
Molecular Pathogenesis of Huntington’s Disease

Huntington’s disease (HD) is a genetic neurodegener-
ative disease with a complex set of symptoms and an

insidious progression that continues until death. The
cause of HD is the pathological expansion of an unstable
(CAGn) trinucleotide repeat within the coding region of
the HD gene (for references, see 1). The CAG repeat codes
for a polyglutamine repeat in the huntingtin (htt) pro-
tein. To date, 9 other ‘polyglutamine repeat’ diseases have
been identified, including spinobulbar muscular atrophy
(SBMA), several of the spinocerebellar ataxias
(SCA1,2,3,6,7 and 17) and dentatorubralpallidoluysian
atrophy (DRPLA). In each of these diseases, the protein
carrying the mutation and also the distribution of neu-
ronal loss is different. (The different protein context in
each disease is likely to be responsible for the difference in
the patterns of neurodegeneration). However, the fact
that all of these diseases are caused by a similar mutation,
coupled with the fact that they are all are dominant,
(except SBMA that is X-linked), adult-onset, progressive
neurodegenerative diseases, suggests that they may have a
common underlying pathological mechanism.

Htt, a protein with elusive function
The precise function of htt remains unknown. It is a large
cytoplasmic protein found loosely associated with synap-
tic vesicles in nerve terminals, and with microtubules in
dendrites. It has no homology with any other protein and
no distinguishing features that predict its biological func-
tion: There are no membrane spanning domains, it does
not appear to have enzymatic activity and is not a struc-
tural protein. Htt is essential for mammalian develop-
ment, since deletion of both copies of the HD gene retards
the development of the embryo and kills it in mid-gesta-
tion. However, when only one copy of HD is knocked out,
growth and development appears to be normal. Further,
although deleting one copy of the gene causes subtle

deficits in adult mice, these are very mild compared with
those seen in mice carrying the HD mutation (2). Since
patients who are homozygous for the HD gene are neuro-
logically normal until the onset of their disease, it seems
that the expanded polyglutamine repeat does not inter-
fere with the normal function of htt. Rather, HD is caused
by a novel gain of function of the mutant protein.

Abnormal protein-protein interactions with mutant htt
A number of proteins are known to interact with htt (3,
Table 1). Some of these interactions change when the pro-
tein carries a polyglutamine repeat in the pathological
range. For instance, interactions of htt with htt-associat-
ed protein 1 (HAP1) are increased, and interactions with
htt-interacting protein 1 (HIP1) are decreased with
increased polyglutamine length(4). This suggests that a
change in the interaction between htt and the interacting
protein(s) may also contribute to the pathology underly-
ing HD. For example, HIP1, when over-expressed in neu-
rons, is neurotoxic(4). If mutant htt has a reduced binding
capacity for HIP1, this may result in an endogenous toxi-
city mediated by increased intracellular HIP1. The precise
roles of some of the proteins with which htt interacts are
themselves unknown. However, their putative roles give
strength to the possibility that changes in their interac-
tions with htt may contribute to the pathogenesis in HD
(Table 1).

Why do striatal neurons degenerate in HD?
The medium-sized spiny GABAergic neurons of the stria-
tum (caudate nucleus and putamen) degenerate in HD,
and atrophy of the caudate and putamen is the patholog-
ical hallmark of HD. Striatal degeneration is the first and
most obvious neoropathology in the early-grade HD
brain. However, later, profound loss of neurons in other
regions (particularly the neocortex) is also seen.
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Interestingly, the pattern of degeneration in HD does not
directly reflect the expression pattern of htt. Although htt
is relatively abundant in striatal neurons, it is widely
expressed throughout the brain, for example in cortex
(pyramidal neurons), cerebellum (Purkinje cells) and
thalamus. While a number of proteins are preferentially
distributed in the striatum; however, as yet there is no evi-
dence to suggest that any of them is directly responsible
for the selective degeneration of striatal neurons in the
early stages of HD.

Increased striatal vulnerability in HD
The striatum is the main target for glutamatergic output
neurons from both the cortex and the thalamus. Striatal
neurons are sensitive to glutamate, and excitotoxic neu-
rodegeneration can be induced by injecting the glutamate
agonist quinolinic acid), directly into the striatum.
However, excitotoxicity in the striatum can also be
induced indirectly, by using metabolic poisons such as 3-
nitroproprionic acid (3-NP)(5). 3-NP depletes energy lev-
els in neurons and makes them more vulnerable to exci-
totoxicity mediated by endogenous levels of glutamate.
The striatal neurons are also the main target for
dopaminergic input from the substantia nigra. Dopamine
modulates the toxicity of endogenous glutamate, since
removing the dopamine input to the striatum markedly
reduces the size of 3-NP lesions(6). There is compelling
evidence from both animals and human studies to suggest
that energy levels are compromised in HD(1). There is also
evidence from animal studies that glutamatergic activity
of the corticostriatal pathway is abnormal in HD mice(7).
Thus, either a change in energy levels and/or an change in
the activity of glutamate input could increase the vulner-
ability of striatal neurons in HD.

Abnormal protein aggregation in HD
A number of transgenic mouse models have been made
for HD. These have been particularly valuable for studies

of pathology and behavior (for references, see 1).
Ubiquitinated protein aggregates containing htt frag-
ments and other key proteins were first observed in the
R6/2 mouse model of HD(1). However, they have now
been seen in post mortem brains from HD patients, as
well as in patients and mouse models of other polygluta-
mine repeat diseases. These aggregates, also known as
inclusions, are found in the nuclei as well as the neuropil
of affected neurons. There is much debate about the role
of these aggregates - in particular whether or not they are
neurotoxic or protective - there is no doubt that they are
a hallmark of HD. In fact, when all of the evidence is
reviewed, it seems highly likely that the aggregates play a
role in polyglutamine toxicity(8).

In the R6/2 line of HD mice, aggregates appear first in
the nuclei, and then in axons, dendrites and synapses of
neurons (Fig.1). Their appearance correlates with the
onset of symptoms. However, the progressive and chang-
ing nature of the neurological phenotype in the R6/2
mouse suggests that the aggregates may also have chang-
ing roles(1,9). Aggregation of abnormal and potentially
toxic htt protein may initially be beneficial or benign,
simply because the toxic protein is removed from the cell
milieu. However, it seems likely that if mature inclusions
recruit essential cell proteins (e.g. heat shock proteins,
proteasome components, |-synuclein), then the presence
of the aggregate itself would be deleterious to cellular
function. Further, the presence of aggregates of protein in
axons, dendrites or synapses could directly impair essen-
tial functions of these structures.

In symptomatic R6/2 mice, ubiquitinated aggregates
are found in virtually all neurons. However, in post
mortem HD brain, nuclear aggregates are relatively sparse
in striatal neurons, but are predominant in the cortical
neurons (for references, see 1). The cause of this unex-
pected distribution of aggregates is not known. It may be
that when striatal neurons degenerate, the aggregates dis-
appear. Thus, the lack of striatal aggregates in post
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Table 1 Some examples of proteins that interact with huntingtin (for others, see 1, 3)

Interacting protein PolyQ-length dependent Functional role 
interaction?

AKT/PKB serine theronine kinase no cell signaling 
CA150 co-activator 150 no transcriptional activator
CBP cAMP response element binding protein yes (increased binding) transcriptional co-activator
CIP4 Cdc42-interacting protein 4 yes (increased binding) signal transduction
CtBP co-repressor C-terminal binding protein yes (decreased binding) transcription factor
Grb2 growth factor receptor-binding protein 2 not known growth factor receptor-binding protein

HAP1 huntingtin-associated protein 1 yes (increased binding) membrane trafficking
HAP40 huntingtin-associated protein 40 not known ??
HIP1 huntingtin-interacting protein 1 yes (decreased binding) endocytosis (proapoptotic)
HIP14/HYP-H huntingtin-interacting protein 14 yes (decreased binding) receptor trafficking, endocytosis
HYP J (|-adaptin C) yes (decreased binding) endocytosis
HYPA/FBP11 not known pre-mRNA splicing factor

N-CoR nuclear receptor co-repressor yes (increased binding) transcriptional regulator
NFkB not known transcriptional factor
P53 no transcriptional factor
PACSIN1 protein kinase C and casein kinase yes (increased binding) endocytosis

substrate in neurons 1
PSD-95 post-synaptic density protein 95kDa yes (decreased binding) synaptic scaffolding protein
RasGAP Not known Ras GTPase-activating protein
SH3GL3 endophilin-3 yes (increased binding) endocytosis
Sin3a yes (increased binding) transcriptional repressor
Sp1 yes (increased binding) transcriptional factor
TAFII-130 TBP-associated factor II 30 no transcriptional factor
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mortem striatum may merely reflect striatal neuronal cell
loss. Alternatively it could mean that in HD, cortical
dysfunction occurs first, and drives striatal neurodegener-
ation by the excitotoxic mechanisms outlined above.

Proteolysis and proteasome dysfunction
In normal cells, abnormally folded proteins are conjugat-
ed with multiple ubiquitin molecules and targeted for
degradation by the proteasome, a multicatalytic protease
complex. The protein aggregates seen in HD are ubiquiti-
nated, suggesting that the proteins have been marked for
degradation by the proteasome. The fact that the proteins
are not degraded, but aggregate instead, implies an
impairment of the cell chaperone and proteasome
machinery. Htt is cleaved by a number of different pro-
teases, including some caspases (proteases that are key
mediators of programmed cell death pathways) and calci-
um-dependent proteases such as calpain(10). The N-termi-
nal fragments released by such cleavage appear to be more
toxic than the full-length protein(11). Further, although
they do not appear to impair proteasome function greatly
in cellular models, these fragments impair the cells' nor-
mal response to stress and toxicity(12). However, protea-
some components have been found within aggregates in
HD cell models, suggesting a direct involvement in the
aggregate pathology(13). Proteasomal dysfunction would
have both direct and indirect effects on a cell, firstly
because the mutant htt is not being degraded and second-
ly because the proteasome would also not be able to
degrade other misfolded proteins that might have delete-
rious effects on cell function. Proteasome dysfunction
would have a further 'knock-on' effect in the cell, because
the proteasome plays a central role in the turnover of
normally-folded but short-lived proteins in the cell. Thus
proteasome dysfunction could mediate multiple pathways
of dysregulation of normal cell function.

Transcriptional dysregulation in HD
A large number of genes are abnormally expressed in HD
mouse models (for references, see 1). The protein prod-
ucts of these genes are found in key molecular systems,
including neurotransmitter pathways (particularly
dopamine), intracellular signaling pathways and calcium
homeostasis. However, at present it is not possible to tell
which of the many genes that are dysregulated in HD are
involved in the primary pathology and which are sec-
ondary. While some of the dysregulated genes have been
shown to result in altered protein expression (e.g. those
coding for DARPP-32 and complexin II (CPLXII)), most
have not been studied in depth.

Abnormalities in synaptic transmission
As well as changes in neurotransmitters and receptors,
modulators of transmission have also been implicated in
HD. For example, CPLXII is decreased in both HD post
mortem brain and HD mouse brains(14). CPLXII is a mod-
ulator of neurotransmitter release, and CPLXII knockout
mice exhibit progressive motor and cognitive deficits(15).
This suggests that the decrease in CPLXII seen in HD may
underlie some of the cognitive and motor deficits. Other
evidence suggesting that synaptic dysfunction is one of
the earliest changes in HD  includes the observation that,
as with human patients, symptoms in all of the mouse
models appear before there is frank neurodegeneration
(for references, see 1). In mice, abnormalities in synaptic
plasticity and transmitter release are measurable before
overt symptoms appear. Thus it appears that neuronal

dysfunction rather than neurodegeneration might give
rise to the earliest symptoms in HD.

Summary
Although the mutation causing HD appears to be rela-
tively simple, the downstream consequences of the muta-
tion are extremely complex. First, it seems likely that neu-
ronal dysfunction precedes neurodegeneration in both
animals and humans. Second, the HD mutation appears
to perturb multiple intracellular pathways. Only some of
these will be primary responses to the toxic gain of func-
tion of the HD mutation. Knowing which of the changes
is 'cause' and which is 'effect' will be fundamental to
advancing our understanding of HD to a level where
treatment becomes a realistic possibility.
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