
Summary. Neurodegenerative disorders affecting the
central nervous system, such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s chorea (HD) and
amyotrophic lateral sclerosis are characterized by the
loss of selected neuronal populations. Another striking
feature shared by these diseases is the deposition of
proteinaceous inclusion bodies in the brain, which may
be intracytoplasmatic or intranuclear, or even
extracellular. However, the density and prevalence of
aggregates are not always directly related to
neurodegeneration. Although some of these diseases are
the result of mutations in known proteins, with HD a
clear example, the expression and location of the
affected protein do not explain the selective
neurodegeneration. Therefore, other intrinsic
mechanisms, characteristic of each neuronal population,
might be involved in the neurodegenerative process. In
this review we focus on several proposed mechanisms
such as excitotoxicity, mitochondrial dysfunction and
altered expression of trophic factors, which could
account for the pathogenesis of HD.
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Neuropathology of HD

HD is a progressive neurological disorder
characterized by dysfunction and death of neurons in
specific brain regions. Neurodegeneration occurs most
prominently in the striatum, although loss of neurons in
the cerebral cortex has also been reported (DeLa Monte
et al., 1988; Mann et al., 1993). As a result, HD patients
suffer motor, cognitive and emotional disturbances,

which lead to progressive dementia and death 15-20
years after the onset of clinical symptoms (Martin and
Gusella, 1986; Bates et al., 2002). 

Neuronal degeneration within affected brain regions
is also cell-specific. Thus, in the striatum, the
GABAergic medium-sized spiny projection neurons are
preferentially lost (Ferrante et al., 1991), whereas
interneurons are relatively spared (Ferrante et al., 1985,
1987; Vonsattel et al., 1985). Furthermore, different
subpopulations of projection neurons die in a
progressive manner. Striatal neurons that send their
axons to the external segment of the globus pallidus and
express enkephalin are affected earlier and more
severely than striatal neurons projecting to the substantia
nigra pars reticulata and the internal segment of the
globus pallidus, that are enriched in substance P and
dynorphin (Reiner et al., 1988; Albin et al., 1992;
Ritchfield et al., 1995; Mitchell et al., 1999; Glass et al.,
2000). Although cortical neuronal loss is less severe,
there is about a 30% reduction in neocortical regions
such as the associative frontal, temporal and parietal
regions, and primary somatosensory cortices (Heinsen et
al., 1994). The degeneration of cortical neurons also
follows a specific pattern: only large projection neurons,
especially in layers V and VI and to a lesser extent in
layer III, are affected (Cudkowicz and Kowall, 1990;
Hedreen et al., 1991; Sotrel et al., 1991; Wagster et al.,
1994; MacDonald and Halliday, 2002). 
Huntingtin and its mutation

Although the clinical features of HD and its
autosomal-dominant pattern of inheritance were first
described in 1872 (Huntington, 1872), the gene whose
mutation causes HD was not identified until 1993
(HDCRG, 1993; Bates, 2005). HD gene mutation was
found to be an expansion of a trinucleotide CAG repeat,
which results in long stretches of polyglutamine (polyQ)
in the N-terminal portion of the encoded protein of about
350 Kb, which is called huntingtin (htt; HDCRG, 1993).
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The number of CAG repeats in the unaffected population
varies from 6 to 35. People with 35-39 repeats might or
might not develop HD, whereas those with repeats of 40
and above will always show the disease (Myers et al.,
1988). There is an inverse relationship between the age
of onset and CAG repeat size, with longer repeats
causing earlier onset and more severe pathology (Duyao
et al., 1993; HDCRG, 1993). 

The identification of HD gene mutation was a break-
through in HD research. This discovery led to the
development of several genetic models that have
allowed the study of early disease events and the
potential of several therapeutic agents (Hickey and
Chesselet, 2003; Beal and Ferrante, 2004; Levine et al.,
2004). However, direct correlation between HD gene
mutation and neuronal dysfunction and death has not yet
been established. Thus, although the degeneration is
specific to some neuronal subpopulations, the protein is
ubiquitously expressed throughout the central nervous
system, in peripheral tissues and during embryonic
development (Strong et al., 1993; Bhide et al., 1996).

To understand the pathological activity of mutant htt,
the function of wild-type htt must first be known. The
physiological roles of htt are still not fully understood,
although several functions have been suggested. Htt’s
location in many subcellular compartments has
hampered the definition of its function. It is present in
cell bodies, dendrites and nerve terminals, in association
with a number of organelles such as the Golgi apparatus,
endoplasmic reticulum, synaptic vesicles, microtubules
and mitochondria (DiFiglia et al., 1995; Sharp et al.,
1995; Trottier et al., 1995; Gutekunst et al., 1998).
Several studies have indicated that htt may be a scaffold
protein involved in orchestrating sets of proteins for
intracellular transport and signaling processes. In fact,
htt has been implicated in vesicle transport and
cytoskeletal anchoring (Gutekunst et al., 1998) as well as
in clathrin-mediated endocytosis, neuronal transport
processes and postsynaptic signaling (reviewed in Harjes
and Wanker, 2003; Landles and Bates, 2004; Li and Li,
2004). Furthermore, htt is localized in the nucleus,
where it interacts with proteins involved in gene
transcription (Harjes and Wanker, 2003; Landles and
Bates, 2004; Li and Li, 2004). Another essential role of
htt is its contribution to cell survival. Mice lacking htt
die at embryonic day 7.5 (Duyao et al., 1995; Nasir et
al., 1995; Zeitlin et al., 1995) and the conditional
deletion of htt in the forebrain leads to
neurodegeneration (Dragatsis et al., 2000). The function
of htt as an anti-apoptotic protein has also been shown in
striatal cells subjected to serum deprivation or to 3-
nitropropionic acid (3-NP) toxicity (Rigamonti et al.,
2001). Therefore, it has been suggested that a loss of htt
function may contribute to the neuropathology of HD
(Cattaneo et al., 2005). However, there is also evidence
that a gain in function is associated with the expanded
polyQ domain that activates the neurodegenerative
process. In fact, individuals whose htt expression is
reduced by 50% as the result of a deletion in the HD

gene do not develop HD (Ambrose et al., 1994) and
homozygous patients for HD gene have a clinical
symptom onset indistinguishable from HD heterozygotes
(Myers et al., 1989). Therefore, whether neural
degeneration in HD results from the loss or a gain of
function in the mutated form of htt remains
controversial. 
Aggregation of mutant htt

One of the pathological hallmarks of HD is the
presence of inclusion bodies in neurons (Fig. 1). The
exact mechanism by which mutant htt forms insoluble
aggregates is unclear, but there is close correlation
between the length of the CAG repeat and the density of
aggregates (Vonsattel et al., 1985; Myers et al., 1988;
Becher et al., 1998). This led to the suggestion that a
protein with an expanded glutamine tract has an altered
structure that facilitates self-association (Ross and
Poirier, 2004, 2005). The fact that antibodies to ubiquitin
(a signal of degradation by the proteasome) label htt
aggregates (Ross and Poirier, 2004) suggests that the
accumulation of mutant htt could also be related to
impairment of the ubiquitin-proteasome system
(Hernandez et al., 2004; Ross and Pickart, 2004;
Venkatraman et al., 2004). However, the presence of
ubiquitin and proteasome components in aggregates
could also represent cellular defenses for degrading the
soluble pool of mutant htt, as the inhibition of ubiquitin-
mediated proteolysis suppresses aggregates but
accelerates polyQ htt-induced cell death (Saudou et al.,
1998).

Although htt is mainly localized in the cytoplasm,
aggregates have also been detected in the nucleus. These
intra-nuclear inclusions can only be detected by
antibodies recognizing epitopes very close to the polyQ
stretch, suggesting that they represent short truncated
derivatives of htt protein (DiFiglia et al., 1997). In fact,
it has been shown that aggregation, for any given polyQ,
is greater for N-terminal truncated protein than for full-
length protein (Cooper et al., 1998; Hackam et al., 1998;
Martindale et al., 1998). In addition, short htt fragments
containing a pathological polyQ expansion, when
expressed in transgenic animals or cultured cells, are
more toxic than full-length htt containing the identical
number of glutamines (Davies et al., 1997; Hackam et
al., 1998; Lunkes and Mandel, 1998; Reddy et al., 1998;
Schilling et al., 1999; Hodgson et al., 1999). Several
lines of evidence indicate that htt cleavage and nuclear
localization are necessary to induce degeneration
(Saudou et al., 1998; Kim et al., 1999; Peters et al.,
1999; Wellington et al., 2000). Accordingly, htt can be
cleaved by different proteases (Wellington et al., 2000;
Kim et al., 2001; Lunkes et al., 2002; Gafni et al., 2004),
but their respective contribution in vivo is still unclear. 

The expression of htt and the localization of
intranuclear inclusions in HD brains do not correlate
exactly with the pattern of selective degeneration. Htt
expression in the striatum, the most affected area in HD,
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is less abundant than in other brain regions
(Landwehrmeyer et al., 1995). Furthermore, double-
labeling of individual striatal neurons showed low-to-
moderate htt immunoreactivity in GABAergic medium-
sized striatal projection neurons (Ferrante et al., 1997;
Gorfinkel-An et al., 1997; Fusco et al., 1999), whereas
striatal interneurons, which are spared in HD, showed
high htt immunoreactivity (Sapp et al., 1997; Fusco et
al., 1999). In contrast, htt content is high in all cortical
pyramidal neurons, especially those projecting to the
striatum (Ferrante et al., 1997; Fusco et al., 1999). In HD
brains, neurons with intranuclear inclusions do not
correspond exactly with those that degenerate
(Kuemmerle et al., 1999). Although intranuclear
inclusions are present in the striatum, they are much
more frequent in the cerebral cortex (Gutekunst et al.,
1995; Sieradzan et al., 1999). Furthermore, within the
striatum they are predominantly observed in spared large
interneurons (Kuemmerle et al., 1999). This differential
distribution cannot be attributed to a greater neuronal
loss in the striatum, because these inclusions are equally
rare in low-grade cases (Gutekunst et al., 1999). It has
been suggested that this distinct accumulation of mutant
htt aggregates between cortical and striatal neurons
might be related to higher htt expression levels in the
cortex or to different mechanisms for the recognition and
elimination of misfolded proteins in these two brain
regions (Sieradzan and Mann, 2001). 

Unlike intranuclear inclusions, the presence of
neuropil aggregates in the cerebral cortex and striatum,
in any pathological grade, correlates with HD

neuropathology (Gutekunst et al., 1999). Analysis of
post-mortem brains of HD patients at early stages of the
disease showed the presence of dystrophic neurites prior
to cell death (DiFiglia et al., 1997; Sapp et al., 1999).
The presence of neuritic aggregates suggested that they
could play an important role in the pathological process
by dysregulating synaptic function and inducing neurite
degeneration (Li et al., 2000). 

Many mechanisms regulate the critical concentration
of the aggregate precursor in a given cell, such as
subcellular compartmentalization, differential processing
of the full-length protein and expression levels (Bates,
2003). In fact, the continued expression of mutant htt is
required for the development of a progressive HD
phenotype (Lunkes and Mandel, 1998; Yamamoto et al.,
2000). This has been shown by use of a conditional
transgenic mouse model expressing exon 1 of the human
HD (with 94Q) gene under the control of a tetracycline-
dependent promoter which allows programmable
switching off of the transgene expression (Yamamoto et
al., 2000). Blockade of htt expression in symptomatic
mice, with neuronal atrophy and dysfunction but without
neuronal loss, leads to a disappearance of inclusions and
an amelioration of the behavioral phenotype,
demonstrating that a continuous influx of the mutant
protein is required to maintain inclusions and symptoms
(Yamamoto et al., 2000; Martin-Aparicio et al., 2001;
Diaz-Hernandez et al., 2004). Similarly, htt gene
silencing improved behavioral and neuropathological
abnormalities in a mouse model of HD at a stage where
there was no neuronal loss (Harper et al., 2005).
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Fig. 1. Cellular aggregates of
mutant htt are a characteristic
hallmark of HD. A. Low
magnification shows larger
intranuclear ubiquitin-positive
aggregates in the cerebral
cortex than in the striatum of
the transgenic mouse model
R6/1. Aggregates are mainly
located in layers II-III and V of
the cerebral cortex. B, C.
Aggregates can also be
detected using a specific
antibody against mutant htt
(EM48). Intranuclear
aggregates are detected at low
magnification in the striatum
(B). At higher magnification,
small aggregates can also be
detected in the neuropil (C).
Arrows indicate large
intranuclear aggregates, white
arrowheads indicate small
aggregates located in neuronal
processes, black arrowheads
indicate glial aggregates.
Scale bars: A, 500 µm; B, 250
µm; and C, 50 µm.



Interestingly, a very recent report shows that in the
conditional mouse model of HD, switching off the
transgene expression in advanced stages of disease, once
neuronal loss has taken place in the brain, recovers
motor dysfunction, reverses the vast majority of
inclusions and attenuates additional neuronal loss (Diaz-
Hernandez et al., 2005). 

Although HD brains are characterized by the
presence of aggregates, the exact role of these
aggregates in HD pathogenesis is not clear. Aggregate
formation is thought to be toxic and to cause
neurodegeneration (Davies et al., 1997; DiFiglia et al.,
1997; Ordway et al., 1997; Becher et al., 1998), to be
uncoupled with toxicity (Kim et al., 1997; Leavitt et al.,
1999) or even to be neuroprotective (Saudou et al., 1998;
Arrasate et al., 2004; Ravikumar et al., 2004). In
addition, the lack of correlation between aggregate
localization and neuronal vulnerability in HD suggests
that selective neurodegeneration might result not only
from the specific distribution of toxic htt products but
also from intrinsic neuronal properties. Therefore, each
neuron subtype has a unique cellular context for
affecting htt toxicity. Indeed, other mechanisms have
been related to the development of neurodegenerative
processes in HD, such as excitotoxicity, mitochondrial
dysfunction and trophic factors. 
Excitotoxicity in HD

The striatum receives large glutamatergic input from
corticostriatal afferents, which makes it a structure at
risk of glutamate-mediated excitotoxic injury.
Corticostriatal projections extend from cortical neurons
in layers III, V and deep layer VI to any striatal region
(Gerfen, 1992; Flaherty and Graybiel, 1994). Glutamate
exerts its action via ionotropic glutamate receptors,
which are ligand-gated cationic channels (N-methyl-D-
aspartate: NMDA; α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate: AMPA; and kainate: KA), or
metabotropic glutamate receptors coupled to second-
messenger systems via G proteins (Hollmann and
Heinemann, 1994). Excitotoxicity, which results from
over-stimulation of ionotropic glutamate receptors, has
been related to the neuronal death observed in several
neurodegenerative disorders (Choi, 1988). The
excitotoxic hypothesis was first considered in the
context of HD when it was observed that administration
of glutamate receptor agonists in the striatum reproduces
some of the biochemical features of HD (Coyle and
Schwarcz, 1976; Schwarcz and Kohler, 1983; Beal et al.,
1986). Among the glutamate receptor agonists tested,
intrastriatal injection of quinolinic acid (QUIN; an
NMDA receptor agonist) most closely mimics the
neuropathology of HD in rats (Beal et al., 1986, 1989)
and in non-human primates (Ferrante et al., 1993). 

In human HD brains, striatal NMDA receptors
significantly decrease even in pre-symptomatic stages of
the disease (London et al., 1981; Dure et al., 1991),
suggesting that neurons that express these receptors

strongly may be the most vulnerable (Young et al., 1988;
Albin and Gilman, 1990). However, NMDA receptors
are abundantly expressed on both striatal projection
neurons and interneurons (Standaert et al., 1994;
Landwehrmeyer et al., 1995). Moreover, other brain
regions that are not affected in HD, such as the
hippocampus, cerebellum and brainstem, contain similar
or higher levels of glutamate receptors than the striatum,
suggesting that other mechanisms could account for the
regional specificity of HD pathology. In fact, it has been
suggested that the selective loss of striatal neurons could
be related to differences in the subunit composition of
the NMDA receptors. These receptors are composed of
combinations of NR1 and NR2A-D subunits (Hollmann
and Heinemann, 1994). NR1 subunit is required for
NMDA receptors to be functional, but NR2 subunit
confers other important properties such as an increase in
channel permeability and deactivation time, and changes
in the sensitivity to Mg2+ or glycine (Schoepfer et al.,
1994). Striatal projection neurons and interneurons
display important differences in NMDA receptor subunit
composition. Almost all populations of striatal neurons
express high levels of NR1 subunit (Chen and Reiner,
1996; Chen et al., 1996; Ghasemzadeh et al., 1996), but
striatal projection neurons predominantly express NR2B
subunit together with small amounts of NR2A, whereas
interneurons predominantly express NR2D with low
levels of NR2A and NR2C (Standaert et al., 1994;
Landwehrmeyer et al., 1995; Chen et al., 1999).
Interestingly, NMDA receptors containing NR2C or
NR2D subunits have lower affinity for QUIN than those
containing NR2A and NR2B (Buller et al., 1994),
showing that the lack of NR2A/B in striatal interneurons
may thus confer resistance to NMDA-mediated
excitotoxicity. In support of this hypothesis, it has been
demonstrated that projection neurons and interneurons
show different responses to glutamate receptor activation
(Calabresi et al., 2000; Cepeda et al., 2001). Moreover,
mutant htt selectively increases the current flowing
through NMDA receptors comprising NR1/NR2B
subunits (Chen et al., 1999; Zeron et al., 2001, 2002).
Therefore, it has been suggested that the relative
expression levels of NR2B compared with other NR2
subunits could account for the regional variation in
neuronal degeneration severity in HD. Consistent with
this, brain regions not affected in HD such as the
cerebellum and brainstem express low levels of NR2B
subunit (Hollmann and Heinemann, 1994; Monyer et al.,
1994; Portera-Cailliau et al., 1996; Goebel and Poosch,
1999; Thompson et al., 2000).

All these results raised the question of whether
mutant htt expression modulates the activity of NMDA
receptors. It has been reported that htt is associated with
post-synaptic density protein 95 (PSD-95), which is
involved in the post-synaptic clustering of NMDA
receptors (Sun et al., 2001). Mutant htt may alter the
structure of the postsynaptic apparatus, since the
presence of polyQ expansion significantly reduces its
binding to PSD-95 (Sun et al., 2001). Furthermore,
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mutant htt increases tyrosine phosphorylation of NMDA
receptors via PSD-95, contributing to their sensitization
(Song et al., 2003). Therefore, the interaction between
mutant htt and associated cytoskeletal proteins, which
are known to modulate NMDA receptor channel
function and/or subcellular localization (Scannevin and
Huganir, 2000), may increase NMDA receptor-mediated
excitotoxicity. However, results obtained in various
transgenic animal models of HD are controversial.
Transgenic mice expressing exon 1 of the human HD
gene with 115 (R6/1) or 155 (R6/2) CAG repeats show
resistance to QUIN-induced striatal excitotoxicity
(Hansson et al., 1999), whereas mice expressing full-
length htt with 72 CAG repeats (YAC72) show increased
sensitivity (Zeron et al., 2002). These differences have
been attributed to the number of CAG repeats or the
length of the mutant htt (Zeron et al., 2002).
Furthermore, R6/1 and R6/2 animals develop resistance
to QUIN gradually, which correlates with striatal cells
expressing mutant htt being better able to handle
cytoplasmatic calcium overload after QUIN injection
(Hansson et al., 2001a). These results suggested that
exon 1 of mutant htt induces a sub-lethal grade of
excitotoxicity that may cause an adaptation of striatal
neurons to excitotoxic insult, resulting in an up-
regulation of defense mechanisms (Hansson et al.,
2001a). In fact, enhanced Akt signaling was an early
response to NMDA receptor activation in mutant htt
knock-in cells (Gines et al., 2003a). Furthermore, a
reduction in the phosphorylation of NR1 subunit and
PSD-95-like protein levels was observed in a transgenic
mouse model of HD, which could result in the protection
of striatal neurons from excitotoxicity (Jarabek et al.,
2004). 
Mitochondrial dysfunction in HD

In addition to excitotoxicity, mitochondrial
dysfunction has been implicated in the physiopathology
of HD (Beal, 2000; Rego and Oliviera, 2003). Hence,
defects in energy metabolism affecting the brain and
peripheral tissues have been reported in HD (Jenkins et
al., 1993; Antonini et al., 1996; Lodi et al., 2000).
Magnetic resonance spectroscopy studies showed a
defect in oxidative energy metabolism in HD, suggesting
an involvement in striatal degeneration (Jenkins et al.,
1993, 1998; Browne et al., 1997). Additionally,
biochemical studies disclosed that mitochondrial defect
parallels severity and neuronal loss in HD brain.
Complex II/III deficiencies, with a smaller decrease in
complex-IV activity, were observed in the striatum but
not in other brain areas such as cerebellum or cortex (Gu
et al., 1996; Browne et al., 1997; Tabrizi et al., 1999).
Furthermore, mitochondria from HD patient
lymphoblasts display stress-induced mitochondrial
depolarization that correlates with the CAG-repeat
number (Sawa et al., 1999) and increased susceptibility
to both calcium and mitochondrial inhibitors (Panov et
al., 2002). In support of the hypothesis that

mitochondrial dysfunction plays a role in HD
pathogenesis, systemic administration of 3-NP (an
irreversible inhibitor of mitochondrial complex II) in rats
and non-human primates produces striatal degeneration
similar to that observed in HD (Beal et al., 1993a;
Brouillet et al., 1995). Another complex II inhibitor,
malonate, has also been used successfully to reproduce
HD in animal models (Beal et al., 1993b; Greene et al.,
1993). 

Studies of various transgenic animal models have
also suggested the involvement of energy impairment in
HD pathogenesis. Magnetic resonance spectroscopy
disclosed a decrease in N-acetylaspartate in R6/1 and
R6/2 transgenic mice that could reflect impaired
mitochondrial energy production (Jenkins et al., 2000;
Van Dellen et al., 2000). In fact, increased sensitivity to
3-NP was found in cultured mutant knock-in striatal
cells (Gines et al., 2003b; Ruan et al., 2004) as well as in
striatal primary cultures obtained from YAC72 and
YAC128 mutant mice (Shehadeh et al., 2006). However,
contradictory results were obtained in R6/1 and R6/2
mice after treatment with mitochondrial complex II
inhibitors. Larger (Bogdanov et al., 1998) or smaller
(Hickey and Morton, 2000) striatal lesions than
littermate controls were observed in R6/2 mice after
systemic injection of 3-NP. Furthermore, R6/1 and R6/2
mice displayed resistance to malonate treatment that was
dependent on CAG repeat length and age of onset
(Hansson et al., 2001b). 

How mutant htt compromises the function of
complex II has not yet been established, although studies
in vitro show that polyQ constructs directly promote
mitochondrial dysfunction during graded calcium load
(Panov et al., 2003). Furthermore, it has been shown that
mutant htt is associated with the outer mitochondria
membrane and decreases the calcium threshold required
to induce mitochondrial transition pore opening (Choo et
al., 2004). It has also been hypothesized that mutant htt
affects the transcriptional regulation of specific genes
that encode for mitochondrial metabolic proteins that
decrease in HD mouse models (Luthi-Carter et al., 2000,
2002; Chan et al., 2002). 

A link between chronic mitochondrial anomalies and
excitoxicity has also been suggested, since NMDA
receptor antagonists can block the effect of
mitochondrial inhibition (Henshaw et al., 1994; Greene
and Greenamyre, 1995). Furthermore, inhibitors of
succinate dehydrogenase strengthen, in the long term,
NMDA-mediated excitation in striatal projection
neurons but not in cholinergic interneurons (Calabresi et
al., 2001). In support of these results, it has recently been
shown that treatment with 3-NP induces higher
depolarization of projection neurons in presymptomatic
R6/2 HD transgenic mice than in wild-type mice,
whereas the effect of 3-NP on cholinergic interneurons
was similar in both genotypes (Saulle et al., 2004).
These results suggest that the diverse membrane changes
induced by inhibition of mitochondrial complex II may
contribute to cell-type-specific neuronal death in HD. 
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Although the striatum is the brain region most
vulnerable to 3-NP toxicity, cell loss in several areas of
the cerebral cortex anatomically connected to the
striatum also occurs after onset of striatal degeneration
(Mittoux et al., 2000, 2002). Interestingly, metabolic
compromise induces the death of cultured striatal and
cortical neurons to the same extent, though through
different molecular mechanisms (Galas et al., 2004). In
addition, striatal and cortical cells expressing mutant htt
display differential vulnerability to several other stimuli
such as excitotoxicity or oxidative stress (Snider et al.,
2003). Finally, striatal mitochondria are more vulnerable
to Ca2+-induced transition permeability than cortical
mitochondria (Brustovetsky et al., 2003), which could
account for the selective degeneration of striatal neurons
in HD. 
Trophic factors in HD

Neurotrophic factors are involved in the regulation
of many neuronal aspects such as survival, maintenance
and differentiation (Murphy et al., 1997; Huang and
Reichardt, 2001; Airaksinen and Saarma, 2002; Chao,
2003). These proteins exert their selective actions on
neuronal populations through the activation of specific
receptors (Stahl and Yancopoulos, 1994; Airaksinen et
al., 1999; Chao, 2003; Huang and Reichardt, 2003).
Trophic factors have been suggested as good candidates
for treatment of several neurodegenerative diseases,
because they exert neuroprotective action on affected
neuronal populations (Alexi et al., 2000; Aebischer and
Ridet, 2001; Thoenen and Sendtner, 2002). Regarding
HD, most of the studies on the regulation of trophic
factors and protective effects have been performed in the
excitotoxic or the 3-NP models. Among the trophic
factors described up to now, neurotrophins, glial cell
line-derived neurotrophic factor (GDNF) family and
ciliary neurotrophic factor (CNTF) have been studied the
most. Neurotrophins and their receptors, as well as
GDNF-family members and receptors, are differentially
regulated by intrastriatal injection of glutamate receptor
agonists in the adult rat striatum (Canals et al., 1998,
1999; Marco et al., 2002a) or at different postnatal stages
(Checa et al., 2000, 2001). This endogenous regulation
following excitotoxicity suggests a possible contribution
of trophic factors to the maintenance of striatal neuronal
survival. Indeed, we and others have shown the
neuroprotective effects of neurotrophins and GDNF
family members against excitotoxicity (reviewed in
Alberch et al., 2002, 2004). 

The neurotrophins, nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and NT-4/5, prevent the atrophy
and death of striatal projection neurons induced by
intrastriatal QUIN (Martinez-Serrano and Bjorklund,
1996; Alexi et al., 1997; Araujo and Hilt, 1997;
Bemelmans et al., 1999; Perez-Navarro et al., 1999a,
2000a; Kells et al., 2004) or KA (Gratacos et al., 2001)
injection. Furthermore, BDNF also protects striatal

projection neurons against neuronal injury and improves
motor impairment induced by 3-NP toxicity (Ryu et al.,
2004). Of all the neurotrophins tested, BDNF provides
the strongest protection against striatal neuronal death
(Perez-Navarro et al., 2000a; Gratacos et al., 2001),
whereas NT-3 is the most efficient in regulating the
phenotypical changes (atrophy and reduction in
expression levels of enkephalin and SP) induced by
QUIN injection (Perez-Navarro et al., 1999a). GDNF
family members also prevent striatal neuronal
degeneration. GDNF and neurturin protect these neurons
against QUIN (Perez-Navarro et al., 1996, 2000b; Kells
et al., 2004) or KA (Gratacos et al., 2001) injection,
whereas GDNF also prevents striatal degeneration
induced by systemic administration of 3-NP (Araujo and
Hilt, 1998). However, these trophic factors exert specific
actions, since GDNF acts only on striatonigral neurons
(Perez-Navarro et al., 1999b) while striatopallidal
neurons are only neuroprotected by neurturin (Marco et
al., 2000b). Several studies have described the
neuroprotective action of CNTF on striatal neurons. This
trophic factor prevents degeneration of striatal projection
neurons and behavioral changes induced by intrastriatal
QUIN injection (Emerich et al., 1996, 1997a, 1998; de
Almeida et al., 2001; Regulier et al., 2002; Emerich,
2004) or 3-NP treatment in rats (Mittoux et al., 2002).
Furthermore, it also exerts neuroprotective effects in
primates against intrastriatal injection of QUIN (Emerich
et al., 1997b) or treatment with 3-NP (Mittoux et al.,
2000). These positive results obtained with CNTF led to
a phase-I study to evaluate the safety of intracerebral
administration of this protein in subjects with HD
(Bachoud-Levi et al., 2000). For this study, polymer-
encapsulated cells engineered to secrete human CNTF
were used to deliver this trophic factor over a two-year
period. Improvements in electrophysiological results that
correlate with capsules releasing the largest amount of
CNTF were shown. Although this phase-I study shows
the safety and tolerability of this gene approach, the
survival of engineered cells is variable and needs to be
improved (Bloch et al., 2004). The effect of some of
these trophic factors has also been examined in
transgenic models of HD. The injection of lentiviral
vectors expressing CNTF in the striatum of YAC72 mice
decreases the behavioral deficit of these animals (Zala et
al., 2004). Treatment with CNTF or BDNF prevents
apoptotic striatal cell death induced by transfection of
mutant htt (Saudou et al., 1998). 

Recently, much attention has focused on the study of
BDNF and its role in the neurodegeneration observed in
HD, as this neurotrophin is transcriptionally regulated by
htt: wild-type htt increases BDNF gene transcription in
cortical neurons, while mutant htt decreases it (Zuccato
et al., 2001, 2003). Accordingly, BDNF expression and
protein levels are lower in cortical and striatal tissues
from HD patients (Ferrer et al., 2000; Zuccato et al.,
2001). Furthermore, different transgenic mouse models
of HD such as YAC72 (Zuccato et al., 2001), N171-82Q
(Duan et al., 2003), R6/2 (Zhang et al., 2003) and knock-
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in (Gines et al., 2003b) show decreased levels of BDNF
in cortical and striatal areas. As BDNF promotes the
survival of cultured striatal neurons (Ventimiglia et al.,
1995; Gavalda et al., 2004) and has potent
neuroprotective effects on striatal projection neurons
(Perez-Navarro et al., 1999a, 2000a, 2005; Gratacos et
al., 2001), it has been hypothesized that BDNF deficit
contributes to the selective degeneration of striatal
projection neurons that occurs in HD. Interestingly,
wild-type htt also enhances vesicular transport of BDNF
along microtubules, a function that is attenuated both in
the disease context and by reducing the levels of wild-
type htt (Gauthier et al., 2004). Furthermore, excitotoxic
lesion in the striatum increases BDNF mRNA levels in
the cortex, suggesting that this BDNF could be
anterogradely transported to provide trophic support to
damaged striatal neurons (Canals et al., 2001). Recently,
it has been shown that striatal neurons require cortical
BDNF to acquire normal dendrite morphology and to

survive long-term (Baquet et al., 2004). All these results
point to cortical BDNF as an important factor in the
regulation of the function and survival of striatal
neurons. The functional effects of endogenous BDNF
levels on the physiopathology of HD have been studied
in a double mutant mouse (bDM) expressing mutant htt
and low levels of BDNF. These animals show advanced
onset of motor dysfunctions, with a more severe lack of
motor coordination. This abnormal behavior correlates
with a specific loss of striatal enkephalinergic projection
neurons, which can be prevented by treatment with
BDNF (Canals et al., 2004). Dopaminergic neuronal
dysfunction, with a reduction in dopaminergic neurons
labeled with a retrograde marker, striatal dopamine
content and dopamine receptor expression, has also been
observed in bDM (Pineda et al., 2005), which could
contribute to the motor disturbances observed in HD. 

The involvement of endogenous BDNF in the
physiopathology of HD has also been shown in HD
patients. There is a polymorphism in the bdnf gene
leading to a valine (Val)-to-methionine (Met)
substitution at position 66 in the prodomain (Val66Met)
which alters intracellular trafficking and activity-
dependent secretion of BDNF (Egan et al., 2003; Chen
et al., 2004). Human heterozygous for this
polymorphism have differential susceptibility to several
neuropsychiatric disorders (Ventriglia et al., 2002;
Neves-Pereira et al., 2002, 2005; Sen et al., 2003). In
HD patients, BDNF Val66Met is associated with a later
onset of motor abnormalities (Alberch et al., 2005),
although the mechanism by which BDNF Val66Met
interacts with mutant htt to modulate the onset of HD is
still unknown. 
Therapeutic approaches

Most of the drugs developed for treating HD are
based on the involvement of excitotoxicity and
mitochondrial dysfunction in neuronal degeneration.
Several clinical trials have been conducted: using
NMDA antagonists (remacemide: Kieburtz et al., 1996;
ketamine: Murman et al., 1997), glutamate-release
inhibitors (baclofen: Shoulson et al., 1989; lamotrigine:
Kremer et al., 1999; riluzole: Huntington Study Group,
2003) or mitochondrial support agents (creatine: Tabrizi
et al., 2005; coenzyme Q10: Huntington Study Group,
2001). None of these studies showed great benefits: only
a trend toward improvement in chorea was observed
after treatment with remacemide and a reduction in
chorea was seen 8 weeks after riluzole administration. In
another clinical trial, a combination of coenzyme Q10
and remacemide was examined, with no significant
effects on functional decline in early HD (Huntington
Study Group, 2001).

Effective therapies for neurodegenerative disorders
are those that prevent or inhibit early pathological events
before neuronal death occurs. Treatment with
neurotrophic factors is a promising therapy because
these proteins regulate many aspects of neuronal
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Fig. 2. Schematic diagram showing proposed functions for wild-type htt
and mechanisms involved in neuronal cell death in the presence of
mutant htt. Wild-type htt (htt) regulates neuronal development and
controls several important neuronal functions in adulthood. When htt is
mutated (mhtt) it forms aggregates in the cytoplasm and nucleus but the
contribution of aggregates to neuronal cell death is not clear. Several
mechanisms, intrinsic of each neuronal population, modulate neuronal
degeneration in the presence of mhtt.



function. Furthermore, they prevent neuronal cell death
in animal models of neurodegenerative diseases
(Alberch et al., 2004). Among the trophic factors
analyzed in the context of HD, treatment with BDNF is
the most promising approach to stopping the disease or
slowing its progression. However, BDNF needs the
presence of its receptor TrkB to exert its protective
effects. In this context, we recently observed that mutant
htt also affects TrkB expression (Gines et al., 2006).
GDNF family members could also be relevant to the
treatment of HD, since GDNF and neurturin exert
distinct protective actions on striatal projection neurons
against excitotoxicity. GDNF prevents the death of
striatonigral neurons, while neurturin is specific for the
striatopallidal neurons, suggesting that the use of one of
these two trophic factors may help to recover the
equilibrium between both striatal projection pathways.
Thus, a combined approach using distinct trophic
factors, depending on the stage of the disease’s progress,
would lead to positive neuroprotective effects in HD. 

Some neurotrophic factors have been tested in
clinical trials, though without success (Aebischer and
Ridet, 2001; Apfel, 2002; Thoenen and Sendtner, 2002).
One problem might be related to inappropriate delivery
techniques. To use trophic factors such as therapeutic
molecules, consistent delivery systems have to be
developed that will allow localized delivery that can be
regulated. Different alternatives have been tested, such
as mini-pumps releasing trophic factors directly into the
central nervous system, viral vectors or cell delivery
(Aebischer and Ridet, 2001). Another important
unresolved issue is the timing of therapeutic
intervention. Interestingly, a recent study, using a novel
imaging approach, shows a progressive regional grey
matter loss in pre-symptomatic HD mutation carriers
over a period of two years before the onset of significant
clinical decline (Kipps et al., 2005). Therefore, this
imaging technique could become a powerful tool in
neuroprotection trials. 
Conclusion

Today there is evidence that HD is not a result of
one single mechanism and that multiple pathological
pathways participate in this disease (Fig. 2). Extensive
evidence also indicates that the precise biological
function and protein context in a given subset of neurons
may determine their vulnerability to mutant htt.
Therefore, the study of the interactions between htt and
intrinsic neuronal properties may help us to understand
the physiopathology of HD and to develop new
therapeutic strategies. 
Acknowledgements. Financial support was obtained from the Ministerio
de Educación y Ciencia (SAF2005-01335; SAF2005-00147; SAF2005-
02333); Redes Temáticas de Investigación Cooperativa (G03/167;
G03/210, Ministerio de Sanidad y Consumo); Fondo de Investigaciones
Sanitarias (Instituto de Salud Carlos III); and Fundació La Caixa.

References

Aebischer P. and Ridet J. (2001). Recombinant proteins for
neurodegenerative diseases: the delivery issue. Trends Neurosci.
24, 533-540.

Airaksinen M.S. and Saarma M. (2002). The GDNF family: signalling,
biological functions and therapeutic value. Nat. Rev. Neurosci. 3,
383-394.

Airaksinen M.S., Titievsky A. and Saarma M. (1999). GDNF family
neurotrophic factor signaling: four masters, one servant? Mol. Cell
Neurosci. 13, 313-325.

Alberch J., Perez-Navarro E. and Canals J.M. (2002). Neuroprotection
by neurotrophins and GDNF family members in the excitotoxic
model of Huntington's disease. Brain Res. Bull. 57, 817-822.

Alberch J., Perez-Navarro E. and Canals J.M. (2004). Neurotrophic
factors in Huntington's disease. Prog. Brain Res. 146, 195-229.

Alberch J., Lopez M., Badenas C., Carrasco J.L., Mila M., Munoz E. and
Canals J.M. (2005). Association between BDNF Val66Met
polymorphism and age at onset in Huntington disease. Neurology
65, 964-965.

Albin R.L. and Gilman S. (1990). Autoradiographic localization of
inhibitory and excitatory amino acid neurotransmitter receptors in
human normal and olivopontocerebellar atrophy cerebellar cortex.
Brain Res. 522, 37-45.

Albin R.L., Reiner A., Anderson K.D., Dure L.S., Handelin B., Balfour R.,
Whetsell W.O. Jr., Penney J.B. and Young A.B. (1992). Preferential
loss of striato-external pallidal projection neurons in presymptomatic
Huntington's disease. Ann. Neurol. 31, 425-430.

Alexi T., Borlongan C.V., Faull R.L., Williams C.E., Clark R.G.,
Gluckman P.D. and Hughes P.E. (2000). Neuroprotective strategies
for basal ganglia degeneration: Parkinson's and Huntington's
diseases. Prog. Neurobiol. 60, 409-470.

Alexi T., Venero J.L. and Hefti F. (1997). Protective effects of
neurotrophin-4/5 and transforming growth factor-alpha on striatal
neuronal phenotypic degeneration after excitotoxic lesioning with
quinolinic acid. Neuroscience 78, 73-86.

Ambrose C.M., Duyao M.P., Barnes G., Bates G.P., Lin C.S., Srinidhi J.,
Baxendale S., Hummerich H., Lehrach H., Altherr M., Wasmuth J.,
Buckler A., Church D., Housman D., Berks H., Micklem G., Durbin
R., Dodge A., Read A., Gusella J. and Macdonald M.E. (1994).
Structure and expression of the Huntington's disease gene:
evidence against simple inactivation due to an expanded CAG
repeat. Somat. Cell Mol. Genet. 20, 27-38.

Antonini A., Leenders K.L., Spiegel R., Meier D., Vontobel P., Weigell-
Weber M., Sanchez-Pernaute R., de Yebenez J.G., Boesiger P.,
Weindl A. and Maguire R.P. (1996). Striatal glucose metabolism and
dopamine D2 receptor binding in asymptomatic gene carriers and
patients with Huntington's disease. Brain 119, 2085-2095.

Apfel S.C. (2002). Is the therapeutic application of neurotrophic factors
dead? Ann. Neurol. 51, 8-11.

Araujo D.M. and Hilt D.C. (1997). Glial cell line-derived neurotrophic
factor attenuates the excitotoxin-induced behavioral and
neurochemical deficits in a rodent model of Huntington's disease.
Neuroscience 81, 1099-1110.

Araujo D.M. and Hilt D.C. (1998). Glial cell line-derived neurotrophic
factor attenuates the locomotor hypofunction and striatonigral
neurochemical deficits induced by chronic systemic administration of
the mitochondrial toxin 3-nitropropionic acid. Neuroscience 82, 117-
127.

1224
Selective neurodegeneration in HD



Arrasate M., Mitra S., Schweitzer E.S., Segal M.R. and Finkbeiner S.
(2004). Inclusion body formation reduces levels of mutant huntingtin
and the risk of neuronal death. Nature 431, 805-810.

Bachoud-Levi A.C., Deglon N., Nguyen J.P., Bloch J., Bourdet C.,
Winkel L., Remy P., Goddard M., Lefaucheur J.P., Brugieres P.,
Baudic S., Cesaro P., Peschanski M. and Aebischer P. (2000).
Neuroprotective gene therapy for Huntington's disease using a
polymer encapsulated BHK cell line engineered to secrete human
CNTF. Hum. Gene Ther. 11, 1723-1729.

Baquet Z.C., Gorski J.A. and Jones K.R. (2004). Early striatal dendrite
deficits followed by neuron loss with advanced age in the absence of
anterograde cortical brain-derived neurotrophic factor. J. Neurosci.
24, 4250-4258.

Bates G. (2003). Huntingtin aggregation and toxicity in Huntington's
disease. Lancet. 361, 1642-1644.

Bates G.P. (2005). History of genetic disease: The molecular genetics of
Huntington disease - a history. Nat. Rev. Genet. 

Bates G.P., Harper P.S. and Jones A.L. (eds) (2002). Huntington’s
disease. Oxford University Press. Oxford, UK.

Beal M.F. (2000). Energetics in the pathogenesis of neurodegenerative
diseases. Trends Neurosci. 23, 298-304.

Beal M.F. and Ferrante R.J. (2004). Experimental therapeutics in
transgenic mouse models of Huntington's disease. Nat. Rev.
Neurosci. 5, 373-384.

Beal M.F., Kowall N.W., Ellison D.W., Mazurek M.F., Swartz K.J. and
Martin J.B. (1986). Replication of the neurochemical characteristics
of Huntington's disease by quinolinic acid. Nature. 321, 168-171.

Beal M.F., Kowall N.W., Swartz K.J., Ferrante R.J. and Martin J.B.
(1989). Differential sparing of somatostatin-neuropeptide Y and
cholinergic neurons following striatal excitotoxin lesions. Synapse. 3,
38-47.

Beal M.F., Brouillet E., Jenkins B.G., Ferrante R.J., Kowall N.W., Miller
J.M., Storey E., Srivastava R., Rosen B.R. and Hyman B.T. (1993a).
Neurochemical and histologic characterization of striatal excitotoxic
lesions produced by the mitochondrial toxin 3-nitropropionic acid. J.
Neurosci. 13, 4181-4192.

Beal M.F., Brouillet E., Jenkins B., Henshaw R., Rosen B. and Hyman
B.T. (1993b). Age-dependent striatal excitotoxic lesions produced by
the endogenous mitochondrial inhibitor malonate. J. Neurochem. 61,
1147-1150.

Becher M.W., Kotzuk J.A., Sharp A.H., Davies S.W., Bates G.P., Price
D.L. and Ross C.A. (1998). Intranuclear neuronal inclusions in
Huntington's disease and dentatorubral and pallidoluysian atrophy:
correlation between the density of inclusions and IT15 CAG triplet
repeat length. Neurobiol. Dis. 4, 387-397.

Bemelmans A.P., Horellou P., Pradier L., Brunet I., Colin P. and Mallet
J. (1999). Brain-derived neurotrophic factor-mediated protection of
striatal neurons in an excitotoxic rat model of Huntington's disease,
as demonstrated by adenoviral gene transfer. Hum. Gene Ther. 10,
2987-2997.

Bhide P.G., Day M., Sapp E., Schwarz C., Sheth A., Kim J., Young A.B.,
Penney J., Golden J., Aronin N. and DiFiglia M. (1996). Expression
of normal and mutant huntingtin in the developing brain. J. Neurosci.
16, 5523-5535.

Bloch J., Bachoud-Levi A.C., Deglon N., Lefaucheur J.P., Winkel L.,
Palfi S., Nguyen J.P., Bourdet C., Gaura V., Remy P., Brugieres P.,
Boisse M.F., Baudic S., Cesaro P., Hantraye P., Aebischer P. and
Peschanski M. (2004). Neuroprotective gene therapy for
Huntington's disease, using polymer-encapsulated cells engineered

to secrete human ciliary neurotrophic factor: results of a phase I
study. Hum. Gene Ther. 15, 968-975.

Bogdanov M.B., Ferrante R.J., Kuemmerle S., Klivenyi P. and Beal M.F.
(1998). Increased vulnerability to 3-nitropropionic acid in an animal
model of Huntington's disease. J. Neurochem. 71, 2642-2644.

Brouillet E., Hantraye P., Ferrante R.J., Dolan R., Leroy-Willig A., Kowall
N.W. and Beal M.F. (1995). Chronic mitochondrial energy
impairment produces selective striatal degeneration and abnormal
choreiform movements in primates. Proc. Natl. Acad. Sci. USA 92,
7105-7109.

Browne S.E., Bowling A.C., MacGarvey U., Baik M.J., Berger S.C.,
Muqit M.M., Bird E.D. and Beal M.F. (1997). Oxidative damage and
metabolic dysfunction in Huntington's disease: selective vulnerability
of the basal ganglia. Ann. Neurol. 41, 646-653.

Brustovetsky N., Brustovetsky T., Purl K.J., Capano M., Crompton M.
and Dubinsky J.M. (2003). Increased susceptibility of striatal
mitochondria to calcium-induced permeability transition. J. Neurosci.
23, 4858-4867.

Buller A.L., Larson H.C., Schneider B.E., Beaton J.A., Morrisett R.A.
and Monaghan D.T. (1994). The molecular basis of NMDA receptor
subtypes: native receptor diversity is predicted by subunit
composition. J. Neurosci. 14, 5471-5484.

Butterworth J., Yates C.M. and Reynolds G.P. (1985). Distribution of
phosphate-activated glutaminase, succinic dehydrogenase, pyruvate
dehydrogenase and gamma-glutamyl transpeptidase in post-mortem
brain from Huntington's disease and agonal cases. J. Neurol. Sci.
67, 161-171.

Calabresi P., Centonze D. and Bernardi G. (2000). Cellular factors
controlling neuronal vulnerability in the brain: a lesson from the
striatum. Neurology 55, 1249-1255.

Calabresi P., Gubellini P., Picconi B., Centonze D., Pisani A., Bonsi P.,
Greengard P., Hipskind R.A., Borrelli E. and Bernardi G. (2001).
Inhibit ion of mitochondrial complex II induces a long-term
potentiation of NMDA-mediated synaptic excitation in the striatum
requiring endogenous dopamine. J. Neurosci. 21, 5110-5120.

Canals J.M., Marco S., Checa N., Michels A., Perez-Navarro E., Arenas
E. and Alberch J. (1998). Differential regulation of the expression of
nerve growth factor, brain-derived neurotrophic factor, and
neurotrophin-3 after excitotoxicity in a rat model of Huntington's
disease. Neurobiol. Dis. 5, 357-364.

Canals J.M., Checa N., Marco S., Michels A., Perez-Navarro E. and
Alberch J. (1999). The neurotrophin receptors trkA, trkB and trkC are
differentially regulated after excitotoxic lesion in rat striatum. Mol.
Brain Res. 69, 242-248.

Canals J.M., Checa N., Marco S., Akerud P., Michels A., Perez-Navarro
E., Tolosa E., Arenas E. and Alberch J. (2001). Expression of brain-
derived neurotrophic factor in cortical neurons is regulated by striatal
target area. J. Neurosci. 21, 117-124.

Canals J.M., Pineda J.R., Torres-Peraza J.F., Bosch M., Martin-Ibanez
R., Munoz M.T., Mengod G., Ernfors P. and Alberch J. (2004). Brain-
derived neurotrophic factor regulates the onset and severity of motor
dysfunction associated with enkephalinergic neuronal degeneration
in Huntington's disease. J. Neurosci. 24, 7727-7739.

Cattaneo E., Zuccato C. and Tartari M. (2005). Normal huntingtin
function: an alternative approach to Huntington's disease. Nat. Rev.
Neurosci. 6, 919-930.

Cepeda C., Itri J.N., Flores-Hernandez J., Hurst R.S., Calvert C.R. and
Levine M.S. (2001). Differential sensitivity of medium- and large-
sized striatal neurons to NMDA but not kainate receptor activation in

1225
Selective neurodegeneration in HD



the rat. Eur. J. Neurosci. 14, 1577-1589.
Chan E.Y., Luthi-Carter R., Strand A., Solano S.M., Hanson S.A.,

DeJohn M.M., Kooperberg C., Chase K.O., DiFiglia M., Young A.B.,
Leavitt B.R., Cha J.H., Aronin N., Hayden M.R. and Olson J.M.
(2002). Increased huntingtin protein length reduces the number of
polyglutamine-induced gene expression changes in mouse models
of Huntington's disease. Hum. Mol. Genet. 11, 1939-1951.

Chao M.V. (2003). Neurotrophins and their receptors: a convergence
point for many signalling pathways. Nat. Rev. Neurosci. 4, 299-309.

Checa N., Canals J.M. and Alberch J. (2000). Developmental regulation
of BDNF and NT-3 expression by quinolinic acid in the striatum and
its main connections. Exp. Neurol. 165, 118-124.

Checa N., Canals J.M., Gratacos E. and Alberch J. (2001). TrkB and
TrkC are differentially regulated by excitotoxicity during development
of the basal ganglia. Exp. Neurol. 172, 282-292.

Chen Q. and Reiner A. (1996). Cellular distribution of the NMDA
receptor NR2A/2B subunits in the rat striatum. Brain Res. 743, 346-
352.

Chen Q., Veenman C.L. and Reiner A. (1996). Cellular expression of
ionotropic glutamate receptor subunits on specific striatal neuron
types and its implication for striatal vulnerability in glutamate
receptor-mediated excitotoxicity. Neuroscience 73, 715-731.

Chen Q., Surmeier D.J. and Reiner A. (1999). NMDA and non-NMDA
receptor-mediated excitotoxicity are potentiated in cultured striatal
neurons by prior chronic depolarization. Exp. Neurol. 159, 283-296.

Chen Z.Y., Patel P.D., Sant G., Meng C.X., Teng K.K., Hempstead B.L.
and Lee F.S. (2004). Variant brain-derived neurotrophic factor
(BDNF) (Met66) alters the intracellular trafficking and activity-
dependent secretion of wild-type BDNF in neurosecretory cells and
cortical neurons. J. Neurosci. 24, 4401-4411.

Choi D.W. (1988). Glutamate neurotoxicity and diseases of the nervous
system. Neuron 1, 623-634.

Choo Y.S., Johnson G.V., MacDonald M., Detloff P.J. and Lesort M.
(2004). Mutant huntingtin directly increases susceptibility of
mitochondria to the calcium-induced permeability transition and
cytochrome c release. Hum. Mol. Genet. 13, 1407-1420.

Cooper J.K., Schilling G., Peters M.F., Herring W.J., Sharp A.H.,
Kaminsky Z., Masone J., Khan F.A., Delanoy M., Borchelt D.R.,
Dawson V.L., Dawson T.M. and Ross C.A. (1998). Truncated N-
terminal fragments of huntingtin with expanded glutamine repeats
form nuclear and cytoplasmic aggregates in cell culture. Hum. Mol.
Genet. 7, 783-790.

Coyle J.T. and Schwarcz R. (1976). Lesion of striatal neurones with
kainic acid provides a model for Huntington's chorea. Nature 263,
244-246.

Cudkowicz M. and Kowall N.W. (1990). Degeneration of pyramidal
projection neurons in Huntington's disease cortex. Ann. Neurol. 27,
200-204.

Davies S.W., Turmaine M., Cozens B.A., DiFiglia M., Sharp A.H., Ross
C.A., Scherzinger E., Wanker E.E., Mangiarini L. and Bates G.P.
(1997). Formation of neuronal intranuclear inclusions underlies the
neurological dysfunction in mice transgenic for the HD mutation.
Cell. 90, 537-548.

de Almeida L.P., Zala D., Aebischer P. and Deglon N. (2001).
Neuroprotective effect of a CNTF-expressing lentiviral vector in the
quinolinic acid rat model of Huntington's disease. Neurobiol. Dis. 8,
433-446.

de la Monte S.M., Vonsattel J.P. and Richardson E.P. Jr. (1988).
Morphometric demonstration of atrophic changes in the cerebral

cortex, white matter, and neostriatum in Huntington's disease. J.
Neuropathol. Exp. Neurol. 47, 516-525.

Diaz-Hernandez M., Moreno-Herrero F., Gomez-Ramos P., Moran M.A.,
Ferrer I., Baro A.M., Avila J., Hernandez F. and Lucas J.J. (2004).
Biochemical, ultrastructural, and reversibility studies on huntingtin
filaments isolated from mouse and human brain. J. Neurosci. 24,
9361-9371.

Diaz-Hernandez M., Torres-Peraza J., Salvatori-Abarca A., Moran M.A.,
Gomez-Ramos P., Alberch J. and Lucas J.J. (2005). Full motor
recovery despite striatal neuron loss and formation of irreversible
amyloid-like inclusions in a conditional mouse model of Huntington's
disease. J. Neurosci. 25, 9773-9781.

DiFiglia M., Sapp E., Chase K., Schwarz C., Meloni A., Young C., Martin
E., Vonsattel J.P., Carraway R., Reeves S.A., Boyce F.M. and
Aronin N. (1995). Huntingtin is a cytoplasmic protein associated with
vesicles in human and rat brain neurons. Neuron 14, 1075-1081.

DiFiglia M., Sapp E., Chase K.O., Davies S.W., Bates G.P., Vonsattel
J.P. and Aronin N. (1997). Aggregation of huntingtin in neuronal
intranuclear inclusions and dystrophic neurites in brain. Science
277, 1990-1993.

Dragatsis I., Levine M.S. and Zeitlin S. (2000). Inactivation of Hdh in the
brain and testis results in progressive neurodegeneration and
sterility in mice. Nat. Genet. 26, 300-306.

Duan W., Guo Z., Jiang H., Ware M., Li X.J. and Mattson M.P. (2003).
Dietary restriction normalizes glucose metabolism and BDNF levels,
slows disease progression, and increases survival in huntingtin
mutant mice. Proc. Natl. Acad. Sci. USA 100, 2911-2916.

Dure L.S., Young A.B. and Penney J.B. (1991). Excitatory amino acid
binding sites in the caudate nucleus and frontal cortex of
Huntington's disease. Ann. Neurol. 30, 785-793.

Duyao M., Ambrose C., Myers R., Novelletto A., Persichetti F., Frontali
M., Folstein S., Ross C., Franz M., Abbott M., Gray J., Conneally P.,
Young A., Penney J., Z. Hollingsworth Z., Shoulson I., Lazzarini A.,
Falek A., Koroshertz W., Sax D., Bird E., Vonsattel J., Bonilla E.,
Alvir J., Bickham Conde J., Cha J.-H., Dure L., Gomez F., Ramos
M., Sanchez-Ramos J., Snodgrass S., de Young M., Wexler N.,
Moscowitz C., Penchaszadeh G., MacFarlane H., Anderson M.,
Jenkins B., Srinidhi J., Barnes G., Gusella J. and Macdonald M.E.
(1993). Trinucleotide repeat length instability and age of onset in
Huntington's disease. Nat. Genet. 4, 387-392.

Duyao M.P., Auerbach A.B., Ryan A., Persichetti F., Barnes G.T.,
McNeil S.M., Ge P., Vonsattel J.P., Gusella J.F., Joyner A.L. and
Macdonald M.E. (1995). Inactivation of the mouse Huntington's
disease gene homolog Hdh. Science 269, 407-410.

Egan M.F., Kojima M., Callicott J.H., Goldberg T.E., Kolachana B.S.,
Bertolino A., Zaitsev E., Gold B., Goldman D., Dean M., Lu B. and
Weinberger D.R. (2003). The BDNF val66met polymorphism affects
activity-dependent secretion of BDNF and human memory and
hippocampal function. Cell 112, 257-269.

Emerich D.F. (2004). Dose-dependent neurochemical and functional
protection afforded by encapsulated CNTF-producing cells. Cell
Transplant. 13, 839-844.

Emerich D.F., Lindner M.D., Winn S.R., Chen E.Y., Frydel B.R. and
Kordower J.H. (1996). Implants of encapsulated human CNTF-
producing fibroblasts prevent behavioral deficits and striatal
degeneration in a rodent model of Huntington's disease. J. Neurosci.
16, 5168-5181.

Emerich D.F., Cain C.K., Greco C., Saydoff J.A., Hu Z.Y., Liu H. and
Lindner M.D. (1997a). Cellular delivery of human CNTF prevents

1226
Selective neurodegeneration in HD



motor and cognitive dysfunction in a rodent model of Huntington's
disease. Cell Transplant. 6, 249-266.

Emerich D.F., Winn S.R., Hantraye P.M., Peschanski M., Chen E.Y.,
Chu Y., McDermott P., Baetge E.E. and Kordower J.H. (1997b).
Protective effect of encapsulated cells producing neurotrophic factor
CNTF in a monkey model of Huntington's disease. Nature 386, 395-
399.

Emerich D.F., Bruhn S., Chu Y. and Kordower J.H. (1998). Cellular
delivery of CNTF but not NT-4/5 prevents degeneration of striatal
neurons in a rodent model of Huntington's disease. Cell Transplant.
7, 213-225.

Ferrante R.J., Kowall N.W., Beal M.F., Richardson E.P. Jr., Bird E.D.
and Martin J.B. (1985). Selective sparing of a class of striatal
neurons in Huntington's disease. Science 230, 561-563.

Ferrante R.J., Kowall N.W., Beal M.F., Martin J.B., Bird E.D. and
Richardson E.P. Jr. (1987). Morphologic and histochemical
characteristics of a spared subset of striatal neurons in Huntington's
disease. J. Neuropathol. Exp. Neurol. 46, 12-27.

Ferrante R.J., Kowall N.W. and Richardson E.P. Jr. (1991). 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. 11, 3877-3887.

Ferrante R.J., Kowall N.W., Cipolloni P.B., Storey E. and Beal M.F.
(1993). Excitotoxin lesions in primates as a model for Huntington's
disease: histopathologic and neurochemical characterization. Exp.
Neurol. 119, 46-71.

Ferrante R.J., Gutekunst C.A., Persichetti F., McNeil S.M., Kowall N.W.,
Gusella J.F., MacDonald M.E., Beal M.F. and Hersch S.M. (1997).
Heterogeneous topographic and cellular distribution of huntingtin
expression in the normal human neostriatum. J. Neurosci. 17, 3052-
3063.

Ferrer I., Goutan E., Marin C., Rey M.J. and Ribalta T. (2000). Brain-
derived neurotrophic factor in Huntington disease. Brain Res. 866,
257-261.

Flaherty A.W. and Graybiel A.M. (1994). Input-output organization of the
sensorimotor striatum in the squirrel monkey. J. Neurosci. 14, 599-
610.

Fusco F.R., Chen Q., Lamoreaux W.J., Figueredo-Cardenas G., Jiao Y.,
Coffman J.A., Surmeier D.J., Honig M.G., Carlock L.R. and Reiner
A. (1999). Cellular localization of huntingtin in striatal and cortical
neurons in rats: lack of correlation with neuronal vulnerability in
Huntington's disease. J. Neurosci. 19, 1189-1202.

Gafni J., Hermel E., Young J.E., Wellington C.L., Hayden M.R. and
Ellerby L.M. (2004). Inhibition of calpain cleavage of huntingtin
reduces toxicity: accumulation of calpain/caspase fragments in the
nucleus. J. Biol. Chem. 279, 20211-20220.

Galas M.C., Bizat N., Cuvelier L., Bantubungi K., Brouillet E.,
Schiffmann S.N. and Blum D. (2004). Death of cortical and striatal
neurons induced by mitochondrial defect involves differential
molecular mechanisms. Neurobiol. Dis. 15, 152-159.

Gauthier L.R., Charrin B.C., Borrell-Pages M., Dompierre J.P., Rangone
H., Cordelieres F.P., De Mey J., MacDonald M.E., Lessmann V.,
Humbert S. and Saudou F. (2004). Huntingtin controls neurotrophic
support and survival of neurons by enhancing BDNF vesicular
transport along microtubules. Cell 118, 127-138.

Gavalda N., Perez-Navarro E., Gratacos E., Comella J.X. and Alberch J.
(2004). Differential involvement of phosphatidylinositol 3-kinase and
p42/p44 mitogen activated protein kinase pathways in brain-derived
neurotrophic factor-induced trophic effects on cultured striatal

neurons. Mol. Cell Neurosci. 25, 460-468.
Gerfen C.R. (1992). The neostriatal mosaic: multiple levels of

compartmental organization in the basal ganglia. Annu. Rev.
Neurosci. 15, 285-320.

Ghasemzadeh M.B., Sharma S., Surmeier D.J., Eberwine J.H. and
Chesselet M.F. (1996). Multiplicity of glutamate receptor subunits in
single striatal neurons: an RNA amplification study. Mol. Pharmacol.
49, 852-859.

Gines S., Ivanova E., Seong I.S., Saura C.A. and MacDonald M.E.
(2003a). Enhanced Akt signaling is an early pro-survival response
that reflects N-methyl-D-aspartate receptor activation in Huntington's
disease knock-in striatal cells. J. Biol. Chem. 278, 50514-50522.

Gines S., Seong I.S., Fossale E., Ivanova E., Trettel F., Gusella J.F.,
Wheeler V.C., Persichetti F. and MacDonald M.E. (2003b). Specific
progressive cAMP reduction implicates energy deficit in
presymptomatic Huntington's disease knock-in mice. Hum. Mol.
Genet. 12, 497-508.

Gines S., Bosch M., Marco S., Gavalda N., Diaz-Hernandez M., Lucas
J.J., Canals J.M. and Alberch J. (2006). Reduced expression of the
TrkB receptor in Hutington’s disease mouse models and in human
brain. Eur. J. Neurosci. (in press).

Glass M., Dragunow M. and Faull R.L. (2000). The pattern of
neurodegeneration in Huntington's disease: a comparative study of
cannabinoid, dopamine, adenosine and GABA(A) receptor
alterations in the human basal ganglia in Huntington's disease.
Neuroscience 97, 505-519.

Goebel D.J. and Poosch M.S. (1999). NMDA receptor subunit gene
expression in the rat brain: a quantitative analysis of endogenous
mRNA levels of NR1Com, NR2A, NR2B, NR2C, NR2D and NR3A.
Mol. Brain Res. 69, 164-170.

Gourfinkel-An I., Cancel G., Trottier Y., Devys D., Tora L., Lutz Y.,
Imbert G., Saudou F., Stevanin G., Agid Y., Brice A., Mandel J.L.
and Hirsch E.C. (1997). Differential distribution of the normal and
mutated forms of huntingtin in the human brain. Ann. Neurol. 42,
712-719.

Gratacos E., Perez-Navarro E., Tolosa E., Arenas E. and Alberch J.
(2001). Neuroprotection of striatal neurons against kainate
excitotoxicity by neurotrophins and GDNF family members. J.
Neurochem. 78, 1287-1296.

Greene J.G. and Greenamyre J.T. (1995). Characterization of the
excitotoxic potential of the reversible succinate dehydrogenase
inhibitor malonate. J. Neurochem. 64, 430-436.

Greene J.G., Porter R.H., Eller R.V. and Greenamyre J.T. (1993).
Inhibition of succinate dehydrogenase by malonic acid produces an
"excitotoxic" lesion in rat striatum. J. Neurochem. 61, 1151-1154.

Gu M., Gash M.T., Mann V.M., Javoy-Agid F., Cooper J.M. and
Schapira A.H. (1996). Mitochondrial defect in Huntington's disease
caudate nucleus. Ann. Neurol. 39, 385-389.

Gutekunst C.A., Levey A.I., Heilman C.J., Whaley W.L., Yi H., Nash
N.R., Rees H.D., Madden J.J. and Hersch S.M. (1995). Identification
and localization of huntingtin in brain and human lymphoblastoid cell
lines with anti-fusion protein antibodies. Proc. Natl. Acad. Sci. USA
92, 8710-8714.

Gutekunst C.A., Li S.H., Yi H., Ferrante R.J., Li X.J. and Hersch S.M.
(1998). The cellular and subcellular localization of huntingtin-
associated protein 1 (HAP1): comparison with huntingtin in rat and
human. J. Neurosci. 18, 7674-7686.

Gutekunst C.A., Li S.H., Yi H., Mulroy J.S., Kuemmerle S., Jones R.,
Rye D., Ferrante R.J., Hersch S.M. and Li X.J. (1999). Nuclear and

1227
Selective neurodegeneration in HD



neuropil aggregates in Huntington's disease: relationship to
neuropathology. J. Neurosci. 19, 2522-2534.

Hackam A.S., Singaraja R., Wellington C.L., Metzler M., McCutcheon
K., Zhang T., Kalchman M. and Hayden M.R. (1998). The influence
of huntingtin protein size on nuclear localization and cellular toxicity.
J. Cell Biol. 141, 1097-1105.

Hansson O., Petersen A., Leist M., Nicotera P., Castilho R.F. and
Brundin P. (1999). Transgenic mice expressing a Huntington's
disease mutation are resistant to quinolinic acid-induced striatal
excitotoxicity. Proc. Natl. Acad. Sci. USA 96, 8727-8732.

Hansson O., Guatteo E., Mercuri N.B., Bernardi G., Li X.J., Castilho
R.F. and Brundin P. (2001a). Resistance to NMDA toxicity correlates
with appearance of nuclear inclusions, behavioural deficits and
changes in calcium homeostasis in mice transgenic for exon 1 of the
huntington gene. Eur. J. Neurosci. 14, 1492-1504.

Hansson O., Castilho R.F., Korhonen L., Lindholm D., Bates G.P. and
Brundin P. (2001b). 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. 78, 694-
703.

Harjes P. and Wanker E.E. (2003). The hunt for huntingtin function:
interaction partners tell many different stories. Trends Biochem. Sci.
28, 425-433.

Harper S.Q., Staber P.D., He X., Eliason S.L., Martins I.H., Mao Q.,
Yang L., Kotin R.M., Paulson H.L. and Davidson B.L. (2005). RNA
interference improves motor and neuropathological abnormalities in
a Huntington's disease mouse model. Proc. Natl. Acad. Sci. USA
102, 5820-5825.

Hedreen J.C., Peyser C.E., Folstein S.E. and Ross C.A. (1991).
Neuronal loss in layers V and VI of cerebral cortex in Huntington's
disease. Neurosci. Lett. 133, 257-261.

Heinsen H., Strik M., Bauer M., Luther K., Ulmar G., Gangnus D.,
Jungkunz G., Eisenmenger W. and Gotz M. (1994). Cortical and
striatal neurone number in Huntington's disease. Acta Neuropathol.
(Berl). 88, 320-333.

Henshaw R., Jenkins B.G., Schulz J.B., Ferrante R.J., Kowall N.W.,
Rosen B.R. and Beal M.F. (1994). Malonate produces striatal
lesions by indirect NMDA receptor activation. Brain Res. 647, 161-
166.

Hernandez F., Diaz-Hernandez M., Avila J. and Lucas J.J. (2004).
Testing the ubiquitin-proteasome hypothesis of neurodegeneration
in vivo. Trends Neurosci. 27, 66-69.

Hickey M.A. and Morton A.J. (2000). Mice transgenic for the
Huntington's disease mutation are resistant to chronic 3-
nitropropionic acid-induced striatal toxicity. J. Neurochem. 75, 2163-
2171.

Hickey M.A. and Chesselet M.F. (2003). The use of transgenic and
knock-in mice to study Huntington's disease. Cytogenet. Genome
Res. 100, 276-286.

Hodgson J.G., Agopyan N., Gutekunst C.A., Leavitt B.R., LePiane F.,
Singaraja R., Smith D.J., Bissada N., McCutcheon K., Nasir J.,
Jamot L., Li X.J., Stevens M.E., Rosemond E., Roder J.C., Phillips
A.G., Rubin E.M., Hersch S.M. and Hayden M.R. (1999). A YAC
mouse model for Huntington's disease with full-length mutant
huntingtin, cytoplasmic toxicity, and selective striatal
neurodegeneration. Neuron 23, 181-192.

Hollmann M. and Heinemann S. (1994). Cloned glutamate receptors.
Annu. Rev. Neurosci. 17, 31-108.

Huang E.J. and Reichardt L.F. (2001). Neurotrophins: roles in neuronal

development and function. Annu. Rev. Neurosci. 24, 677-736.
Huang E.J. and Reichardt L.F. (2003). Trk receptors: roles in neuronal

signal transduction. Annu. Rev. Biochem. 72, 609-642.
Huntington G. (1872). On chorea. Med. Surg. Reporter 26, 302-321. 
Huntington's disease study group (2001). A randomized, placebo-

controlled trial of coenzyme Q10 and remacemide in Huntington's
disease. Neurology 57, 397-404.

Huntington's disease study group (2003). Dosage effects of riluzole in
Huntington's disease: a multicenter placebo-controlled study.
Neurology 61, 1551-1556.

Jarabek B.R., Yasuda R.P. and Wolfe B.B. (2004). Regulation of
proteins affecting NMDA receptor-induced excitotoxicity in a
Huntington's mouse model. Brain 127, 505-516.

Jenkins B.G., Koroshetz W.J., Beal M.F. and Rosen B.R. (1993).
Evidence for impairment of energy metabolism in vivo in
Huntington's disease using localized 1H NMR spectroscopy.
Neurology 43, 2689-2695.

Jenkins B.G., Rosas H.D., Chen Y.C., Makabe T., Myers R., MacDonald
M., Rosen B.R., Beal M.F. and Koroshetz W.J. (1998). 1H NMR
spectroscopy studies of Huntington's disease: correlations with CAG
repeat numbers. Neurology 50, 1357-1365.

Jenkins B.G., Klivenyi P., Kustermann E., Andreassen O.A., Ferrante
R.J., Rosen B.R. and Beal M.F. (2000). Nonlinear decrease over
time in N-acetyl aspartate levels in the absence of neuronal loss and
increases in glutamine and glucose in transgenic Huntington's
disease mice. J. Neurochem. 74, 2108-2119.

Kells A.P., Fong D.M., Dragunow M., During M.J., Young D. and Connor
B. (2004). AAV-mediated gene delivery of BDNF or GDNF is
neuroprotective in a model of Huntington disease. Mol. Ther. 9, 682-
688.

Kieburtz K., Feigin A., McDermott M., Como P., Abwender D.,
Zimmerman C., Hickey C., Orme C., Claude K., Sotack J.,
Greenamyre J.T., Dunn C. and Shoulson I. (1996). A controlled trial
of remacemide hydrochloride in Huntington's disease. Mov. Disord.
11, 273-277.

Kim M., Lee H.S., Laforet G., McIntyre C., Martin E.J., Chang P., Kim
T.W., Williams M., Reddy P.H., Tagle D., Boyce F.M., Won L., Heller
A., Aronin N. and DiFiglia M. (1999). Mutant huntingtin expression in
clonal striatal cells: dissociation of inclusion formation and neuronal
survival by caspase inhibition. J. Neurosci. 19, 964-973.

Kim Y.J., Yi Y., Sapp E., Wang Y., Cuiffo B., Kegel K.B., Qin Z.H.,
Aronin N. and DiFiglia M. (2001). Caspase 3-cleaved N-terminal
fragments of wild-type and mutant huntingtin are present in normal
and Huntington's disease brains, associate with membranes, and
undergo calpain-dependent proteolysis. Proc. Natl. Acad. Sci. USA
98, 12784-12789.

Kipps C.M., Duggins A.J., Mahant N., Gomes L., Ashburner J. and
McCusker E.A. (2005). Progression of structural neuropathology in
preclinical Huntington's disease: a tensor based morphometry study.
J. Neurol. Neurosurg. Psychiatry 76, 650-655.

Kremer B., Clark C.M., Almqvist E.W., Raymond L.A., Graf P., Jacova
C., Mezei M., Hardy M.A., Snow B., Martin W. and Hayden M.R.
(1999). Influence of lamotrigine on progression of early Huntington
disease: a randomized clinical trial. Neurology 53, 1000-1011.

Kuemmerle S., Gutekunst C.A., Klein A.M., Li X.J., Li S.H., Beal M.F.,
Hersch S.M. and Ferrante R.J. (1999). Huntington aggregates may
not predict neuronal death in Huntington's disease. Ann. Neurol. 46,
842-849.

Landles C. and Bates G.P. (2004). Huntingtin and the molecular

1228
Selective neurodegeneration in HD



pathogenesis of Huntington's disease. Fourth in molecular medicine
review series. EMBO Rep. 5, 958-963.

Landwehrmeyer G.B., Standaert D.G., Testa C.M., Penney J.B. Jr. and
Young A.B. (1995). NMDA receptor subunit mRNA expression by
projection neurons and interneurons in rat striatum. J. Neurosci. 15,
5297-5307.

Leavitt B.R., Wellington C.L. and Hayden M.R. (1999). Recent insights
into the molecular pathogenesis of Huntington disease. Semin.
Neurol. 19, 385-395.

Levine M.S., Cepeda C., Hickey M.A., Fleming S.M. and Chesselet M.F.
(2004). Genetic mouse models of Huntington's and Parkinson's
diseases: illuminating but imperfect. Trends Neurosci. 27, 691-697.

Li H., Li S.H., Johnston H., Shelbourne P.F. and Li X.J. (2000). Amino-
terminal fragments of mutant huntingtin show selective accumulation
in striatal neurons and synaptic toxicity. Nat. Genet. 25, 385-389.

Li S.H. and Li X.J. (2004). Huntingtin-protein interactions and the
pathogenesis of Huntington's disease. Trends Genet. 20, 146-154.

Lodi R., Schapira A.H., Manners D., Styles P., Wood N.W., Taylor D.J.
and Warner T.T. (2000). Abnormal in vivo skeletal muscle energy
metabolism in Huntington's disease and dentatorubropallidoluysian
atrophy. Ann. Neurol. 48, 72-76.

London E.D., Yamamura H.I., Bird E.D. and Coyle J.T. (1981).
Decreased receptor-binding sites for kainic acid in brains of patients
with Huntington's disease. Biol. Psychiatry 16, 155-162.

Lunkes A. and Mandel J.L. (1998). A cellular model that recapitulates
major pathogenic steps of Huntington's disease. Hum. Mol. Genet.
7, 1355-1361.

Lunkes A., Lindenberg K.S., Ben Haiem L., Weber C., Devys D.,
Landwehrmeyer G.B., Mandel J.L. and Trottier Y. (2002). Proteases
acting on mutant huntingtin generate cleaved products that
differentially build up cytoplasmic and nuclear inclusions. Mol. Cell.
10, 259-269.

Luthi-Carter R., Strand A., Peters N.L., Solano S.M., Hollingsworth Z.R.,
Menon A.S., Frey A.S., Spektor B.S., Penney E.B., Schilling G.,
Ross C.A., Borchelt D.R., Tapscott S.J., Young A.B., Cha J.H. and
Olson J.M. (2000). Decreased expression of striatal signaling genes
in a mouse model of Huntington's disease. Hum. Mol. Genet. 9,
1259-1271.

Luthi-Carter R., Hanson S.A., Strand A.D., Bergstrom D.A., Chun W.,
Peters N.L., Woods A.M., Chan E.Y., Kooperberg C., Krainc D.,
Young A.B., Tapscott S.J. and Olson J.M. (2002). Dysregulation of
gene expression in the R6/2 model of polyglutamine disease:
parallel changes in muscle and brain. Hum. Mol. Genet. 11, 1911-
1926.

Macdonald V. and Halliday G. (2002). Pyramidal cell loss in motor
cortices in Huntington's disease. Neurobiol. Dis. 10, 378-386.

Mann D.M., Oliver R. and Snowden J.S. (1993). The topographic
distribution of brain atrophy in Huntington's disease and progressive
supranuclear palsy. Acta Neuropathol. (Berl) 85, 553-559.

Marco S., Canudas A.M., Canals J.M., Gavalda N., Perez-Navarro E.
and Alberch J. (2002a). Excitatory amino acids differentially regulate
the expression of GDNF, neurturin, and their receptors in the adult
rat striatum. Exp. Neurol. 174, 243-252.

Marco S., Perez-Navarro E., Tolosa E., Arenas E. and Alberch J.
(2002b). Striatopallidal neurons are selectively protected by
neurturin in an excitotoxic model of Huntington's disease. J.
Neurobiol. 50, 323-332.

Martin J.B. and Gusella J.F. (1986). Huntington's disease. Pathogenesis
and management. N. Engl. J. Med. 315, 1267-1276.

Martin-Aparicio E., Yamamoto A., Hernandez F., Hen R., Avila J. and
Lucas J.J. (2001). Proteasomal-dependent aggregate reversal and
absence of cell death in a conditional mouse model of Huntington's
disease. J. Neurosci. 21, 8772-8781.

Martindale D., Hackam A., Wieczorek A., Ellerby L., Wellington C.,
McCutcheon K., Singaraja R., Kazemi-Esfarjani P., Devon R., Kim
S.U., Bredesen D.E., Tufaro F. and Hayden M.R. (1998). Length of
huntingtin and its polyglutamine tract influences localization and
frequency of intracellular aggregates. Nat. Genet. 18, 150-154.

Martinez-Serrano A. and Bjorklund A. (1996). Protection of the
neostriatum against excitotoxic damage by neurotrophin-producing,
genetically modified neural stem cells. J. Neurosci. 16, 4604-4616.

Mitchell I.J., Cooper A.J. and Griffiths M.R. (1999). The selective
vulnerability of striatopallidal neurons. Prog. Neurobiol. 59, 691-719.

Mittoux V., Joseph J.M., Conde F., Palfi S., Dautry C., Poyot T., Bloch
J., Deglon N., Ouary S., Nimchinsky E.A., Brouillet E., Hof P.R.,
Peschanski M., Aebischer P. and Hantraye P. (2000). Restoration of
cognitive and motor functions by ciliary neurotrophic factor in a
primate model of Huntington's disease. Hum. Gene Ther. 11, 1177-
1187.

Mittoux V., Ouary S., Monville C., Lisovoski F., Poyot T., Conde F.,
Escartin C., Robichon R., Brouillet E., Peschanski M. and Hantraye
P. (2002). Corticostriatopallidal neuroprotection by adenovirus-
mediated ciliary neurotrophic factor gene transfer in a rat model of
progressive striatal degeneration. J. Neurosci. 22, 4478-4486.

Monyer H., Burnashev N., Laurie D.J., Sakmann B. and Seeburg P.H.
(1994). Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 12, 529-540.

Murman D.L., Giordani B., Mellow A.M., Johanns J.R., Little R.J.,
Hariharan M. and Foster N.L. (1997). Cognitive, behavioral, and
motor effects of the NMDA antagonist ketamine in Huntington's
disease. Neurology 49, 153-161.

Murphy M., Dutton R., Koblar S., Cheema S. and Bartlett P. (1997).
Cytokines which signal through the LIF receptor and their actions in
the nervous system. Prog. Neurobiol. 52, 355-378.

Myers R.H., Vonsattel J.P., Stevens T.J., Cupples L.A., Richardson
E.P., Martin J.B. and Bird E.D. (1988). Clinical and neuropathologic
assessment of severity in Huntington's disease. Neurology 38, 341-
347.

Myers R.H., Leavitt J., Farrer L.A., Jagadeesh J., McFarlane H.,
Mastromauro C.A., Mark R.J. and Gusella J.F. (1989). Homozygote
for Huntington disease. Am. J. Hum. Genet. 45, 615-618.

Nasir J., Floresco S.B., O'Kusky J.R., Diewert V.M., Richman J.M.,
Zeisler J., Borowski A., Marth J.D., Phillips A.G. and Hayden M.R.
(1995). Targeted disruption of the Huntington's disease gene results
in embryonic lethality and behavioral and morphological changes in
heterozygotes. Cell 81, 811-823.

Neves-Pereira M., Mundo E., Muglia P., King N., Macciardi F. and
Kennedy J.L. (2002). The brain-derived neurotrophic factor gene
confers susceptibility to bipolar disorder: evidence from a family-
based association study. Am. J. Hum. Genet. 71, 651-655.

Neves-Pereira M., Cheung J.K., Pasdar A., Zhang F., Breen G., Yates
P., Sinclair M., Crombie C., Walker N. and St Clair D.M. (2005).
BDNF gene is a risk factor for schizophrenia in a Scottish
population. Mol. Psychiatry 10, 208-212.

Ordway J.M., Tallaksen-Greene S., Gutekunst C.A., Bernstein E.M.,
Cearley J.A., Wiener H.W., Dure L.S., Lindsey R., Hersch S.M.,
Jope R.S., Albin R.L. and Detloff P.J. (1997). Ectopically expressed
CAG repeats cause intranuclear inclusions and a progressive late

1229
Selective neurodegeneration in HD



onset neurological phenotype in the mouse. Cell 91, 753-763.
Panov A.V., Gutekunst C.A., Leavitt B.R., Hayden M.R., Burke J.R.,

Strittmatter W.J. and Greenamyre J.T. (2002). Early mitochondrial
calcium defects in Huntington's disease are a direct effect of
polyglutamines. Nat. Neurosci. 5, 731-736.

Panov A.V., Burke J.R., Strittmatter W.J. and Greenamyre J.T. (2003).
In vitro effects of polyglutamine tracts on Ca2+-dependent
depolarization of rat and human mitochondria: relevance to
Huntington's disease. Arch. Biochem. Biophys. 410, 1-6.

Perez-Navarro E., Arenas E., Reiriz J., Calvo N. and Alberch J. (1996).
Glial cell line-derived neurotrophic factor protects striatal calbindin-
immunoreactive neurons from excitotoxic damage. Neuroscience
75, 345-352.

Perez-Navarro E., Alberch J., Neveu I. and Arenas E. (1999a). Brain-
derived neurotrophic factor, neurotrophin-3 and neurotrophin-4/5
differentially regulate the phenotype and prevent degenerative
changes in striatal projection neurons after excitotoxicity in vivo.
Neuroscience 91, 1257-1264.

Perez-Navarro E., Arenas E., Marco S. and Alberch J. (1999b).
Intrastriatal grafting of a GDNF-producing cell line protects
striatonigral neurons from quinolinic acid excitotoxicity in vivo. Eur. J.
Neurosci. 11, 241-249.

Perez-Navarro E., Canudas A.M., Akerund P., Alberch J. and Arenas E.
(2000a). Brain-derived neurotrophic factor, neurotrophin-3, and
neurotrophin-4/5 prevent the death of striatal projection neurons in a
rodent model of Huntington's disease. J. Neurochem. 75, 2190-
2199.

Perez-Navarro E., Akerud P., Marco S., Canals J.M., Tolosa E., Arenas
E. and Alberch J. (2000b). Neurturin protects striatal projection
neurons but not interneurons in a rat model of Huntington's disease.
Neuroscience 98, 89-96.

Perez-Navarro E., Gavalda N., Gratacos E. and Alberch J. (2005).
Brain-derived neurotrophic factor prevents changes in Bcl-2 family
members and caspase-3 activation induced by excitotoxicity in the
striatum. J. Neurochem. 92, 678-691.

Peters M.F., Nucifora F.C. Jr., Kushi J., Seaman H.C., Cooper J.K.,
Herring W.J., Dawson V.L., Dawson T.M. and Ross C.A. (1999).
Nuclear targeting of mutant Huntingtin increases toxicity. Mol. Cell
Neurosci. 14, 121-128.

Pineda J.R., Canals J.M., Bosch M., Adell A., Mengod G., Artigas F.,
Ernfors P. and Alberch J. (2005). Brain-derived neurotrophic factor
modulates dopaminergic deficits in a transgenic mouse model of
Huntington's disease. J. Neurochem. 93, 1057-1068.

Portera-Cailliau C., Price D.L. and Martin L.J. (1996). N-methyl-D-
aspartate receptor proteins NR2A and NR2B are differentially
distributed in the developing rat central nervous system as revealed
by subunit-specific antibodies. J. Neurochem. 66, 692-700.

Ravikumar B., Vacher C., Berger Z., Davies J.E., Luo S., Oroz L.G.,
Scaravilli F., Easton D.F., Duden R., O'Kane C.J. and Rubinsztein
D.C. (2004). Inhibition of mTOR induces autophagy and reduces
toxicity of polyglutamine expansions in fly and mouse models of
Huntington disease. Nat. Genet. 36, 585-595.

Reddy P.H., Williams M., Charles V., Garrett L., Pike-Buchanan L.,
Whetsell W.O. Jr., Miller G. and Tagle D.A. (1998). Behavioural
abnormalities and selective neuronal loss in HD transgenic mice
expressing mutated full-length HD cDNA. Nat. Genet. 20, 198-202.

Rego A.C. and Oliveira C.R. (2003). Mitochondrial dysfunction and
reactive oxygen species in excitotoxicity and apoptosis: implications
for the pathogenesis of neurodegenerative diseases. Neurochem.

Res. 28, 1563-1574.
Regulier E., Pereira d.A., Sommer B., Aebischer P. and Deglon N.

(2002). Dose-dependent neuroprotective effect of ci l iary
neurotrophic factor delivered via tetracycline-regulated lentiviral
vectors in the quinolinic acid rat model of Huntington's disease.
Hum. Gene Ther. 13, 1981-1990.

Reiner A., Albin R.L., Anderson K.D., D'Amato C.J., Penney J.B. and
Young A.B. (1988). Differential loss of striatal projection neurons in
Huntington disease. Proc. Natl. Acad. Sci. USA 85, 5733-5737.

Richfield E.K., Maguire-Zeiss K.A., Vonkeman H.E. and Voorn P.
(1995). Preferential loss of preproenkephalin versus
preprotachykinin neurons from the striatum of Huntington's disease
patients. Ann. Neurol. 38, 852-861.

Rigamonti D., Sipione S., Goffredo D., Zuccato C., Fossale E. and
Cattaneo E. (2001). Huntingtin's neuroprotective activity occurs via
inhibition of procaspase-9 processing. J. Biol. Chem. 276, 14545-
14548.

Ross C.A. and Pickart C.M. (2004). The ubiquitin-proteasome pathway
in Parkinson's disease and other neurodegenerative diseases.
Trends Cell Biol. 14, 703-711.

Ross C.A. and Poirier M.A. (2004). Protein aggregation and
neurodegenerative disease. Nat. Med. 10 (Suppl), S10-S17.

Ross C.A. and Poirier M.A. (2005). Opinion: What is the role of protein
aggregation in neurodegeneration? Nat. Rev. Mol. Cell Biol. 

Ruan Q., Lesort M., MacDonald M.E. and Johnson G.V. (2004). Striatal
cells from mutant huntingtin knock-in mice are selectively vulnerable
to mitochondrial complex II inhibitor-induced cell death through a
non-apoptotic pathway. Hum. Mol. Genet. 13, 669-681.

Ryu J.K., Kim J., Cho S.J., Hatori K., Nagai A., Choi H.B., Lee M.C.,
McLarnon J.G. and Kim S.U. (2004). Proactive transplantation of
human neural stem cells prevents degeneration of striatal neurons in
a rat model of Huntington disease. Neurobiol. Dis. 16, 68-77.

Sapp E., Schwarz C., Chase K., Bhide P.G., Young A.B., Penney J.,
Vonsattel J.P., Aronin N. and DiFiglia M. (1997). Huntingtin
localization in brains of normal and Huntington's disease patients.
Ann. Neurol. 42, 604-612.

Sapp E., Penney J., Young A., Aronin N., Vonsattel J.P. and DiFiglia M.
(1999). Axonal transport of N-terminal huntingtin suggests early
pathology of corticostriatal projections in Huntington disease. J.
Neuropathol. Exp. Neurol. 58, 165-173.

Saudou F., Finkbeiner S., Devys D. and Greenberg M.E. (1998).
Huntingtin acts in the nucleus to induce apoptosis but death does
not correlate with the formation of intranuclear inclusions. Cell 95,
55-66.

Saulle E., Gubellini P., Picconi B., Centonze D., Tropepi D., Pisani A.,
Morari M., Marti M., Rossi L., Papa M., Bernardi G. and Calabresi P.
(2004). Neuronal vulnerability following inhibition of mitochondrial
complex II: a possible ionic mechanism for Huntington's disease.
Mol. Cell Neurosci. 25, 9-20.

Sawa A., Wiegand G.W., Cooper J., Margolis R.L., Sharp A.H., Lawler
J.F. Jr., Greenamyre J.T., Snyder S.H. and Ross C.A. (1999).
Increased apoptosis of Huntington disease lymphoblasts associated
with repeat length-dependent mitochondrial depolarization. Nat.
Med. 5, 1194-1198.

Scannevin R.H. and Huganir R.L. (2000). Postsynaptic organization and
regulation of excitatory synapses. Nat. Rev. Neurosci. 1, 133-141.

Schilling G., Becher M.W., Sharp A.H., Jinnah H.A., Duan K., Kotzuk
J.A., Slunt H.H., Ratovitski T., Cooper J.K., Jenkins N.A., Copeland
N.G., Price D.L., Ross C.A. and Borchelt D.R. (1999). Intranuclear

1230
Selective neurodegeneration in HD



inclusions and neuritic aggregates in transgenic mice expressing a
mutant N-terminal fragment of huntingtin. Hum. Mol. Genet. 8, 397-
407.

Schoepfer R., Monyer H., Sommer B., Wisden W., Sprengel R., Kuner
T., Lomeli H., Herb A., Kohler M. and Burnashev N. (1994).
Molecular biology of glutamate receptors. Prog. Neurobiol. 42, 353-
357.

Schwarcz R. and Kohler C. (1983). Differential vulnerability of central
neurons of the rat to quinolinic acid. Neurosci. Lett. 38, 85-90.

Sen S., Nesse R.M., Stoltenberg S.F., Li S., Gleiberman L., Chakravarti
A., Weder A.B. and Burmeister M. (2003). A BDNF coding variant is
associated with the NEO personality inventory domain neuroticism,
a risk factor for depression. Neuropsychopharmacology 28, 397-
401.

Sharp A.H., Loev S.J., Schilling G., Li S.H., Li X.J., Bao J., Wagster
M.V., Kotzuk J.A., Steiner J.P., Lo A., Hedreen J., Sisodia S.,
Snyder S.H., Dawson T.M., Ryugo D.K. and Ross C.A. (1995).
Widespread expression of Huntington's disease gene (IT15) protein
product. Neuron 14, 1065-1074.

Shehadeh J., Fernandes H.B., Zeron Mullins M.M., Graham R.K.,
Leavitt B.R., Hayden M.R. and Raymond L.A. (2006). Striatal
neuronal apoptosis is preferentially enhanced by NMDA receptor
activation in YAC transgenic mouse model of Huntington disease.
Neurobiol. Dis. 21, 392-403.

Shoulson I., Odoroff C., Oakes D., Behr J., Goldblatt D., Caine E.,
Kennedy J., Miller C., Bamford K. and Rubin A. (1989). A controlled
clinical trial of baclofen as protective therapy in early Huntington's
disease. Ann. Neurol. 25, 252-259.

Sieradzan K.A., Mechan A.O., Jones L., Wanker E.E., Nukina N. and
Mann D.M. (1999). Huntington's disease intranuclear inclusions
contain truncated, ubiquitinated huntingtin protein. Exp. Neurol. 156,
92-99.

Sieradzan K.A. and Mann D.M. (2001). The selective vulnerability of
nerve cells in Huntington's disease. Neuropathol. Appl. Neurobiol.
27, 1-21.

Snider B.J., Moss J.L., Revilla F.J., Lee C.S., Wheeler V.C., MacDonald
M.E. and Choi D.W. (2003). Neocortical neurons cultured from mice
with expanded CAG repeats in the huntingtin gene: unaltered
vulnerability to excitotoxins and other insults. Neuroscience 120,
617-625.

Song C., Zhang Y., Parsons C.G. and Liu Y.F. (2003). Expression of
polyglutamine-expanded huntingtin induces tyrosine phosphorylation
of N-methyl-D-aspartate receptors. J. Biol. Chem. 278, 33364-
33369.

Sotrel A., Paskevich P.A., Kiely D.K., Bird E.D., Williams R.S. and
Myers R.H. (1991). Morphometric analysis of the prefrontal cortex in
Huntington's disease. Neurology 41, 1117-1123.

Stahl N. and Yancopoulos G.D. (1994). The tripartite CNTF receptor
complex: activation and signaling involves components shared with
other cytokines. J. Neurobiol. 25, 1454-1466.

Standaert D.G., Testa C.M., Young A.B. and Penney J.B. Jr. (1994).
Organization of N-methyl-D-aspartate glutamate receptor gene
expression in the basal ganglia of the rat. J. Comp. Neurol. 343, 1-
16.

Strong T.V., Tagle D.A., Valdes J.M., Elmer L.W., Boehm K., Swaroop
M., Kaatz K.W., Collins F.S. and Albin R.L. (1993). Widespread
expression of the human and rat Huntington's disease gene in brain
and nonneural tissues. Nat. Genet. 5, 259-265.

Sun Y., Savanenin A., Reddy P.H. and Liu Y.F. (2001). Polyglutamine-

expanded huntingtin promotes sensitization of N-methyl-D-aspartate
receptors via post-synaptic density 95. J. Biol. Chem. 276, 24713-
24718.

Tabrizi S.J., Cleeter M.W., Xuereb J., Taanman J.W., Cooper J.M. and
Schapira A.H. (1999). Biochemical abnormalities and excitotoxicity
in Huntington's disease brain. Ann. Neurol. 45, 25-32.

Tabrizi S.J., Blamire A.M., Manners D.N., Rajagopalan B., Styles P.,
Schapira A.H. and Warner T.T. (2005). High-dose creatine therapy
for Huntington disease: a 2-year clinical and MRS study. Neurology
64, 1655-1656.

The Huntington's disease collaborative research group. (1993). A novel
gene containing a trinucleotide repeat that is expanded and unstable
on Huntington's disease chromosomes. Cell 72, 971-983.

Thoenen H. and Sendtner M. (2002). Neurotrophins: from enthusiastic
expectations through sobering experiences to rational therapeutic
approaches. Nat. Neurosci. 5 (Suppl), 1046-1050.

Thompson C.L., Drewery D.L., Atkins H.D., Stephenson F.A. and
Chazot P.L. (2000). Immunohistochemical localization of N-methyl-
D-aspartate receptor NR1, NR2A, NR2B and NR2C/D subunits in
the adult mammalian cerebellum. Neurosci. Lett. 283, 85-88.

Trottier Y., Devys D., Imbert G., Saudou F., An I., Lutz Y., Weber C.,
Agid Y., Hirsch E.C. and Mandel J.L. (1995). Cellular localization of
the Huntington's disease protein and discrimination of the normal
and mutated form. Nat. Genet. 10, 104-110.

Van Dellen A., Welch J., Dixon R.M., Cordery P., York D., Styles P.,
Blakemore C. and Hannan A.J. (2000). N-Acetylaspartate and
DARPP-32 levels decrease in the corpus striatum of Huntington's
disease mice. Neuroreport 11, 3751-3757.

Venkatraman P., Wetzel R., Tanaka M., Nukina N. and Goldberg A.L.
(2004). Eukaryotic proteasomes cannot digest polyglutamine
sequences and release them during degradation of polyglutamine-
containing proteins. Mol. Cell. 14, 95-104.

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

Ventriglia M., Bocchio C.L., Benussi L., Binetti G., Zanetti O., Riva M.A.
and Gennarelli M. (2002). Association between the BDNF 196 A/G
polymorphism and sporadic Alzheimer's disease. Mol. Psychiatry 7,
136-137.

Vonsattel J.P., Myers R.H., Stevens T.J., Ferrante R.J., Bird E.D. and
Richardson E.P. Jr. (1985). Neuropathological classification of
Huntington's disease. J. Neuropathol. Exp. Neurol. 44, 559-577.

Wagster M.V., Hedreen J.C., Peyser C.E., Folstein S.E. and Ross C.A.
(1994). Selective loss of [3H]kainic acid and [3H]AMPA binding in
layer VI of frontal cortex in Huntington's disease. Exp. Neurol. 127,
70-75.

Wellington C.L., Singaraja R., Ellerby L., Savill J., Roy S., Leavitt B.,
Cattaneo E., Hackam A., Sharp A., Thornberry N., Nicholson D.W.,
Bredesen D.E. and Hayden M.R. (2000). Inhibiting caspase
cleavage of huntingtin reduces toxicity and aggregate formation in
neuronal and nonneuronal cells. J. Biol. Chem. 275, 19831-19838.

Yamamoto A., Lucas J.J. and Hen R. (2000). Reversal of
neuropathology and motor dysfunction in a conditional model of
Huntington's disease. Cell 101, 57-66.

Young A.B., Greenamyre J.T., Hollingsworth Z., Albin R., D'Amato C.,
Shoulson I. and Penney J.B. (1988). NMDA receptor losses in
putamen from patients with Huntington's disease. Science 241, 981-
983.

1231
Selective neurodegeneration in HD



Zala D., Bensadoun J.C., Pereira d.A., Leavitt B.R., Gutekunst C.A.,
Aebischer P., Hayden M.R. and Deglon N. (2004). Long-term
lentiviral-mediated expression of ciliary neurotrophic factor in the
striatum of Huntington's disease transgenic mice. Exp. Neurol. 185,
26-35.

Zeitlin S., Liu J.P., Chapman D.L., Papaioannou V.E. and Efstratiadis A.
(1995). Increased apoptosis and early embryonic lethality in mice
nullizygous for the Huntington's disease gene homologue. Nat.
Genet. 11, 155-163.

Zeron M.M., Chen N., Moshaver A., Lee A.T., Wellington C.L., Hayden
M.R. and Raymond L.A. (2001). Mutant huntingtin enhances
excitotoxic cell death. Mol. Cell Neurosci. 17, 41-53.

Zeron M.M., Hansson O., Chen N., Wellington C.L., Leavitt B.R.,
Brundin P., Hayden M.R. and Raymond L.A. (2002). Increased
sensitivity to N-methyl-D-aspartate receptor-mediated excitotoxicity
in a mouse model of Huntington's disease. Neuron 33, 849-860.

Zhang Y., Li M., Drozda M., Chen M., Ren S., Mejia Sanchez R.O.,
Leavitt B.R., Cattaneo E., Ferrante R.J., Hayden M.R. and
Friedlander R.M. (2003). Depletion of wild-type huntingtin in mouse
models of neurologic diseases. J. Neurochem. 87, 101-106.

Zuccato C., Ciammola A., Rigamonti D., Leavitt B.R., Goffredo D., Conti
L., MacDonald M.E., Friedlander R.M., Silani V., Hayden M.R.,
Timmusk T., Sipione S. and Cattaneo E. (2001). Loss of huntingtin-
mediated BDNF gene transcription in Huntington's disease. Science
293, 493-498.

Zuccato C., Tartari M., Crotti A., Goffredo D., Valenza M., Conti L.,
Cataudella T., Leavitt B.R., Hayden M.R., Timmusk T., Rigamonti D.
and Cattaneo E. (2003). Huntingtin interacts with REST/NRSF to
modulate the transcription of NRSE-controlled neuronal genes. Nat.
Genet. 35, 76-83.

Accepted May 19, 2006

1232
Selective neurodegeneration in HD


