selective accumulation of N-terminal
fragments in striatal neurons and their axonal
projections in knock-in (97) and full-length HD
mice (75).

Finally, the selective vulnerability may
depend on dysfunction in brain areas that nor-
mally project to the striatum. Because hunt-
ingtin is highly localized in all corticostriatal
neurons (49), a defect in huntingtin function,
or the acquired activity of mutant huntingtin,
may render corticostriatal neurons destructive,
rather than rendering striatal neurons vulnera-
ble. Evidence that degeneration and/or dys-
function of corticostriatal projections occur at
early stages of the disease also come from HD
patients, in which accumulation of mutant
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huntingtin or its N-terminal fragments occurs
in corticostriatal nuclei, cytoplasm, and dys-
trophic neurites (191).

Conclusions

This review gives an overview on current
issues in HD research. Most discoveries
about this disease have been made thanks to
animal and cell models. Pathways of cell
death, identified in these models, have dis-
closed new perspectives on the cure of the
disease by potential inhibitors of death effec-
tors. The recognition of an important neuro-
protective function of normal huntingtin has
led to rethinking on the impact of a gene-
therapy approach aimed at restoring hunt-
ingtin levels, or at abolishing the production
of the mutant protein. The discovery that
neurodegeneration, induced by mutant hunt-
ingtin, may be blocked and, at least for some
aspects, reversed, has provided new hope for
HD patients at the beginning of their afflic-
tion. At the same time, although HD has been
traditionally considered a late-onset disease,
the finding that neuronal dysfunction starts
years before clinical symptoms appear has
suggested the importance of developing
drugs useful for counteracting the disease at
its real appearance (which could actually be
at the beginning of a patient’s life). The
puzzle is still far from being complete, but
researchers will eventually find and fit
together all the pieces.

Note added in proof: While this paper was
in press, we demonstrated that striatal vul-
nerability is likely linked to the loss of BDNF-
producing activity of normal huntingtin
(Zuccato et al., 2001, 192). Also, Nucifora et
al. (2001, 193) have recently demonstrated
that huntingtin binds to CREB-binding pro-
tein (CBP), impairing gene transcription. It
becomes more and more evident that HD is a
dual disease, from one side the toxic gained
activity of mutant huntingtin, from the other,
the loss of the beneficial activity of normal
huntingtin.
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