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REVIEW

Huntington’s Disease: Pathological Mechanisms and Therapeutic Strategies

Shilpa Ramaswamy,* Kathleen M. Shannon,† and Jeffrey H. Kordower*

*Department of Neuroscience, Rush University Medical Center, Chicago, IL, USA
†Department of Neurology, Section of Movement Disorders, Rush University Medical Center, Chicago, IL, USA

Huntington’s disease (HD) is a devastating neurodegenerative disorder that occurs in patients with a mutation
in the huntingtin or IT15 gene. Patients are plagued by early cognitive signs, motor deficits, and psychiatric
disturbances. Symptoms are attributed to cell death in the striatum and disruption of cortical–striatal cir-
cuitry. Mechanisms of cell death are unclear, but processes involving mitochondrial abnormalities, excitotox-
icity, and abnormal protein degradation have been implicated. Many factors likely contribute to neuron death
and dysfunction, and this has made it difficult to systematically address the pathology in HD. Pharmaceutical
therapies are commonly used in patients to treat disease symptoms. These have limited benefit and do not
address the inexorable disease progression. Several neuroprotective therapies are being evaluated in animal
models of HD as well as in clinical trials. Similarly, cell replacement strategies such as fetal transplantation
have been used in the clinic with minimal success, making future cell replacement strategies such as stem
cell therapy uncertain. This review describes the disease pathology in HD and addresses many of the past
and emerging therapeutic strategies.
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HUNTINGTON’S DISEASE

Huntington’s disease (HD) is a neurodegenerative
disorder for which there is currently no effective ther-
apy. It is a genetic disease inherited in an autosomal
dominant manner. In-depth studies of a large group of
cases all deriving from the same ancestor in the Zulia
region of Venezuela have facilitated a consortium of sci-
entists lead by James Gussela and Nancy Wexler to iso-
late the crucial huntingtin or IT15 gene on chromosome
4 (49). The huntingtin gene mutation manifests as an
expanded polyglutamine tract, encoding for the amino
acid glutamine, in the N-terminal of the protein. In nor-
mal individuals this expanded region encodes between 8
and 27 glutamines. Disease symptoms emerge when the
number of repeats increases to more than 35, with the
increase in repeat number being directly proportional to
the age at onset of symptoms (4). Genes with 28–30
CAG trinucleotide repeats are considered premutations.
Instability of the mutation may result in manifest disease
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in descendents, but does not ordinarily cause disease in
the carrier.

SYMPTOMS

The triad of symptoms in HD is in the motor, cogni-
tive, and personality domains. Early reports of HD re-
ferred to the disease as hereditary chorea (53) emphasiz-
ing the random, spontaneous, and involuntary dance-like
movements seen in HD patients. Although chorea is of-
ten considered the classic phenotype of HD, other motor
signs are common and at least as disabling. Cognitive
and psychiatric symptoms are also important when de-
signing effective therapies because these symptoms are
devastating to the patient, and to families and caregivers
(41). The cognitive dysfunction in HD is often described
as dementia because it is progressive and occurs in more
than one domain of cognitive function. The cognitive
symptoms in HD are likely attributed to disruption of
cortical–striatal and cortical–cortical circuitry. It is still
controversial as to whether this cortical–striatal dys-



2 RAMASWAMY, SHANNON, AND KORDOWER

function is due to direct cortical pathology or secondary
to striatal dysfunction, although emerging data favor the
former mechanism. This cognitive deficit is character-
ized by disruptions in executive functions, procedural
memory, and psychomotor skills (20,46,60). HD pa-
tients also suffer from mood disorders like depression,
suicidal tendencies, mania, and obsessive compulsive
behavior. In his first description of the disease, George
Huntington described HD patients as having a tendency
to an insanity that often leads to suicide (53).

CELL DEATH

In HD, cell death occurs primarily in medium-sized
spiny neurons in the striatum, a population that ex-
presses γ-aminobutyric acid (GABA) as their neuro-
transmitter. These cells comprise approximately 95% of
the neurons in the striatum and specific subpopulations
of medium spiny neurons coexpress either substance P
or enkephalin. There is a selective vulnerability for these
two populations of neurons in early and late disease
states (88). In the early stages of the disease process,
neurons that coexpress enkephalin and project to the
globus pallidus via the indirect pathway are particularly
vulnerable. In normal circuitry the indirect pathway is
involved in the inhibition of voluntary movements (1,2).
Death of the enkephalin neurons causes an activation
of the premotor and supplementary motor corticies and
produces the hallmark hyperkinetic, choreiform move-
ments seen in HD. In later stages of the disease, death
occurs in the neurons that coexpress substance P and
project to the globus pallidus via the direct circuit. This
pathway is normally involved in the initiation of volun-
tary movements (1,2). Death of substance P neurons
blocks the activation of the premotor and supplementary
motor corticies, producing hypokinetic symptoms. Other
populations of interneurones like the large cholinergic
and medium aspiny neurons are spared in the diseased
brain.

CELL DEATH MECHANISMS

The expanded polyglutamine stretch in mutant hun-
tingtin confers upon the protein a toxic gain of function.
While the mechanism of mutant huntingtin-induced tox-
icity is controversial, several theories involving the for-
mation of cytoplasmic inclusions have been put forth.
Large cytoplasmic inclusions formed by the aggregation
of mutant huntingtin may be toxic to the cell (109). Fur-
thermore, huntingtin aggregates can sequester proteins
that are essential for cell viability and survival. Aggre-
gates have been shown to recruit transcription factors
(79), caspases (91), and protein kinases (69). Huntingtin
aggregates can also sequester CREB-binding protein, a
major player in cell survival, and prevent its function
(71). Thus, by sequestering and inhibiting the function
of otherwise viable proteins, mutant huntingtin aggre-

gates can retard the efficient functioning of otherwise
normal neurons. Interestingly, nonaggregated mutant
huntingtin can also cause cell death (93). These results
indicate that some inherent properties of mutant hunting-
tin, irrespective of its ability to remain soluble or form
aggregates, cause death to neurons. Discovery of the HD
gene and advances in molecular techniques have re-
cently allowed for the development of genetic mouse
and rat models that attempt to capture the hereditary na-
ture of the disease (48). These models introduce genes
expressing the mutated htt protein into the rodent’s
germline. Transgenic mouse and rat models are created
by inserting either a truncated or full-length form of the
mutant htt gene into the genome (92,108). Alternatively,
knock-in mice are created by inserting expanded poly-
glutamine repeats specifically into the rodent htt gene
locus (68). Because these models contain a similar ge-
netic background to the human disease, they provide a
reliable model in which to test mechanistic and thera-
peutic hypotheses.

Mitochondrial impairment has also been implicated
as a mechanism of cell death in the HD patient’s brain.
An impairment in glucose metabolism in brain cells
causes decreased ATP production. Several enzymes in-
volved in the tricarboxylic acid cycle (TCA) and the
electron transport chain are downregulated in different
parts of the brain. The enzyme most affected is aconi-
tase, which is dramatically reduced to 8% of normal in
the caudate, 27% in the putamen, and 52% in the cortex
(101). Complex II, III, and IV activities are also reduced
in the caudate and putamen of HD brains (18,39). Al-
though complex I and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) levels are not altered in the
brain, GAPDH has been shown to interact strongly with
mutant huntingtin (19). This leads to enhanced inclusion
formation and translocation of mutant huntingtin to the
nucleus. Mitochondrial impairments are also associated
with increased reactive oxidative species (ROS) forma-
tion. Inhibition of enzymes in the electron transport
chain can lead to an increase in electron leakage from
the mitochondria. This produces ROS like the superox-
ide radical (O2

−•), hydrogen peroxide (H2O2), and the hy-
droxyl radical (OH•). These ROS over time cause dam-
age to DNA, mitochondria, and proteins and disrupt the
stability of cellular membranes. The cells of HD patients
show an increase in DNA damage as indicated by the
high levels of 8-hydroxydeoxyguanosine (OH8dG) in
the putamen (18). Mitochondrial impairment has been
shown to result in cell death in animal models following
either 3-nitopropionic acid (3-NP) or malonic acid treat-
ments. 3-NP is a mitochondrial toxin that irreversibly
inhibits succinate dehydrogenase, thereby disrupting
both the TCA and the electron transport chain (3,25).
When accidentally ingested by humans, it causes neu-
ronal death in the caudate and putamen and is accompa-
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nied by dystonia (64), a finding replicated in nonhuman
primate models of HD (77). Similarly, when adminis-
tered systemically to rats, it causes selective striatal neu-
ronal death and a progressive decline in gait and motor
abilities (13,16,40,64).

Glutamate-induced excitotoxic cell death is another
mechanism of degeneration proposed to be central to
HD pathogenesis and is also mimicked in animal mod-
els. In this regard, intrastriatal administration of excito-
toxins, such as quinolinic or kainic acid, causes striatal
degeneration in a pattern seen in human HD (14,33,89).
Reduced ATP production in HD leads to improperly
functioning ionic pumps including the Na+-K+ ATPase.
This pump is required to create and maintain electronic
gradients across cellular membranes. Impairment of pump
activity leads to failure of the membrane to repolarize
after an action potential has fired. This prolonged mem-
brane depolarization leads to expulsion of the Mg2+ that
normally blocks NMDA receptors. Opening the NMDA
receptor causes an influx of Ca2+, which results in free
radical production and oxidative damage (12). The me-
dium spiny neurons of the striatum contain relatively
high numbers of NMDA receptors and therefore may be
more vulnerable to excitotoxic cell death (35).

Because HD is a genetic disease with an autosomal
dominant inheritance pattern, familial history of the dis-
ease is used to predict disease risk. Genetic testing for
HD has been available since the 1980s (linkage analysis
until 1993) (42,58) and is used today to detect the pres-
ence or absence of the HD mutation in at risk patients
(26,86,96). Interestingly, because no current therapy
abates or protects disease carriers from the devastating
effects of HD, and due to both emotional and medical
insurance concerns, only a small percentage of individu-
als at risk are tested for the aberrant gene. In theory,
however, the ability to test for, and unequivocally deter-
mine, the disease status of individuals at risk provides
the opportunity for therapies to be administered prior to
onset of symptoms to prevent striatal cell death early on.
Data being collected now by the Huntington Study
Group (HSG) in their Prospective Huntington’s at Risk
Observational Study (PHAROS) and Neurobiological
Predictors of Huntington’s Disease (PREDICT-HD) study
will allow researchers to gain knowledge so that they
can accurately power studies aimed at delaying disease
onset in at-risk or gene-positive research subjects (50).

PHARMACEUTICAL THERAPIES

The most commonly used therapies in HD patients
are symptomatic drug therapies and no therapy has been
developed that effectively modifies disease progression.

Dopamine Depletion

Abnormal movements in HD occur as a result of in-
creased activity via the direct circuit and decreased ac-

tivity via the indirect circuit, both mediated by dopa-
mine. Logically blocking the effects of dopamine should
reduce choreic movements. Traditionally, typical neuro-
leptics were used to treat chorea but severe side effects
associated with treatment led many to discourage their
widespread use. The atypical neuroleptic clozapine binds
to dopamine receptors and blocks dopamine binding and
subsequent signaling. When tested in a double-blind pla-
cebo-controlled clinical trial (105) clozapine was only
effective in reducing dyskinesias in patients that had no
prior exposure to neuroleptics. Higher doses were re-
quired for reasonable effectiveness and these high doses
were poorly tolerated in most patients. Evidence from
small open label series supports the use of other atypical
antipsychotics in HD. These include olanzapine, risperi-
done, and aripiprazole (17). Tetrabenazine is a drug that
is available clinically in many countries except in the
US where it is only available for research. Tetrabenazine
acts by preventing the packaging of dopamine into vesi-
cles, thereby suppressing its presymptomatic release
(75). It also prevents dopamine signaling by blocking
postsynaptic dopamine receptors. A randomized, dou-
ble-blind placebo-controlled study of tetrabenazine in 84
HD research subjects showed a significant antichorea ef-
fect and improvement on a global measure efficacy at
doses up to 100 mg/day. Drowsiness, depressed mood,
parkinsonism, and akathisia were the most commonly
reported adverse effects. One tetrabenazine-treated pa-
tient committed suicide (52).

NMDA Receptor Antagonists

The moderate effectiveness of antidopaminergic ther-
apies may be outweighed by debilitating side effects like
parkinsonism, tardive dyskinesias, and severe depres-
sion. An alternative strategy is to use NMDA receptor
antagonists. It has been thought for some time that levo-
dopa-induced dyskinesias in Parkinson’s disease (PD)
occur as a result of increased NMDA receptor sensitivity
(21) and are reduced by treatment with NMDA receptor
antagonists (78). The fact that dyskinesias in PD are
clinically similar to chorea seen in HD provided the the-
oretical framework that NMDA antagonists may be ef-
fective in reducing chorea in HD. To test this hypothe-
sis, a double-blind, randomized, placebo-controlled
study examined whether amantadine, administered IV
over 2 h would influence choreic movements. Dyskine-
sias were reduced 90 min after the start of drug infusion
and the effects lasted for an additional 120 min (63).
Subsequently, the benefits of oral amantadine were es-
tablished for up to 1 year in a second double-blind, pla-
cebo-controlled study. Multiple daily doses of amanta-
dine were successful in reducing dyskinesias by up to
56% (107). Additionally, there were no serious side ef-
fects and no effect on cognition. However, subsequent
studies demonstrated the variability in response to aman-
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tadine, making it a controversial therapy for chorea. In
a randomized trial, 24 patients received amantadine for
2 weeks and then placebo for 2 weeks (76). Chorea was
not significantly altered in any patient, although 19 pa-
tients reported feeling better in the amantadine phase
and 6 patients reported feeling better in the placebo
phase (indicating a small placebo effect). A second
NMDA antagonist, memantine, has also been tested in
clinical trials for HD. Memantine may be preferred to
amantadine because it has a longer half-life, allowing
for once daily dosing. While memantine was effective
in treating chorea, it did not have any effects on cogni-
tion or behavior (74).

Essential Fatty Acids

Essential fatty acids are present in phospholipids of
cellular membranes and are diminished in patients suf-
fering from tardive dyskinesias (103). Consequently,
members of the essential fatty acids family, like linoleic
acid and dihomogammalinolenic acid, have been used to
treat dyskinesias (102). In a randomized, double-blind,
placebo-controlled trial of HD, a combination of highly
unsaturated fatty acids (HUFA) was used to treat motor
and cognitive symptoms in postsymptomatic patients
(104). Patients showed a significant improvement in
dyskinesias and in the motor component of the Unified
Huntington’s Disease Rating Scale (UHDRS). HUFA,
however, did not improve cognitive performance in HD
patients. Thus, this strategy has limited utility.

NEUROPROTECTIVE THERAPIES

Neuroprotective strategies are designed to modify
disease progression based on the concept of neuronal
preservation. It is likely that disease-modifying strate-
gies will ultimately be a more powerful approach rela-
tive to symptomatic treatments. These therapies attempt
to attenuate or delay the onset of symptoms by prevent-
ing cell death and preserving neuronal circuitry in vul-
nerable brain regions. Neuroprotective therapies can be
delivered in a systemic fashion (when they are capable
of crossing the blood–brain barrier) or applied directly
to the brain via neurosurgical procedures.

Coenzyme Q10

Coenzyme Q10 is a molecule in the electron transport
chain that carries electrons from complex I and II to
complex III (57). By keeping electrons with the enzymes
in the mitochondrial membrane, coenzyme Q10 reduces
formation of reactive oxidative species and oxidative
stress. Mitochondrial energy impairments plague brain
cells in HD, resulting in neuronal death and dysfunction.
Targeting enzymes or cofactors that play a role in en-
ergy production theoretically could help reduce cell
death. A dose–response study in the R6/2 transgenic

mouse model showed that high doses of coenzyme Q10
(1000–20,000 mg/kg/day) prevented weight loss and
improved motor deficits on the rotorod and grip strength
tests (97). In this model coenzyme Q10 also prolonged
survival of mice. The brains of treated animals showed
reduced atrophy and decreased DNA damage. Coen-
zyme Q10 has also been tested in combination with
other compounds such as the anti-inflammatory agent
minocycline (98) and the antioxidant vitamin E (56).
These other agents were proposed to enhance the neuro-
protective effects of coenzyme Q10. Animal studies in-
dicate that coenzyme Q10 may be effective when an
ideal dose is administered early in the disease process
to combat cell death. There are several clinical trials in
progress using coenzyme Q10. The CARE-HD study
(Co-enzyme Q10 and remacemide: Evaluation in Hun-
tington’s disease), conducted by the Huntington Study
Group, looked at the long term effects of coenzyme Q10
and remacemide (an NMDA receptor antagonist) in re-
search subjects with HD (51). Subjects (n = 347) re-
ceived either coenzyme Q10, remacemide, both, or
a placebo over 30 months and were evaluated on the
UHDRS, total functional capacity (TFC), cognitive
tasks, and behavioral tests. Patients treated with coen-
zyme Q10 showed a trend toward slowing of functional
decline on the TFC test. A significant slowing of decline
on the functional assessment subtest of the UHDRS, on
the cognitive test of color naming, and on a brief test
of attention was seen in coenzyme Q10-treated patients
compared to placebo controls. The remacemide-treated
patients only showed improvements in chorea and expe-
rienced more side effects. A subsequent follow-up to
this study that examined caudate volume in subjects us-
ing magnetic resonance imaging (MRI) (7) indicated
that coenzyme Q10 treatment did not attenuate cell
death in the caudate because volume of this nucleus in
the treated group was comparable to that of the placebo
group. This study indicated that coenzyme Q10 may de-
lay the progression of some motor and cognitive symp-
toms but that additional studies need to be conducted. In
a follow-up study, an independent group examined the
effects of coenzyme Q10 and remacemide in the N171-
82Q transgenic mouse model (94). They reported signif-
icant, but transient, improvements in performance on the
rotorod test and attenuation of weight loss, but no in-
crease in survival. This treatment also failed to alter neu-
rodegenerative processes. These results indicate that fur-
ther evaluation of the effects of coenzyme Q10 need to
be conducted for efficacy in the clinic.

Creatine

Creatine has been hypothesized to be effective as a
therapy for HD because it is capable of buffering ATP
levels in cells. Mitochondrial enzymes, and therefore
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ATP production, are disrupted in HD brains. When cre-
atine is ingested it is converted into phosphocreatine and
stored. In the face of an energy deficit, phosphocreatine
can donate its phosphate to ADP in the presence of cre-
atine kinase, producing the high energy ATP molecule
(44). Creatine has been shown to be effective in dimin-
ishing motor and cognitive symptoms in the 3-NP toxin-
induced rat model of HD (95). In the R6/2 transgenic
mouse, it slows the progression of motor symptoms and
increases survival when administered in early and mid-
course of the disease (28). Additionally, creatine treat-
ment diminishes weight loss and decreases brain atro-
phy. These therapeutic effects of creatine may be
mediated by a reversal of both reduced brain creatine
and low levels of ATP seen in this model. Based on
results from animal models, a 1-year trial of high doses
of creatine was initiated. All patients (n = 13) were ad-
ministered 10 g of creatine per day for 12 months and
were evaluated using a total motor score (TMS), func-
tional capacity, and neuropsychological tests (99). An
increase in brain creatine level was reported but there
was no overall change in any of the functional tests.
Because the initial evaluation period for this study was
not long enough to determine the effect of creatine on
behavioral decline, the study was carried out for an addi-
tional year (100). Although there was no overall change
in UHDRS, some patients showed improved scores
while others showed declines. The results of these stud-
ies are difficult to interpret due to the lack of placebo
control and inadequate power to detect a disease-modi-
fying effect. In a double-blind, placebo-controlled study
by Verbessem et al., patients received either a dose of 5
g of creatine per day (n = 26) or placebo (n = 15) over
1 year (106). Cognitive function did not decline in either
group and could not be evaluated in this study. Motor
deficits increased as the study progressed and were not
abated by creatine treatment. The disparate results in this
study compared to animal studies could be the result of
a comparatively low dose of creatine used as well as the
lack of statistical power with a small N. A similar dou-
ble-blinded, placebo-controlled study over 16 weeks
used a higher dose of daily creatine (8 g) (47). The ef-
fect of creatine on functional ability could not be com-
pared because the short duration of the study did not
allow for functional decline to occur in any of the
groups. However, serum levels of oxidative DNA dam-
age markers were reduced in creatine-treated patients.

TROPHIC FACTORS

In the early 1980s Appel put forth a unifying hypoth-
esis for the development of neurodegenerative diseases
like PD, amyotrophic lateral sclerosis (ALS), and Alz-
heimer’s disease (AD) (5). He postulated that these dis-
orders resulted from a deficiency in a growth factor that

was stored in the targets of the affected neurons. While
this hypothesis is likely not true, it focused attention on
the use of trophic factors, many of which have positive
effects in animal HD models, as potential therapeutic
agents.

Brain-Derived Neurotrophic Factor (BDNF)

BDNF is a neurotrophic factor that is produced by
cortical neurons and is essential for survival of striatal
neurons (22). BDNF is transported in vesicles along mi-
crotubules with the help of wild-type huntingtin protein
(37). Either a reduction in wild-type huntingtin or the
expression of mutant huntingtin disrupts transport of
BDNF, resulting in a loss of trophic support to striatal
neurons. Additionally, in striatal neurons, wild-type hun-
tingtin protein enhances the expression BDNF (112) and
expression of mutant huntingtin reduces BDNF levels
and this effect is toxic to neurons. There is strong evi-
dence to suggest that restoration of BDNF levels in stria-
tal neurons will attenuate the cell death seen in HD. In
a transgenic mouse model created by crossing the R6/1
HD transgenic model and mice mutant for BDNF, there
is a specific loss of enkephalinergic neurons in the stria-
tum (23). These are the neurons that are most affected
in early stages of the disease process. Restoration of lev-
els of BDNF in these mice was shown to rescue cells
from death. In a quinolinic acid-induced rat model of
HD, transplanted cells were genetically engineered to
express BDNF and were grafted prior to the lesion (82).
BDNF protected all striatal projection neurons from cell
death, indicating that it may be useful in early and late
stages of the disease process. Although the effects of
BDNF appear to benefit striatal neurons, further studies
in transgenic mice and nonhuman primates are war-
ranted.

Ciliary Neurotrophic Factor (CNTF)

CNTF is the first trophic factor to enter clinical trails
in HD. CNTF is a differentiating cytokine that has tro-
phic effects on striatal neurons. In a 3-NP primate model
of HD, baby hamster kidney (BHK) cells were engi-
neered to express CNTF and transplanted into the stria-
tum after the administration of 3-NP and the onset of
motor and cognitive deficits but prior to the occurrence
of MRI-detectable cell death (9). 3-NP-treated monkeys
that received BHK-CNTF cells showed improvements
in all tests and a complete restoration of motor and cog-
nitive function 3 months after treatment. There was also
significant neuroprotection in most areas of the striatum
and no significant difference in cell number compared
to unlesioned controls. Following success in animal
models, this therapy was taken to clinical trials. In a
phase I clinical trial polymer capsules containing BHK-
CNTF cells were transplanted into the lateral ventricles
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of 6 subjects with early HD (15). Evaluation on the
UHDRS, TFC, and Mattis Dementia Rating Scale re-
vealed no significant improvements on any of these
tests. Positive electrophysiological recordings indicated
an improvement in intracerebral neural connections in
patients that had the most active capsules (capsules still
secreting abundant CNTF at the time of explantation).
The poor results in this study may have been due to the
inadequacy of the CNTF delivery methods because the
capsules were found not to release sufficient trophic fac-
tor following explantation. This group is currently look-
ing into alternative methods of CNTF administration us-
ing lentivirus-mediated gene therapy (87,111).

Glial Cell Line-Derived Neurotrophic Factor (GDNF)
Family of Ligands (GFLs)

Members of the GDNF family of ligands (GFLs) in-
clude GDNF, neurturin (NTN), artemin, and persephin.
GDNF and NTN are two members of this family that
have been extensively studied in HD. Traditionally,
GFLs have been used in clinical trials for PD (27,72).
In HD research, GFLs are recognized for their important
role in the growth, development, and trophic support of
striatal neurons. Treatment of GABAergic neurons in
ventral mesencephalic cultures with GDNF or NTN pro-
motes cell density and neurite outgrowth (29). In vivo
studies using different delivery methods have shown that
GDNF and NTN have trophic effects on different popu-
lations of striatal neurons. Transplantation of cells over-
expressing GDNF selectively protects neurons of the di-
rect circuit in a QA rat model of HD (81). These are the
substance P-positive neurons that die in later stages of
HD. GDNF administration using either bolus injections
or continuous infusions over 2 weeks have shown non-
selective neuroprotection of both populations of striatal
projection neurons (6). Viral vector delivery of GDNF
not only prevents cell death resulting from 3-NP toxicity
but also rescues motor deficits (67). Because AMGEN
Inc. has the current patent on GDNF, it is unavailable
for use in clinical trials in spite of its beneficial effects
in animal models. Therefore, alternatives to GDNF must
be explored for therapeutic use. NTN acts in a similar
manner to GDNF and has been shown to be effective in
animal models of HD. In a QA model, NTN has been
shown to selectively protect the striatal neurons of the
indirect circuit (80). Interestingly, in early stages of HD,
these neurons that project to the external segment of the
globus pallidus are the first to degenerate. The potential
of NTN to prevent the death of these cells may be criti-
cal in the treatment of early symptoms of the disease. In
the QA rat model of HD, endogenous NTN is upregu-
lated in the striatum in response to toxin administration,
possibly in an attempt to stave off inevitable excitotoxic
cell death. At high enough doses, exogenous administra-

tion of NTN will protect striatal neurons from cell death
in both quinolinic acid and kainic acid models of HD
(38,80). Our group has determined that gene delivery
of NTN protects striatal neurons from degeneration and
rescues motor deficits in 3-NP-treated rats and N171-
82Q transgenic HD mice (85).

RNA Interference (RNAi)

A recently developed therapy that has come to the
forefront in HD is RNAi. This therapy attempts to use
short interfering RNA (siRNA), short hairpin RNA
(shRNA), or microRNA (miRNA) molecules to shut
down the production of the mutant huntingtin protein. A
study using shRNA in the N171-82Q transgenic mouse
model showed a 50–55% decrease in the N171-82Q
mRNA in the injected striatum and a complete elimina-
tion of mutant huntingtin-positive inclusions (43). There
was also a rescue of motor deficits as seen on the ro-
torod. In a study using siRNAs against huntingtin, brain
atrophy and neuronal inclusions were reduced (110).
This study also saw a rescue of motor deficits (rotorod,
clasping, and open field tests) and an increase in sur-
vival. The previously described studies examined the ef-
fects of RNAi in presymptomatic models. In a post-
symptomatic study using shRNAs, nuclear inclusions
were reduced in the striatum even after they had begun
to form (65). Cellular phenotypes that are normally
downregulated in this model (DARPP-32, enkephalin)
were restored. The one major drawback of RNAi ther-
apy in HD is that treatment downregulates the expres-
sion of both wild-type and mutant huntingtin protein.
Ongoing studies are using RNAi to decrease expression
of wild-type huntingtin and look for any adverse effects
(24,73). Some researchers are also attempting to develop
strategies of allele-specific targeting in which only mu-
tant huntingtin expression would be downregulated.

NEURORESTORATION:
TRANSPLANTATION THERAPIES

Although HD is a genetic disorder that can be de-
tected prior to the onset of symptoms, most patients do
not consult a physician until after they develop signs of
the disease. At this stage, there likely is extensive cell
death in the striatum. In such cases a neuroprotection
therapy may not be ideal. In contrast, a therapy in which
lost cells are replaced might be more efficient for these
patients who are in later stages of the disease. It has
now been over 20 years since the first demonstration of
successful brain transplantation in animal models of HD.
Perhaps one of the most critical experiments was one of
the first, where Isacson and coworkers (54) grafted fetal
ganglionic eminence into the striatum of rats that had
previously received bilateral excitotoxic lesions of the
striatum. Not only did the grafts survive and improve
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motor function, they also improved cognitive function
(55). This is one of the first demonstrations that restor-
ing function in a manner limited to the striatum can im-
prove higher order cognitive function. Since these initial
landmark studies, there have been numerous examples
in which fetal striatal grafts improve function in toxin-
based rodent models of HD (31). However, fetal grafts
have been shown to be ineffective in improving function
in genetic mouse models of HD (30), the current gold-
standard animal model for this disease calling into ques-
tion the ultimate utility of this approach.

Human Fetal Tissue Transplants

Several clinical studies have been completed that
used human fetal tissue transplants in HD patients. Se-
lection of appropriate fetal tissue is essential for optimal
therapeutic benefit, and isolation of tissue destined to
a striatal fate is ideal for transplantation therapies. The
Network of European CNS Transplantation and Restora-
tion examined human fetuses to determine the location
of striatal neurons and the time course of differentiation
(70). This group determined that DARPP-32-positive
striatal neurons begin to develop at week 7 postconcep-
tion in the ganglionic eminence. At 8.5 weeks postcon-
ception the lateral ganglionic eminence separates from
the medial ganglionic eminence. At this time point all
DARPP-32 striatal neurons are isolated in the lateral
ganglionic eminence and the medial ganglionic eminence
is devoid of striatal neurons destined to a GABAergic
fate. Consequently, tissue ideal for striatal transplants
will arise from the lateral ganglionic eminence, although
whole ganglion implants are also conducted. The NEST-
UK study transplanted cell suspensions from whole gan-
glionic eminences of 9.5–12-week-old fetuses unilater-
ally into the striatum of early and midstage HD patients
(n = 4) (90). Patients were evaluated 6 months postoper-
atively. There was adequate graft survival in all patients,
indicating that this method of transplantation is feasible
for future HD trials. No significant changes in motor,
cognitive, or psychological measurements were seen due
to the short-term follow-up. Unimpressive results in this
study could have been due to the short evaluation inter-
val, unilateral injections, or the use of whole ganglionic
eminence.

In another clinical trial conducted in Los Angeles,
lateral ganglionic eminences were transplanted bilater-
ally into the striatum of three patients (59). All three
patients exhibited striatal atrophy prior to transplanta-
tion. At 12 months after surgery, there was an increase
in T1 weighted signaling in the striatum compared to
preoperative levels, indicating graft survival and poten-
tial graft growth. Motor scores in the UHDRS improved
significantly in all three patients 6 months after trans-
plantation. Cognitive symptoms also showed some

improvement, although there was variability between
patients (83). Another study transplanted the whole gan-
glionic eminence from 7–9-week-old fetuses unilaterally
into the striatum of five HD patients showing relatively
early symptomology (8). Patients had good graft sur-
vival, without overgrowth, but showed no improvements
in motor or cognitive symptoms. These patients were
scheduled for regrafting on the opposite side of the brain
1 year later (11) and revaluated for cognitive and motor
improvements. In three out of five patients there was
stability in performances on executive function tasks,
neurophysiological tests, and chorea for 3 years com-
pared to untreated controls. In two of these three patients
performance improved over the 3 years. In these three
patients improvements in the conducted tests was corre-
lated with an increase in striatal and cortical metabo-
lisms, indicating a reconstruction of cortico–striatal cir-
cuits (36). A follow-up of these patients indicated
benefits to cognition and functionality 6 years postim-
plantation (10).

In a study by Hauser and colleagues (45), seven pa-
tients received bilateral fetal transplants derived from
the lateral ganglionic eminence (8–9 weeks postconcep-
tion). One patient died 18 months after transplantation
from cardiovascular disease and his brain was evaluated
for pathology (34). Prior to death, this patient improved
by 10 and 8 points on the UHDRS 12 and 15 months
posttransplantation, respectively. Histological evaluation
of the brain showed good graft survival and no mutant
huntingtin labeling in the graft cells. This indicates that
the graft tissue did not take on the pathology of the host
cells over this short postoperative period. Host-derived
dopaminergic fibers had grown into the graft. In the re-
maining patients, when evaluations were conducted after
excluding one patient that suffered from a subdural hem-
orrhage, performance on the UHDRS was significantly
improved 1 year after transplantation. There was a slow-
ing in rate of yearly decline on the UHDRS and TFC
tests after transplantation. There was no improvement
on neuropsychological tests. These studies indicate that
fetal tissue transplants are potentially viable options for
treating HD and benefits can last for several years. How-
ever, practical issues related to tissue procurement re-
main a major obstacle for this approach.

Stem Cells

Practical concerns associated with procurement of
large numbers of fetal human tissue have pushed trans-
plantation research towards more modern donor tissue:
stem cells. Important characteristics of stem cells for use
in HD are the capability to differentiate into neurons,
the capability to attain a GABAergic phenotype, and the
ability to reestablish lost circuitry. This section will de-
scribe transplantation studies using cells that are not de-
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rived from the fetal striatum. Human fetal neural stem
cells derived from the fetal cortex and treated with
CNTF have been shown to attenuate the motor deficits
associated with a 3-NP lesion in a rat model of HD (66).
In the brain human fetal neural stem cells have the po-
tential to form astrocytes and undifferentiated neurons.
When treated with CNTF these cells are pushed toward
an astrocytic and GABAergic neuronal fate. In the above
study, although cells did not differentiate into GABAergic
neurons, CNTF-treated cells were more effective at at-
tenuating motor deficits compared to untreated cells.
GDNF-expressing neural stem cells, when transplanted
into a QA-lesioned striatum, protect neurons from de-
generation and ameliorate motor deficits (84). These
neural stem cells also proliferated in response to the le-
sion. In an interesting study using the QA rat model,
fetal cortical cells were administered intravenously
through the tail vein (61). Neural stem cells differenti-
ated into neurons and glia and migrated to the cortex and
preferentially to the lesioned striatum. Rats that received
these transplants showed improved rotational behavior
and had decreased striatal atrophy. This study indicates
that peripheral administration of stem cells may be a
viable and less intrusive method for treatment.

Alternative Transplantation Studies

Due to the limited availability of embryonic or fetal
stem cells for therapy many researchers are looking into
alternative donor sources for transplantation. Such
sources of stem cells are derived from umbilical cord
blood, bone marrow, and adult sources like the subven-
tricular zone and dentate gyrus. In a QA-lesioned rat
model of HD rat bone marrow cells were injected bilat-
erally into the striatum (62). Animals treated with bone
marrow cells showed significant improvements in work-
ing memory performance compared to lesioned rats.
However, there was no rescue from cell death in the
striatum and less than 1% of transplanted cells expressed
a neuronal phenotype. Preliminary results in a study us-
ing human umbilical cord cells showed that huntingtin
transgenic mice receiving transplants had increased sur-
vival and decreased weight loss (32). These results are
promising for the use of umbilical cord blood in HD,
and further analysis of histological and symptomatic
benefits should be conducted.

CONCLUSIONS

There are several exciting therapies for HD currently
under testing. However, no one therapy has been shown
to combat all of the symptoms associated with the dis-
ease: cognitive, motor, and psychiatric. Additionally, a
treatment would have to be either neurorestorative or
neuroprotective and increase survival. Demonstration of
safety and efficacy in genetic models of HD is necessary

before human clinical trials can begin. For more inva-
sive therapies, preliminary study in nonhuman primate
models may also be required. Until the discovery of one
therapy that can address the myriad of concerns in HD,
combinations of factors that target individual aspects of
the disease may have to be considered.
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