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Huntington’s disease (HD) is a neurodegenerative disorder caused
by expansion of a CAG repeat in the huntingtin (Htt) gene. HD is
autosomal dominant and, in theory, amenable to therapeutic RNA
silencing. We introduced cholesterol-conjugated small interfering
RNA duplexes (cc-siRNA) targeting human Htt mRNA (siRNA-Htt)
into mouse striata that also received adeno-associated virus containing either expanded (100 CAG) or wild-type (18 CAG) Htt cDNA
encoding huntingtin (Htt) 1– 400. Adeno-associated virus delivery
to striatum and overlying cortex of the mutant Htt gene, but not
the wild type, produced neuropathology and motor deficits. Treatment with cc-siRNA-Htt in mice with mutant Htt prolonged survival
of striatal neurons, reduced neuropil aggregates, diminished inclusion size, and lowered the frequency of clasping and footslips
on balance beam. cc-siRNA-Htt was designed to target human
wild-type and mutant Htt and decreased levels of both in the
striatum. Our findings indicate that a single administration into the
adult striatum of an siRNA targeting Htt can silence mutant Htt,
attenuate neuronal pathology, and delay the abnormal behavioral
phenotype observed in a rapid-onset, viral transgenic mouse
model of HD.
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H

untington’s disease (HD) is an autosomal dominant disease
caused by a CAG repeat expansion in the Htt gene (1).
Mutant Htt causes neuronal death, dementia, and movement
dysfunction; there is no effective treatment. In an inducible
transgenic mouse model of HD, turning off transgene expression
reversed neuropathology and motor deficits (2). Lowering mutant Htt gene expression in brain may treat HD. In mice, viral
vector delivery of short hairpin RNAs (shRNAs) against mutant
Htt gene exon 1 or genes that cause other neurodegenerative
disorders reduced neuropathology and motor deficits (3–10).
Brain delivery of adeno-associated virus (AAV)-shRNA against
mutant Htt improved signs of disease in HD transgenic models
(7, 11). In the inaugural study on RNAi targeting Htt in vivo,
shRNA against Htt in AAV2, delivered to the N171–82Q
transgenic model of HD, improved ambulation at 4 months and
rotarod performance at 10 and 18 weeks after injection (7). Five
and one-half months after shRNA administration, quantitative
RT-PCR revealed a 50% reduction in striatal Htt mRNA.
Statistical changes in quantification of Htt protein reduction and
inclusions were not reported. AAV5 delivery of shRNA against
Htt in the R6/1 murine model of HD showed a 25% decrease in
Htt protein and an 80% reduction in Htt mRNA 10 weeks after
shRNA injection (10). The shRNA delayed onset of clasping by
2 weeks (20–22 weeks), and treated mice had fewer clasps. No
difference in rotarod performance was detected. Inclusion size
and number decreased in the striatum, but not in the cortex,
compared with the corresponding contralateral brain regions.
The authors provided an important caveat that one of the
shRNAs had off-target effects; the cause of the off-target effects
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was not established. shRNA in AAV2 or AAV5 was used to
target EGFP to knock down EGFP-Htt in another transgenic
model of HD (11). shRNA reversed pathology after the onset of
pathologic changes; however, behaviors were not studied. Administration of large amounts of siRNA against Htt in a Lipofectamine 2000 suspension into the lateral ventricle of newborn
R6/2 transgenic mice (exon 1 of Htt) reduced whole-brain levels
of mutant Htt in two mice and Htt mRNA up to 7 days
posttreatment, delayed the onset of clasping, rotarod, and
open-field phenotypes, and improved survival (12). Statistical
quantification of neuropathology was not reported. Thus, prior
studies examining RNAi against Htt provided the groundwork
for therapeutic gene silencing in HD. Most of the studies used
viral delivery of shRNA, and the study using siRNA required
liposome delivery to newborns, with the potential liposome
neuronal toxicity.
Caveats attend the use of shRNAs, which can be toxic when
integrated into the host genome (13, 14), in part because shRNA
production is unregulated. Long siRNAs (⬎29 nt) and shRNAs
are prone to activate off-target gene expression (15). For patient
safety, shRNA will need to be able to be switched off, currently
a hurdle in viral delivery systems.
An alternative strategy for HD therapy is the use of smallinterfering RNAs (siRNAs), ⬇21-nt RNA duplexes. siRNA has
been administered into cerebroventricles, vasculature, intrathecal space, and parenchyma (16–20). siRNAs were found effective and safe when introduced into mice and non-human primates (19, 21, 22). Several limitations impede progress in using
siRNAs as a treatment for HD: entry and effectiveness in adult
neurons without the use of potentially toxic transfection reagents; a clear demonstration that gene silencing reduces protein
expression; and an improvement in behavioral deficits and
neuropathology, especially neuron survival. Because bioactive
molecules conjugated to cholesterol have improved cellular
uptake in vitro (23), LDL receptors have been detected in brain
(24), and cholesterol conjugation enhances siRNA uptake in
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cells outside of the central nervous system (16), we speculated
that cholesterol-conjugated (cc) siRNA might enter neurons in
vivo.
An in vivo, rapid-onset model of HD would be optimal to test
gene silencing in brain. The current rapid mouse model of HD
shows mutant Htt-induced pathology after 2 months. Transgenic
mice expressing exon 1 of mutant Htt [R6/2 (25)] develop nuclear
inclusions throughout the brain at 2 months of age and exhibit
a rapidly progressing, severe phenotype. Other transgenic or
knock-in mice expressing mutant Htt exhibit late-onset, mild
phenotypes, often after 6 months of age (26, 27), and lack
prominent neuronal loss. Neither model is ideal to test transient
effects of a single injection of siRNA against Htt introduced
directly to the striatum. We therefore developed an acute, in
vivo, HD mouse model tailored to addressing the efficacy of
siRNA. Here, we used AAV to deliver a 1,395-nt cDNA
fragment of human mutant Htt into mouse striatum to evaluate
the effectiveness of an siRNA targeting human Htt.
Results
Unconjugated and cc-siRNAs Enter Medium Spiny Striatal Neurons. To

confirm that the siRNA introduced into the striatum entered
neurons, we examined striata of mice injected with Cy3-labeled
siRNA-Htt. Cholesterol conjugation improves siRNA delivery in
hepatocytes (16), so we compared delivery of cc-siRNA and
unconjugated siRNA in neurons. Brain tissue was processed 1–5
days after injection and examined for immunoreactive localization of DARPP32, which is selectively expressed by medium size
striatal spiny neurons. At the level of the striatal injection, Cy3
immunofluorescent bodies were present in the cytoplasm of the
majority of DARPP32-positive striatal neurons at all concentrations tested, regardless of cholesterol conjugation (Fig. 1 a
and b). Quantitative analysis showed that 86% and 88% of
DARPP32-positive neurons exposed to Cy3 cc-siRNA (10 M)
and unconjugated Cy3 siRNA (10 M) contained Cy3-labeled
bodies (range 76–100% in both). These findings indicate that
siRNA had entered the majority of striatal neurons. We typically
observed a higher level of Cy3 fluorescence in the neuropil
surrounding DARPP32-labeled cell bodies after injection of Cy3
cc-siRNA than unconjugated Cy3 siRNA (Fig. 1 c and d),
although the difference did not achieve statistical significance
(Fig. 1e; median; 59% versus 33%, P ⱕ 0.18, respectively). These
results suggested, but do not prove, that neuronal processes take
up the cc-siRNA more readily than the unconjugated siRNA. We
therefore used cc-siRNA in our subsequent studies.
Single Intrastriatal Injection of siRNA-Htt Protects Striatal Neurons
from Mutant Htt Neuropathology. Htt knock-in mice manifest

neuropathology and motor deficits late and then sporadically at
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10 months of age. Transgenic models vary in the extent of gene
expression, brain regions involved, neuropathology, and behaviors (28). We therefore developed a rapid-onset murine model
of HD, in which timed neuropathology and motor impairments
were predictable, robust, and experimentally testable. AAV
vectors are known to be effective for the delivery of exogenous
genes into the rodent brain (29). Normal mice received a
unilateral striatal injection of AAVHtt18Q or AAVHtt100Q (Htt
cDNA coding for amino acids 1–400 of Htt, with either 18 or 100
CAG repeats, respectively). Two independent preparations of
AAVHtt100Q virus were used (group 1 and group 2). Immunoperoxidase labeling with anti-Htt revealed intense Htt immunoreactivity in neurons within the dorsal half of the striatum,
deep layers of the cortex, and septal area ipsilateral to the
injection 2 weeks after injection (Fig. 2a). In AAVHtt100Qinfected mice, degenerating and shrunken Htt-labeled neurons
appeared in cortex layers 5 and 6 and in the dorsal striatum. In
the striatum of some mice, neurons were markedly depleted
from a core region around the site of AAVHtt100Q injection
(Fig. 2a), resulting in a region of diminished Htt immunoreactivity. No such loss of neurons was evident in mice injected with
AAVHtt18Q. Measurements of somal cross-sectional area
showed that neurons expressing AAVHtt100Q were significantly
smaller compared with neurons expressing AAVHtt18Q (Fig. 2
b and c Left; mean ⫾ SD; AAVHtt18Q versus AAVHtt100Q,
149 ⫾ 10.4 versus 113 ⫾ 10.1; P ⱕ 0.003) or neurons with
wild-type Htt in the noninjected striata (not shown). However,
the size of striatal neurons expressing AAVHtt100Q was not
different in mice cotreated with cc-siRNA-Htt (113 ⫾ 10.1)
compared with mice cotreated with control cc-siRNA against
luciferase (siRNA-Luc; 119 ⫾ 6; Fig. 2c Right).
Stereology in Nissl-stained sections showed that the number of
neurons in AAVHtt100Q-injected regions of striatum was reduced compared with noninjected striata; neuronal number in
the injected striata of group 2 mice was lower compared with
mice in group 1 (Fig. 2d). AAVHtt100Q-infected striata of group
1 mice cotreated with cc-siRNA-Htt had significantly more
neurons compared with those given cc-siRNA-Luc (Fig. 2d,
mean ⫾ SD; cc-siRNA-Htt versus cc-siRNA-Luc, 5.3 ⫾ 0.6
versus 3.5 ⫾ 0.9, P ⱕ 0.01). Neuronal survival was not improved
by cotreatment with cc-siRNA-Htt compared with cc-siRNALuc in group 2 mice, most likely because of the more significant
neuronal loss caused by AAVHtt100Q in group 2 [Fig. 2d,
mean ⫾ SD; cc-siRNA-Luc versus cc-siRNA-Htt, 2.87 ⫾ 1.1
versus 2.13 ⫾ 0.7, not significant (29)].
Striatal and cortical neurons infected with AAVHtt100Q had
strong diffuse nuclear labeling or intranuclear aggregates when
immunolabeled with anti-Htt antisera (Fig. 2b Inset and Fig. 3 a
and b). Nuclear inclusions were detected in striatal (Fig. 3c) and
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Fig. 1. Cholesterol-conjugated and unconjugated siRNA-Htt enters neurons. (a and b) Laser confocal images of DARPP32-labeled striatal neurons (green)
treated with Cy3-siRNA-Htt. The striatum was injected with 10 M unconjugated (a) or cc (b) Cy3-siRNA-Htt. Cy3 fluorescence appears in the neuronal cytoplasm
as distinct bodies (red-orange color at arrows). Images were from striata 5 days (a) and 1 day (b) after injection. (c and d) Cy3 fluorescence in the striatal neuropil
surrounding the DARPP32-labeled neurons. (e) Percent of mice with high Cy3 fluorescence in neuropil after injection of cc-siRNA-Htt (n ⫽ 17) or unconjugated
siRNA-Htt (n ⫽ 18); not significant in Fisher’s exact test. Bars indicate the confidence intervals.

Fig. 2. Cholesterol-conjugated siRNA-Htt reversed neuropathology in the
AAV HD mouse model. (a) Brain sections from normal mice that received a
unilateral striatal injection of AAVHtt18Q (Left) or AAVHtt100Q (Right).
Sections were immunoperoxidase-labeled by using anti-Htt antisera. Exogenous human wild-type and mutant Htt expression is visible in dorsal striatum
(asterisks), septal nuclei (arrows), and deep layers of the cortex (arrowheads).
(b) Htt-labeled striatal cells infected with AAVHtt100Q are smaller than cells
expressing Htt18Q or neurons in the noninjected striatum. Insets show examples of Htt-labeled cells at higher magnification. (c) Mean ⫾ SD for the
cross-sectional area of immunoreactive striatal neurons in mice infected with
AAVHtt18Q or AAVHtt100Q (Left) and mice infected with AAVHtt100Q and
cotreated with siRNA-Luc (Luc) or siRNA-Htt (Htt) (Right). Neuronal size is
reduced in striatal cells expressing mutant Htt100Q compared with striatal
cells expressing Htt18Q (Left; *, P ⱕ 0.003; n ⫽ 8 mice per group; 50 cells per
mouse; Student’s t test) but is not changed by cotreatment with cc-siRNA-Htt
(Right; n ⫽ 4 per group). (d) Number of neurons determined by stereology in
Nissl-stained sections in noninjected and AAVHtt100Q-injected striatum. Bar
graphs show mean ⫾ SD for number of neurons. Group 1 (Left): *, P ⱕ 0.01,
Student’s t test. Group 2 (Right): not significant.

cortical neurons with EM48 antibody, which detects only aggregated Htt. cc-siRNA-Htt treatment significantly reduced the
median size of nuclear inclusions in striatal neurons in
AAVHtt100Q-infected mice and in cortical neurons in group 1
AAVHtt100Q-infected mice (Fig. 3d, medians; group 1: cortex,
cc-siRNA-Luc versus cc-siRNA-Htt, 6.89 versus 5.86, P ⱕ 0.01;
striatum, cc-siRNA-Luc versus cc-siRNA-Htt, 9.08 versus 7.78,
P ⱕ 0.01; group 2: cortex, cc-siRNA-Luc versus cc-siRNA-Htt,
6.22 versus 6.29, not significant; striatum, cc-siRNA-Luc versus
cc-siRNA-Htt, 8.7 versus 6.18, P ⱕ 0.004). The reduction in
inclusion size by cc-siRNA-Htt suggests that buildup of inclusions is related to levels of accumulation of mutant Htt. Striata
injected with AAVHtt18Q showed robust cytoplasmic staining in
neurons with anti-Htt antisera but lacked inclusions with EM48
17206 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0708285104

Fig. 3. Inclusion pathology was reduced in AAVHtt100Q mice treated with
cc-siRNA-Htt. Immunoperoxidase labeling was done with anti-Htt antisera. (a
and b) Neurons with AAVHtt100Q inclusions in striatum and cortex. (c) Nuclear
inclusions in striatal neurons labeled with EM48 antisera. (d) Scatter plot
showing size distribution of inclusions in the two groups of mice treated with
AAVHtt100Q. Densitometry was performed with EM48-stained sections. Horizontal bars indicate the medians. cc-siRNA-Htt (Htt) treatment reduces median inclusion size compared with cc-siRNA-Luc (Luc). Group 1: n ⫽ 8, 8, 8, 8;
cortex, P ⱕ 0.01; striatum, P ⱕ 0.01. Group 2: n ⫽ 5, 6, 5, 6. Cortex, not
significant; striatum, P ⱕ 0.004. One hundred cells per mouse were evaluated.
Mann–Whitney U test; *, P ⱕ 0.01 for cortex and striatum. (e) Density of
Htt-labeled neurons with inclusions per 2,500 m2. cc-siRNA-Htt treatment
increased the number of Htt-labeled neurons with inclusions. Findings are
significant for striatum (*, P ⱕ 0.002; Student’s t test; cc-siRNA-Luc, n ⫽ 9;
cc-siRNA-Htt, n ⫽ 8).

or anti-Htt antisera (Fig. 2 b and b Inset). The density of
anti-Htt-labeled striatal neurons with inclusions was significantly
higher in cc-siRNA-Htt-treated mice than in cc-siRNA-Luctreated mice (Fig. 3e, mean ⫾ SD; group 1: striatum, cc-siRNALuc versus cc-siRNA-Htt, 258 ⫾ 55.1 versus 340 ⫾ 32.2, P ⱕ
0.002). These data support results from stereology, which
showed that administration of cc-siRNA-Htt increased survival
of striatal neurons expressing mutant Htt (Fig. 2d, group 1).
In HD brain, mutant N-Htt fragments accumulate in degenerating neuronal processes called dystrophic neurites (30). In HD
transgenic mice, analogous neuronal processes are evident as
neuropil aggregates (30, 31). Neuropil aggregates were detected
in striata infected with AAVHtt100Q (Fig. 4a) but not in striata
infected with AAVHtt18Q (data not shown). There was a higher
density of neuropil aggregates in group 1 mice compared with
group 2 mice, a finding possibly due to the presence of more
neurons in group 1 compared with group 2 (Fig. 2 c and d).
Neuropil aggregates in striatum were significantly lower in all
AAVHtt100Q mice treated with cc-siRNA-Htt compared with
those treated with cc-siRNA-Luc (Fig. 4, mean ⫾ SD; group 1:
cc-siRNA-Luc versus cc-siRNA-Htt, 5.73 ⫾ 2.45 versus 1.85 ⫾
1.42, P ⱕ 0.002; group 2: cc-siRNA-Luc versus cc-siRNA-Htt,
2.69 ⫾ 1.60 versus 1.03 ⫾ 0.51, P ⱕ 0.036). Reducing expression
of mutant Htt reduced formation of neuropil aggregates.
In summary, introduction of N-terminal mutant Htt fragment
DiFiglia et al.

Fig. 4. Mutant Htt neuropil aggregates were reduced by cc-siRNA-Htt. (a and
b) Htt labeling in neuropil aggregates (arrows) in the striatum from mice
treated with AAVHtt100Q and cc-siRNA-Luc (a) or cc-siRNA-Htt (b). The aggregates are small structures (a), which are faintly visible in b. The boxes in a
and b denote the brain region in the Insets. (c and d) Bar graphs showing
number of neuropil aggregates in group 1 and group 2 AAVHtt100Q mice
treated with cc-siRNA-Luc (Luc) or cc-siRNA-Htt (Htt). Group 1: n ⫽ 8 per
treatment; *, P ⱕ 0.002. Group 2: cc-siRNA-Luc, n ⫽ 5; cc-siRNA-Htt, n ⫽ 6; *,
P ⱕ 0.036. Student’s t test; one ⫻40 field per mouse.

into the mouse striatum by AAVHtt delivery recapitulated
neuropathological features of HD, and cotreatment with siRNA
targeting Htt ameliorated neuropathology.
Single Intrastriatal Injection of siRNA-Htt Ameliorated Mutant HttInduced Motor Dysfunction. When suspended by the tail, neuro-

logically impaired mice retract their limbs, a response called
clasping. We found that more AAVHtt100Q mice clasped 14
days after injection compared with AAVHtt18Q mice (Fig. 5a;
62.5% versus 15%, respectively, P ⱕ 0.02). The frequency of
clasping in AAVHtt100Q mice was significantly reduced by
cotreatment with cc-siRNA-Htt compared with cc-siRNA-Luc

(Fig. 5b; cc-siRNA-Luc versus cc-siRNA-Htt; group 1: 33%
versus 18%, P ⱕ 0.01; group 2: 75.6% versus 51.9%, P ⱕ 0.02).
The percent of clasping days in the two groups of AAVHtt100Q
mice positively correlated with the extent of neuronal death
observed in the striatum. Mice injected with AAVHtt100Q and
coinjected with cc-siRNA-Luc showed an increased number of
footslips on the beam 7 days after injection. In contrast,
AAVHtt100Q mice coinjected with cc-siRNA-Htt did not show
a significant increase in footslips during beam walking, relative
to the number observed before injection (Fig. 5c; 7 days after
injection; cc-siRNA-Luc, 4.25 ⫾ 2.22, versus cc-siRNA-Htt,
1.25 ⫾ 2.5, P ⱕ 0.01). cc-siRNA-Htt protected mice from motor
deficits caused by AAVHtt100Q.
Single Intrastriatal Injection of siRNA-Htt Decreases Human Htt Gene
Expression in Mouse Brain. To examine whether RNAi accounted

for improvement in neuropathology and motor deficits, we
measured human Htt in the brain at the location of the AAVHtt
delivery 2.7 days after injection. Brain lysates from mice injected
with AAVHtt18Q or AAVHtt100Q, and cc-siRNA-Htt or ccsiRNA-Luc, were analyzed by Western blotting. Densitometry
showed that coinjection of cc-siRNA-Htt reduced levels of
Htt-18Q and Htt-100Q protein by 56% and 66%, respectively,
compared with levels observed with the cc-siRNA-Luc (Fig. 6;
mean ⫾ SD; AAVHtt18Q, cc-siRNA-Luc versus cc-siRNA-Htt,
0.68 ⫾ 0.25 versus 0.38 ⫾ 0.16, P ⱕ 0.03; AAVHtt100Q,
cc-siRNA-Luc versus cc-siRNA-Htt, 1.02 ⫾ 0.19 versus 0.34 ⫾
0.31, P ⱕ 0.01). We conclude that that the observed improvements in neuropathology and behavior reflect silencing of the
AAVHtt100Q gene by the cc-siRNA-Htt.
Single Intrastriatal Injection of siRNA Does Not Stimulate a Specific
Immunogenic Response. siRNAs exceeding 23 bp and shRNAs

Fig. 5. AAVHtt100Q mice show reduced motor deficits in the presence of
cc-siRNA-Htt. (a) Percent of mice clasping 14 days after injection with
AAVHtt18Q and AAVHtt100Q. Mice with AAVHtt100Q had significantly more
clasping days than mice infected with AAVHtt18Q. AAVHtt18Q, 15% clasping,
n ⫽ 13; AAVHtt100Q, 62.5% clasping, n ⫽ 16 (P ⫽ 0.02). (b) AAVHtt100Q mice
cotreated with cc-siRNA-Htt had fewer clasping days than mice coinjected
with cc-siRNA-Luc (group 1: cc-siRNA-Luc, 33%, n ⫽ 9, versus cc-siRNA-Htt,
18%, n ⫽ 8; *, P ⫽ 0.01; group 2: cc-siRNA-Luc, 75%, n ⫽ 5, versus cc-siRNA-Htt,
52%, n ⫽ 6; *, P ⱕ 0.02; Fisher’s exact test). (c) Shown are mean ⫾ SD footslips
that occurred during beam walking for mice injected with AAVHtt100Q. Mean
footslips were reduced in the presence of cc-siRNA-Htt compared with ccsiRNA-Luc. *, P ⱕ 0.01; Student’s t test; n ⫽ 4 per group.
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have been associated with an immunogenic response (32). We
examined reactive microglia (CD11B immunoreactivity) and
reactive astrocytes (30) (GFAP immunoreactivity) in mice injected with PBS or cc-siRNA-Luc. siRNA concentrations were
the same as those used for coinjection with AAV. Astrocytic and
microglial labeling did not differ between PBS and cc-siRNA
treatments [supporting information (SI) Figs. 7]. cc-siRNAs did
not change animal weight or temperature (SI Table 1).
Discussion
RNAi offers a promising therapy for autosomal dominantly
inherited neurodegenerative disease. In theory, RNAi can target
the underlying cause of HD, by silencing expression of the
PNAS 兩 October 23, 2007 兩 vol. 104 兩 no. 43 兩 17207
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Fig. 6. Silencing human Htt mRNA reduced amount of exogenous wild-type
and mutant Htt in the striatum. (a) Lysates were prepared from dorsal striatum
2.7 days after coinjection of AAVHtt18Q or AAVHtt100Q with either cc-siRNALuc or cc-siRNA-Htt. The Western blot was probed first with anti-Htt antibody
(Upper) and then reprobed with anti-tubulin antibody (Lower). Shown is
expression of Htt100Q in mice treated with cc-siRNA-Luc or cc-siRNA-Htt. (b)
Bar graphs show mean Htt/tubulin ratios from densitometry of Western blot
films for mice infected with AAVHtt18Q (n ⫽ 4) or AAVHtt100Q (n ⫽ 3) and
treated with cc-siRNA-Luc or cc-siRNA-Htt. *, P ⫽ 0.03 for AAVHtt18Q; *, P ⫽
0.01 for AAVHtt100Q.

mutant protein. AAV-shRNA delivered to brain improved signs
of disease in transgenic models of HD (7, 11). Here, we describe
a new virus-mediated transgenic model of HD in the adult mouse
that mimics features of HD within 2 weeks and use this model
to test the effects of gene silencing with siRNA targeting Htt
mRNA. Our findings demonstrated that cc-siRNA-Htt entered
adult striatal neurons and effected a reduction in mutant Htt
protein that ameliorated both the neuropathology and the motor
deficits caused by the virally delivered mutant Htt protein.
A single administration of cc-siRNA-Htt was sufficient to
attenuate multiple neuropathological features and aberrant motor behaviors in the rapid-onset model of HD: the transgene
silencing subdued expression of mutant Htt in the striatum for
at least 3 days and sustained a benefit in motor behavior for 1
week. The improvement in motor behaviors correlated with
improvement in neuropathology, indicating that gene silencing
of mutant Htt ameliorated striatal neuronal dysfunction. Our
results demonstrate that siRNA treatment with a clinically
relevant formulation provides therapeutically meaningful benefit in an adult mouse model of HD. Together, these findings
indicate that the RNAi effect is durable and that siRNA
therapeutics might be deliverable in pulses rather than in
continuous flow. The effect of a single siRNA injection appears
to be widespread. Although our siRNA treatment was directed
to the striatum, the size of inclusions in some mice was reduced
in cortical neurons. siRNA administration correlated with an
increase in the number of neurons with inclusions. This in vivo
finding supports cellular HD models in which nuclear inclusion
formation is dissociated with cell survival (33, 34) and could
offer a survival advantage (35).
siRNA modified by cholesterol conjugation was used because
of prior demonstration that cholesterol conjugation might improve siRNA access to tissues (16). It is not clear whether
cholesterol conjugation increased Cy3-siRNA uptake into somata of DARPP32-labeled medium size spiny neurons in striatum. However, at low concentrations, a trend toward more
Cy3-cc-siRNA than unconjugated siRNA uptake was apparent
in regions surrounding cell bodies and in white matter, raising the
possibility that neuronal processes, rather than cell bodies,
preferentially take up cc-siRNA. It is possible that coinjection of
siRNA with AAV-Htt improved the siRNA’s neuronal delivery.
Pilot studies have indicated that cc-siRNA enters primary striatal neurons in the absence of AAV and that two injections of
siRNA-Htt can silence endogenous Htt (SI Figs. 8 and 9). Further
study will be needed to assess optimal delivery of unconjugated
and modified siRNAs in reducing levels of mutant Htt in the
brain.
Safety and flexibility of small RNAs, either in shRNA or
siRNA, are paramount for therapeutic gene silencing. The
siRNA duplex used here, which targeted a sequence of Htt 5⬘ to
the CAG repeat of Htt mRNA, was well tolerated in the brain.
Based on the extent of reactive microglia and astrocytes, siRNA
administration into the striatum did not elicit an inflammatory
response greater than vehicle injection alone. The cc-siRNA did
not change animal weight or temperature (SI Table 1).
Viral delivery of a disease gene presents an alternative approach to traditional transgenic models for understanding
pathophysiology and testing potential therapeutics. Lentivirus
has been used to generate a rat model of HD (36). Delivery of
truncated mutant Htt in lentivirus produced neuropathological
features of HD but not behavioral phenotypes. In our model,
AAV-Htt spread through dorsal striatum and deep cortical
layers, areas affected early in HD. Cortical neurons are thought
to contribute to striatal neuron vulnerability, because of loss
of brain-derived neurotrophic factor from cortical neurons projecting to striatum (37). This AAV-Htt transgenic model has
compelling features that provide a useful system for testing
therapeutic candidates for HD; the model shows the neuro17208 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0708285104

pathological changes found in HD, including neuronal loss and
motor deficits, both of which occur with a rapid time course and
are amenable to quantification. The model distinguishes between CAG repeat number in wild-type and mutant Htt gene
expression, despite overexpression of both genes.
Treatment of HD and other autosomal dominant neurodegenerative diseases will require intervention for years, if not
decades. siRNA has a distinct advantage in providing a predictable and finite term of action; therefore, siRNA treatment can
be adjusted or stopped should side effects arise. shRNA delivered by either genomic or epigenetic incorporation would not be
conducive to regulation and could be prone to activation of
IFN-dependent pathways (32). However, in concept, viral delivery of shRNA offers long-term intraneuronal siRNA expression. The next challenge in testing siRNA therapeutics in brain
disease will be the safe delivery of small RNAs to maximize
target specificity, with the capacity to distinguish between mutant and wild-type alleles.
Methods
Plasmid DNA and AAV Preparation. We cloned N-terminal Htt

cDNA with 18 CAG or 100 CAG repeats into plasmid pAAVCBA-W, which encodes a chimeric promoter bearing the CMV
enhancer element and the chicken ␤-actin promoter. The Htt
cDNA codes 365 aa apart from the polyglutamine repeats. The
vector was packaged into AAV1/8 mosaic vector. Viral titers up
to 1.05 ⫻ 1013 (for 18Q) and 1.8 ⫻ 1013 (for 100Q) were obtained.
Animals, Stereotaxic Injections, and Behavioral Assessment. The
animal protocol abided was approved by the University of
Massachusetts Medical School (A-978). The right striata of mice
were coinjected with 3 l of virus delivering AAVHtt18Q or
AAVHtt100Q and a cc-siRNA-Htt or cc-siRNA-Luc (0.5 l of 1
mM) by using a micropump syringe. Animals were monitored
twice daily for weight, temperature, clasping, and beam walking.
Mice were killed at 2 weeks for immunohistochemical studies. A
group of mice was injected intrastriatally with 2 l of Cy3-labeled
cc-siRNA-Htt or unconjugated siRNA-Htt at 10 M. Animals
were killed 1, 3, and 5 days after injection. A group of mice was
injected with AAVHtt18Q (n ⫽ 4) or AAVHtt100Q (n ⫽ 4) and
coinjected with cc-siRNA-Luc or siRNA-Htt. Mice were killed 3
days after injection, and the brains were harvested for biochemical analysis. Data were analyzed by using Student’s t test or
Fisher’s exact test.
Immunohistochemistry. Antisera included anti-Htt (against Htt

1–17 aa) and EM48 polyclonal antibody [gift of Steven Hersch
(Massachusetts General Hospital); 1:5,000] to detect Htt aggregates; anti-DARPP32 antibody (Chemicon; 1:1,000) and antiGFAP polyclonal antisera (Chemicon; AB5804; 1:1,000) for
astrocytes; and rat monoclonal antibody (Chemicon; AB1387z;
1:500) for CD11B for microglia. For further details, see ref. 23.
Quantitative Microscopic Analysis. To measure the density of

Htt-labeled neurons, four adjacent microscopic fields in layer 6
of cortex and five fields in striatum bordering the corpus
callosum were selected by using a ⫻20 objective lens. Total cells
with inclusions (per 2,500 m2) were determined for mice in
each group: cc-siRNA-Luc (n ⫽ 9) or cc-siRNA-Htt (n ⫽ 9).
Stereological methods were performed for neuronal number (26,
38). No significant differences in striatal volumes were obtained
between injected and noninjected striata. Mean volume was used
to calculate total neuronal number.
For inclusion size, three microscopic fields in cortex and
striatum were evaluated at ⫻40 objective in EM48-immunolabeled sections. Images were captured by using a SPOT camera
(Diagnostic Instruments), and the cross-sectional area of inclusion size was determined by using SigmaScan Pro software
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Biochemical Analysis. The dorsal striatum from injected and
noninjected sides of the brain was dissected on ice and incubated
in lysis buffer [50 mM Tris (pH 7.4), 1% Nonidet P-40, 250 mM
NaCl, 5 mM EDTA plus protease inhibitor mixture (Roche) and
pepstatin A, 1 g/ml]. Five-microgram protein samples were
analyzed by Western blot with anti-Htt antisera and tubulin as
described in ref. 39. Densitometry was performed by using
SigmaScan Pro to obtain the signal intensity of Htt-18Q, Htt100Q, and tubulin.
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(Jandel Scientific). About 100 cells were measured per mouse
per region (range from 50–140 cells), and median inclusion size
was determined and compared by Mann–Whitney U. Neuropil
aggregates in striatum were counted in ⫻40 fields of 40-m
sections labeled with anti-Htt antisera. The results were grouped
by treatment (cc-siRNA-Luc and cc-siRNA-Htt), and the mean
number of aggregates per area was determined. To examine
neuronal cross-sectional area, sections labeled with anti-Htt
antibody were observed at ⫻40 on the injected and noninjected
side of the striatum and analyzed as above. The cross-sectional
area of 50 Htt-labeled neurons per striata was determined by
using SigmaScan Pro. Mean neuronal size was determined for
each animal and grouped according to CAG repeat length and
treatment condition.

