
AAV vector-mediated RNAi of Mutant Huntingtin Expression is
Neuroprotective in a Novel Genetic Rat Model of Huntington’s
Disease

Nicholas R. Franich1, Helen L. Fitzsimons3, Dahna M. Fong1, Matthias Klugmann4, Matthew
J. During1,5, and Deborah Young1,2

1Department of Molecular Medicine & Pathology, The University of Auckland, Auckland, New
Zealand 2Department of Pharmacology & Clinical Pharmacology, The University of Auckland,
Auckland, New Zealand 3Neurologix, Fort Lee NJ 4Department of Physiological Chemistry,
Johannes Gutenberg University, 55099 Mainz, Germany 5Human Cancer Genetics, The Ohio
State University Comprehensive Cancer Center, Columbus, OH 43210

Abstract
We report the characterization of a new rapid-onset model of Huntington’s disease (HD) generated
by adeno-associated virus (AAV) vector-mediated gene transfer of N-terminal huntingtin
constructs into the rat striatum. Expression of exon 1 of mutant huntingtin containing 70 CAG
repeats rapidly led to neuropathological features associated with HD. In addition, we report novel
data relating to neuronal transduction of AAV vectors that modulated the phenotype observed in
this model. Quantitative RT-PCR revealed AAV vector-mediated expression in the striatum to
over 100-fold the endogenous huntingtin level. Moreover, AAV vectors exhibited non-uniform
transduction patterns in striatal neuronal populations and also axonal transport that led to
transduction and neuronal cell death in the globus pallidus and substantia nigra. These findings
may inform future studies utilizing AAV vectors for neurodegenerative disease modeling.
Furthermore, RNA interference (RNAi) of mutant huntingtin expression mediated by virus vector
delivery of short hairpin RNAs (shRNAs) ameliorates early-stage disease phenotypes in transgenic
mouse models of HD, however whether shRNA-mediated knockdown of mutant huntingtin
expression is neuroprotective has not been reported. AAV-shRNA mediated dramatic knockdown
of HD70 expression, preventing striatal neurodegeneration and concomitant motor behavioral
impairment. These results provide further support for AAV vector-mediated RNAi as a therapeutic
strategy for HD.
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INTRODUCTION
Huntington’s disease (HD) is caused by a CAG repeat expansion within exon 1 of the HD
gene [1]. This mutation confers a toxic gain of function to the protein huntingtin (htt)
containing an expanded polyglutamine (polyQ) tract and leads to the dysfunction and death
of GABAergic medium spiny neurons in the striatum [2]. Symptomatically, HD patients
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suffer from a progressive loss of motor control, cognitive function and psychiatric
disturbances [3]. There is currently no effective treatment for the disease, which progresses
towards death within twenty years of onset. A number of transgenic or knock-in mouse
models of HD have been developed [4]. Phenotypes reminiscent of early-stage HD were
reported to varying degrees in some of these models, including neuronal dysfunction,
reduced brain weight, striatal atrophy, and motor deficits. However, none of these models
recapitulate the substantial striatal neuronal cell loss that is characteristic of HD. Also, it is
currently not possible to generate transgenic models in higher organisms such as non-human
primates, limiting translational research.

A complementary approach to modeling genetic disorders of the central nervous system
utilizes recombinant viral vectors to deliver expression cassettes into the brain of
experimental animals [5], which has potential advantages over transgenic approaches [6].
HD models have been developed based on viral vector-mediated gene transfer of N-terminal
fragments of mutant htt to the striatum. Initial studies using AAV serotype 2 [7] or lentiviral
vectors [8] recapitulated some key elements of the disease and resulted in a limited degree of
neurodegeneration 5–8 weeks post-injection in the striatum of rats. However, a behavioral
phenotype was not characterized in these studies. More recently, a non-human primate
model of HD generated by lentiviral gene transfer to the macaque putamen has been
reported that exhibits striatal neuronal cell loss and a progressive motor phenotype [9].
DiFiglia et al. also recently reported a robust, rapid-onset phenotype including substantial
striatal neurodegeneration and behavioral impairment in mice as early as 2 weeks post-
injection of an AAV serotype1/8 mutant htt construct [10]. These studies support the use of
viral vector-mediated gene transfer for the further elucidation of the molecular mechanisms
underlying HD, and as a platform for testing neuroprotective therapeutic strategies that can
be translated to non-human primates.

However, further characterization of viral vector-based models is required. Using a similar
approach, we have developed a rapid-onset rat model of HD using AAV vector-mediated
gene transfer of an N-terminal mutant htt construct into the striatum. We used AAV serotype
1/2 vectors to achieve robust neuronal transduction leading to a rapidly progressive
neuropathological phenotype. Moreover, we report novel findings relating to AAV vector
transduction in the brain that influenced the phenotype observed in this model including
characterization of a non-uniform transduction pattern of neuron populations and relative
quantification of the high level of AAV-mediated transgene expression in the striatum,
axonal vector transport to and toxicity in other associated areas of the basal ganglia, and a
comprehensive analysis of mutant huntingtin-mediated neuronal toxicity. These novel
findings may inform future studies utilizing AAV vectors for neurodegenerative disease
modeling.

Finally, we assessed whether our model would have utility in screening new therapeutic
treatments. Virus vector-mediated delivery of short hairpin RNAs (shRNAs) has been
reported to ameliorate early-stage disease phenotypes in HD transgenic mice [11–13], but
whether shRNA-mediated inhibition of mutant htt expression is neuroprotective has not
been demonstrated. Here we report that AAV vector-mediated RNAi resulted in protection
from N-terminal mutant htt-mediated neurodegeneration and motor behavioral impairment
in our model. These results further support the use of AAV vector-mediated RNAi as a
therapeutic strategy for HD.
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RESULTS
AAV1/2 vector-mediated expression of N-terminal htt constructs in rat striatum

Using a similar approach to previous studies [7–10], AAV1/2 vector-mediated gene transfer
of N-terminal htt constructs (AAV-HD70, -HD20, -Hdh8, or Empty vector, Fig. S1) to the
rat striatum was used to establish a genetic animal model of HD. In line with previous
findings, neuronal intranuclear inclusions, a feature of polyQ expansions diseases such as
HD, were apparent by 2 weeks in the AAV-HD70 injected brains, with more diffuse anti-htt
staining for AAV-HD20 or -Hdh8 (Fig. 1). HD70 immunostaining was diminished by 5–8
weeks, due to neuronal cell death within the striatum (see below). The spread of expression
throughout the rat striatum achieved using AAV1/2 vectors (Fig. S2) appeared to be
substantially greater than that achieved using AAV2 [7] and lentiviral [8] vectors, and
similar to that reported recently using AAV1/8 in mice [10]. However, expression appeared
most rapidly in large interneurons, with more extensive immunoreactivity throughout the
striatum between 2–8 weeks (Fig. 1).

AAV1/2-HD70-mediated striatal neuropathology
Striatal atrophy and neuronal cell loss is the hallmark of HD neuropathology [14] and
AAV1/2-HD70 expression led to striatal neurodegeneration and neuropathological features
associated with HD, consistent with previous studies [7–10]. Substantial loss of neuronal
immunoreactivity (NeuN, calbindin D28k or DARPP-32) was already evident at 2 weeks
(not shown) and by 5 weeks immunostaining was almost completely absent in the AAV-
HD70 expression area (Figs. 2a,b,f,g,k), comprising ~35% of the ipsilateral striatum (Figs.
2e,j). HD70-induced cell loss contributed to marked striatal atrophy as indicated by
increased density of Nissl staining, pyknotic, condensed nuclei and enlargement of the
ipsilateral lateral ventricle (Figs. 2q–s), Interestingly, this contrasts with reduced striatal
Nissl staining reported by DiFiglia et al. 2 weeks post-injection of AAV1/8Htt100Q [10].
Cell death was confirmed by extensive striatal Fluoro-Jade B staining and reactive
astrogliosis within the lesion area (Figs. 2m,o). Striatal HD70–mediated neurodegeneration
also led to decreased innervation of the globus pallidus (GP), indicated by decreased
enkephalin immunoreactivity (Fig. S3). In addition to the substantial loss of projection
neurons, we also investigated the impact on striatal interneuron populations. In human HD
brain, there is a relative sparing of striatal interneuron populations that are immunopositive
for choline acetyltransferase (ChAT), parvalbumin (parv) or neuropeptide Y (NPY) [15–17].
However, there was almost complete loss of NPY, parv, and ChAT immunoreactivity within
the AAV-HD70 striatal expression area (Figs. 3j–m). Surprisingly, ChAT immunostaining
was also lost in the striatum of rats injected with AAV-HD20 or -Hdh8 vectors (Figs.
3f,i,m), whereas NPY and parv immunoreactivity was preserved (Figs. 3d,e,g,h,m). These
results contrast with those reported by de Almeida et al., where 47% of cholinergic
interneurons and 80% of NADPH-d interneurons within the DARPP-32-depleted region
were spared in animals injected with LV-htt171-82Q vector [8]. Interneuron survival was
not assessed in other studies [7, 9, 10].

Non-uniform transduction of striatal neuronal populations by AAV1/2 vectors
We hypothesized that the pattern of striatal neuron loss was partly related to non-uniformity
in AAV1/2 vector transduction of striatal neuronal populations. Transduction of projection
neurons (DARPP-32) and interneuron populations (ChAT, parv, NPY) was investigated at 1,
2 and 5 weeks post-injection of AAV-HD70, -HD20, or -Hdh8. An AAV-EGFP treatment
group was included as an additional non-disease-related reporter gene control. The findings
of this experiment are depicted in Fig. 4 and summarized in Table S1. DARPP-32
containing projection neurons were transduced more rapidly by AAV-HD70 and -EGFP
than AAV-HD20 or -Hdh8 and NPY-positive interneurons were far more readily transduced
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by AAV-HD70 than the other vectors. ChAT-positive interneurons were strongly transduced
at 1 week by all vectors, with ChAT immunostaining absent by 2 weeks, indicating death of
cholinergic interneurons. These results confirmed that the large interneurons with strong
anti-htt immunoreactivity at 1 week, which appeared dystrophic or absent at 2–5 weeks in
Fig. 1 were cholinergic interneurons. We propose that the rapid, high-level AAV vector
transduction of cholinergic interneurons led to toxicity and neuronal cell death, irrespective
of the transgene expressed, with wild-type or mutant N-terminal htt constructs or EGFP all
causing cholinergic neuronal cell death. Neuronal toxicity resulting from high transduction
levels by high-titer AAV8-EGFP has been previously reported [18]. Interestingly, the
differences between our findings and those reported previously for AAV2 [7] or lentivirus
[8] indicate that the phenotype in viral vector-based models of neurodegenerative disease
can be significantly influenced by cell-specific targeting depending on vector system
employed.

Axonal transport of AAV1/2-HD70 led to toxicity in distal regions of the basal ganglia
In line with previous reports of axonal transport of AAV virions or transgene products [19,
20], 5 weeks after striatal infusion of AAV1/2 vectors robust Ab1 anti-htt immunoreactivity
was detected in the GP and substantia nigra (SN) (Figs. 5a–d,i–p). Anterograde transport led
to staining of fibers of striatopallidal or striatonigral projections in the GP and substantia
nigra pars reticulata (SNpr), respectively. In addition, retrograde transport led to
immunoreactivity in cell bodies of the GP and substantia nigra pars compacta (SNpc).
Axonal transport of vector genomes to the SN was confirmed by PCR (Fig. 5y). Neuronal
cell loss and atrophy of the GP was visualized by loss of NeuN immunoreactivity and
increased Nissl staining density (Figs. 5e–h). Similarly, loss of immunostaining for the
neuronal protein HuC/D and tyrosine hydroxylase (TH) was observed, indicating toxicity in
dopaminergic neurons of the SNpc (Figs. 5q–x). In contrast, Senut et al. observed
AAV2-97Q-GFP expression in the SNpc 5 weeks after striatal injection, however no toxicity
in the SNpc was reported [7].

Quantitative RT-PCR analysis of expression levels of N-terminal htt constructs
Quantitative analysis of transgene expression levels has not been determined in previous
viral vector-mediated HD models, therefore RT-PCR was used to analyze the level of
AAV1/2 vector-mediated over-expression of N-terminal htt constructs in the striatum (Fig.
6). AAV-HD70 mRNA expression rose to ~150-fold that of endogenous Hdh mRNA in the
rat striatum by 2 weeks and dropped to near-endogenous level by 5 weeks. This pattern of
expression corroborated observations using anti-htt immunohistochemistry of HD70
expression (Fig. 1), and was consistent with immunohistochemical and histological evidence
for neurodegeneration between 2–5 week time-points (Fig. 2). In contrast, both AAV-HD20
and -Hdh8 mRNA levels rose more gradually, to ~150-fold by 5 weeks. The level of
endogenous rat Hdh mRNA in AAV-Empty vector rats was relatively unchanged over 5
weeks. The expression levels of mutant N-terminal htt achieved using AAV1/2 vector-
mediated gene transfer were significantly higher than has been reported in transgenic or
knock-in mouse models of HD, which were typically close to that of endogenous mouse
Hdh expression levels [4]. Interestingly, AAV-HD70-mediated transgene levels determined
by RT-PCR were higher at 1–2 weeks post-injection than that observed for AAV-HD20 or -
Hdh8, despite the fact that vectors were titer-matched and the expression cassettes contained
the same promoter and post-transcriptional regulatory elements. This finding reflects the
broader neuronal transduction of AAV-HD70 at these time points.
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AAV vector-mediated RNAi prevents HD70-induced neurodegeneration and behavioral
impairment

Finally, we used the AAV-HD70 model to assess the neuroprotective efficacy of shRNA-
mediated knockdown of htt expression. We used AAV vectors expressing shRNA
constructs(Fig.S4) targeting a similar site of the human htt mRNA as siHUNT-2 previously
reported [13] (AAV-shHD2) or a control shRNA targeting EGFP (AAV-shEGFP) [21]. As a
prelude to the neuroprotection study, we first injected naive rats with AAV-shRNA vectors
alone. In contrast with Rodriguez-Lebron et al. [13] we observed no ‘off-target’ knock-down
of proenkephalin (Penk1) and DARPP-32 mRNA, assessed by RT-PCR (Fig. S5), however
it is possible that microarray analysis would reveal additional unintended gene expression
inhibition [22]. In agreement with our findings, Wang et al. used in vivo transfected siRNAs
targeting a similar site encoded in exon 1 of the HD gene and reported no deleterious side
effects in mice [23]. Consistent with previous reports [11, 13], we found no difference in the
level of endogenous rat Hdh mRNA expression in striatae injected with AAV-shHD2 or -
shEGFP vectors compared with uninjected striatae (Fig. S5), likely due to two mismatches
between human and rat htt mRNAs in the target sequence. In addition, toxicity due to
shRNA expression in vivo has been reported [24], however, we observed no toxicity in the
striatae of rats 5 weeks after AAV-shHD2 or -shEGFP vector infusion (Fig. S5). Next, we
injected AAV-shHD2 or -shEGFP into the rat striatum followed 2 weeks later by AAV-
HD70. Rats were euthanized 2 weeks after AAV-HD70 infusion, at the time of predicted
maximal transgene expression (Fig. 6). HD70 mRNA and protein expression was
dramatically reduced in rats that were injected with shHD2, in contrast with robust HD70
expression in rats injected with shEGFP, determined by immunofluorescence and confocal
microscopy, RT-PCR and Western blot analyses (Fig. 7). Moreover, RNAi-mediated
inhibition of HD70 expression by AAV-shHD2 led to substantial neuroprotection.
Stereological cell counts revealed survival of 91.7±2.9% of NeuN-positive cells (Figs.
8a,b,g) and 98.1±6.8% of calbindin-positive neurons (Fig. 8h). In addition, Fluoro-Jade B
staining was rare in AAV-shHD2 plus -HD70 vector injected rats (Fig. 8e). The cylinder test
[25] was used to analyze spontaneous exploratory fore paw use in the rats (Fig. 8i). No
significant difference in forepaw use between groups was observed in naïve animals or at 13
days post-injection of AAV-shRNA vectors. However, at 13 days after infusion of AAV-
HD70, rats that had received AAV-shEGFP plus -HD70 exhibited a 10.1±2.1% impairment
of the contralateral forepaw. In contrast, AAV-shHD2 plus -HD70-treated rats showed no
impairment of the contralateral forepaw, exhibiting symmetrical use of forepaws in this task.
These results suggest that AAV-shHD2 mediated functional protection from motor
impairment by blocking striatal expression of a neurotoxic mutant htt construct.

DISCUSSION
Here we report a comprehensive characterization of a new model of HD generated by
AAV1/2 vector-mediated transfer of N-terminal htt constructs to the rat striatum.
Recombinant AAV has emerged as a vector of choice for gene transfer to the CNS, due to
its strong neuronal tropism and lack of pathogenicity in mammals [5]. The packaging
capacity of 4.7kb precludes AAV vector-mediated over-expression of full-length htt,
however N-terminal truncated htt constructs have been successfully used previously to
recapitulate elements of HD in experimental animals [8–10, 26–28]. Moreover, there is
growing evidence to support a ‘toxic fragment hypothesis’, whereby neuropathological
events in HD are triggered by proteolytic cleavage of an N-terminal htt fragment [2]. The
AAV-HD70 model recapitulates some critical elements of HD and bears both similarities
and differences to several previously reported genetic models of HD. The rapidly
progressive phenotype most closely resembles previous models generated by virus vector-
mediated gene transfer [7–10]. The extent of striatal neuronal cell loss observed was greater
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than previously reported in earlier viral vector-based models of HD in rats [7, 8] and similar
to that recently reported using AAV1/8 in mice by DiFiglia et al. [10] as a consequence of
the increased expression achieved using AAV1/2 vectors, both in terms of expression level
and the volume of striatal transduction. Moreover, the striatal neuronal cell loss observed as
early as 5 weeks post-injection of AAV-HD70 was over twice that reported for 12 month old
YAC128 mice that exhibit the greatest extent of striatal neuronal cell loss of all the
transgenic HD mouse models [29]. Differences in the rapidity of disease progression
correlate to some degree with mutant htt expression level in genetic models of HD. Indeed,
analysis of the temporal expression profile by RT-PCR revealed a dramatic level of N-
terminal htt expression resulting from AAV vector-mediated gene transfer. This may prove
to be advantageous in that it may facilitate more rapid in vivo screening of therapeutics than
is currently available using transgenic models.

Interestingly, we found that AAV1/2 vector-mediated transduction patterns influenced the
neuropathological phenotype in our model. First, it was found that AAV1/2 transduction of
striatal neurons is non-uniform, most notably with increased transduction of cholinergic
interneurons compared to other neuronal populations. The reason for this is unclear,
however it may be that cholinergic interneurons express different cell-surface receptors that
facilitate enhanced tropism through more rapid internalization of AAV1/2 virions. Entry of
AAV into cells is dependent upon binding to cell surface glycosaminoglycan receptors and
other co-receptors, although the mechanisms underlying selective tropisms of AAV
serotypes remain largely unknown [30]. Moreover, differences in intra-cellular processing of
AAV vectors may play a role in transduction of various neuronal populations [30]. Over 100
serotypes of AAV have been isolated to date, and characterization of novel AAV serotypes
revealed different patterns of transduction in a diverse array of tissues [31]. Moreover, it has
been shown that transduction patterns in the nigro-striatal system can vary greatly between
different AAV serotypes [19, 32–34]. Further investigation to elucidate differences in AAV
tropism and transduction among neuronal populations in the striatum and other brain regions
may lead to improved modeling of neurodegenerative diseases in experimental animals.
Secondly, we found that neuronal transduction by AAV1/2 vectors was altered by changing
the transgene alone. It has been proposed that changes in secondary structure of AAV vector
genomes containing different constructs may alter tropism by changing the conformation of
capsid proteins on the virion surface, leading to altered interactions with cell surface
receptors [35]. This hypothesis awaits verification by structural studies of recombinant AAV
vectors.

Axonal vector transport also played a role in the neuropathological phenotype in our model.
Robust expression of AAV-HD70 was observed in the GP and SN following striatal
injection of AAV vectors, leading to toxicity in distal structures of the basal ganglia. These
results confirm previous reports that retrograde transport can lead to transduction of neurons
in brain regions distal to the site of injection [20], but also indicate that neuronal cell loss in
distal brain regions can result from expression of neuro-toxic gene constructs such as HD70.
Although the primary neuropathology in HD occurs in the striatum, neurodegeneration and
atrophy of the GP and SNpr is also observed in HD brains, however neuronal cell loss in the
SNpc is less typical of HD [14]. Taken together, these results raise some issues regarding the
use of viral vectors for modeling neurodegenerative diseases that warrant caution and
require to be addressed. For example, these findings indicate that the use of viral vector
systems such as AAV could potentially introduce artifacts into functional genomics and
disease modeling studies.

Nevertheless, the robust striatal neurodegenerative phenotype observed in the AAV-HD70
model suggests that it is well-suited for the rapid screening of neuroprotective strategies for
HD. Here, we demonstrated for the first time that AAV vector-mediated RNAi was highly

Franich et al. Page 6

Mol Ther. Author manuscript; available in PMC 2013 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effective as a neuroprotective therapy in an animal model of HD. Our findings are in
agreement with previous reports supporting the utility of RNAi as a therapeutic approach for
HD and other polyQ expansion diseases in cell culture [36, 37] and transgenic mouse
models [11–13, 23, 38, 39]. Recently, DiFiglia et al. also reported that a cholesterol-
conjugated siRNA targeting human htt mRNA inhibited expression of the AAV1/8Htt100Q
vector and led to increased survival of striatal neurons and improved motor behaviors in
mice [10]. Importantly, however, siRNA-mediated silencing is transient and would require
frequent repeat interventions for treating HD patients. In contrast, AAV vector-mediated
delivery of shRNAs offers a long-term approach for therapeutic disease gene silencing
following a single injection [40].

Despite the clear therapeutic potential of RNAi-based gene therapy for HD, several issues
are challenging translation towards the clinic, including allele-specific silencing, ‘off-target
effects’ and potential toxicity [41]. Despite these caveats, RNAi may prove to be an
effective therapeutic strategy for HD and other neurodegenerative diseases. Our results
support AAV vector-mediated knockdown of mutant htt expression as a direct approach to
preventing striatal neurodegeneration and associated behavioral impairment. Translation of
viral vector-mediated RNAi to a non-human primate genetic model of HD [9] would provide
further opportunity for pre-clinical assessment of the safety and efficacy of this therapeutic
approach.

MATERIALS AND METHODS
Recombinant AAV vector expression constructs

An AAV vector expression cassette (Fig. S1), consisting of rat neuron-specific enolase
(NSE) promoter, woodchuck hepatitis virus posttranscriptional regulatory element (WPRE)
and bovine growth hormone polyadenylation sequence (BGHpA) flanked by AAV2 inverted
terminal repeats (ITR) was used to regulate expression of all transgenes used in this study
[42]. An exon 1 mutant HD transgene (HD70) was obtained by PCR amplification of
genomic DNA from the YAC HD72 mouse [43]. As a control, a wild-type exon 1 HD
transgene (HD20) was PCR amplified from a Hybrid Hunter cDNA library (Invitrogen,
Carlsbad, CA). The primers used to amplify both transgenes were:
GCCATGGCGACCGTCGAAAAGCT (forward), CTATCGGTGCAGCGGCTCCTCAGC
(reverse). Amplicons were cloned into pCR2.1-TOPO (Invitrogen). DNA sequencing of
pCR2.1-TOPO-HD70 revealed deletion of two CAG repeats during PCR amplification of
the original YAC HD72 template. Transgenes were cloned into the polylinker site (pl) of the
AAV expression cassette plasmid pAM/NSE-pl-WPRE-BGHpA. As an additional control,
cDNA from exon 1 of the rat homologue, Hdh, containing 8 CAG repeats (Hdh8) was also
cloned into the AAV expression cassette plasmid. A 534bp amplicon
(<www.ncbi.nlm.nih.gov> Entrez Nucleotide GI: 39983010) was amplified from rat brain
cDNA using the following primers: CCTTGCTGCTAAGTGGCG (forward),
CTCAGCAAACCTCCACAG (reverse) and cloned into pCR2.1-TOPO (Invitrogen). A
198bp amplicon corresponding to Hdh exon 1 was amplified from this plasmid template
using the following primers: CCGATGGCAACCCTGGAAAAACT (forward),
CTATCGGTGCAGCGGCTCCTCGGC (reverse) and cloned into the AAV expression
plasmid. DNA sequencing confirmed stability of CAG repeats in HD70, HD20 and Hdh8
constructs following propagation of plasmids in bacterial culture. A construct containing
regulatory elements but lacking a transgene (AAV-Empty) was also used as a control.
Finally, cDNA encoding enhanced green fluorescent protein (EGFP) was excised from
pIRES-EGFP (Clontech, Mountain View, CA) and also cloned into the AAV expression
cassette plasmid for inclusion as a non-disease related gene control in some of the
experiments in this study.
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A second AAV vector cassette (Fig. S4) was used to regulate expression of short hairpin
RNA (shRNA) constructs, under control of the human U6 promoter (U6). The U6 promoter
and the shRNA hairpin cloning site were amplified from pSilencer™ 2.1-U6 hygro
(Ambion, Inc., Austin, TX) by PCR using the following primers:
CGGGGTACCCTCGAGGAGGAGAAGCATGAATTC (forward),
CGGGGTACCACTAGTACGGCCAGTGCCAAGCTT (reverse). The PCR product was
cloned into pAM/CBA-hrGFP-WPRE-BGHpA to generate pAM/U6-pl-CBA-hrGFP-
WPRE-BGHpA. This expression cassette plasmid also contained a hrGFP reporter gene,
under regulatory control of a 1.1kb CMV enhancer/chicken β-actin promoter (CBA), WPRE
and BGHpA. Ambion’s Insert design tool for the pSilencer™ Vectors (http://
www.ambion.com/techlib/misc/psilencer_converter.html) was used to generate short hairpin
siRNA-encoding, complementary forward and reverse DNA oligonucleotide insert
sequences. These were based on previously published siRNA targets siHUNT-2 [44] and
siRNA targeting EGFP [21] (termed shHD2 and shEGFP, respectively). Complementary
sense/anti-sense DNA oligonucleotides (40ng/µl) were annealed at room temperature for 1
hour in 10mM Tris-HCl, pH7.5, 100mM NaCl, 1mM EDTA. Annealed oligonucleotides
were cloned into the polylinker site (pl) of the AAV expression cassette plasmid pAM/U6-
pl-CBA-hrGFP-WPRE-BGHpA.

AAV vectors
Chimeric AAV vectors containing equal numbers of AAV serotype 1 and 2 capsid proteins
[45] were generated as described previously [46]. Briefly, HEK293 cells were transfected
using calcium phosphate with an AAV expression plasmid (HD70, HD20, Hdh8, EGFP,
Empty, shHD2 or shEGFP), the adenovirus helper plasmid (pFΔ6) and both the AAV1
(pH21) and AAV2 (pNLrep) helper plasmids mixed at a 1:1 ratio to form chimeric capsids.
Sixty hours after transfection, cells were harvested and vectors were purified using heparin
affinity columns (HiTrap Heparin HP, Amersham Pharmacia Biotech, Uppsala, Sweden).
Genomic titers of virus vector stocks were determined by real time PCR using an ABI
7900HT Sequence Detection Sytem (Applied Biosystems, Foster City, CA) with primers
designed to WPRE and were matched to 1×1012 viral vector genomes/mL by appropriate
dilution in sterile 1x phosphate-buffered saline (PBS).

Sterotaxic surgery
Adult male Wistar rats (250–300g) (Animal Resources Unit, The University of Auckland)
were used in this study. Approvals for all animal experiments were gained from The
University of Auckland Animal Ethics Committee. The rats were housed in a humidity- and
temperature-controlled containment facility that was kept on a 12 hour light/dark cycle, with
food and water available ad libitum. Rats were anaesthetized with sodium pentobarbitone
(Nembutal, Virbac Laboratories, Auckland, New Zealand; 80mg/kg i.p) and placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA) before receiving a 3µL intra-
striatal infusion (coordinates: RC+0.4mm, ML-3.0, DV-5.5, bregma =0; [47]) of AAV
vectors, at an infusion rate of 100nL/min.

Experimental groups
Groups of animals used in this study were as follows. (1) HD model characterization -
Immunohistochemistry and Histology: AAV-HD70, -HD20, -Hdh8, or -Empty vector
(n=6 rats per time point) were killed at 1, 2, 5 and 8 weeks post-injection; AAV-EGFP (n=4
rats per time point) were killed at 1, 2, and 5 weeks post-injection. (2) HD model
characterization - quantitative real-time PCR: AAV-HD70, -HD20 or -Empty vector
(n=4 per time point) were euthanized at 1, 2 and 5 weeks post-injection; AAV-Hdh8 vector,
n=4 per time point were killed at 2 and 5 weeks post-injection. (3) HD model

Franich et al. Page 8

Mol Ther. Author manuscript; available in PMC 2013 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ambion.com/techlib/misc/psilencer_converter.html
http://www.ambion.com/techlib/misc/psilencer_converter.html


characterization – axonal transport of vectors PCR: AAV vector-injected (n=3) or naïve
(n=1) rats were euthanized at 5 weeks post-injection and brains were used for PCR-based
detection of vector genomes. (4) Expression of AAV-shRNA vectors: Two groups of rats
received unilateral intra-striatal injections of AAV-shHD2 or -shEGFP (n=12 rats per group)
and were killed two weeks post-injection (n=3 per group) or five weeks post-injection (n=9
per group). Brains were analyzed using immunohistochemistry, Fluoro-Jade B staining or
fluorescence microscopy (n=3 rats per group at 2w, n=6 rats per group at 5w). Rats were
also killed at 5 weeks post-injection and brains were analyzed by quantitative real-time RT-
PCR (n=3 striatae per shRNA vector and n=3 uninjected striatae). (5) HD70 knockdown:
Two groups of rats received a unilateral intra-striatal injection of either AAV-shHD2 (n=14)
or -shEGFP (n=14). Two weeks later, all rats (n=28) were also injected unilaterally into the
same hemisphere with AAV-HD70. Rats were killed two weeks post-injection of AAV-
HD70 and brains were analyzed using immunohistochemistry, Fluoro-Jade B staining or
fluorescence microscopy (n=6 rats per group), western blot (n=4 rats per group), or
quantitative real-time RT-PCR (n=4 rats per group). (6) Behavioral testing: The cylinder
test was used to assess impairment in spontaneous exploratory forelimb use, as described
previously [25]. Behavioral testing was conducted by an investigator blinded to
experimental groups. Testing was conducted (n=14 per group) in naïve animals prior to
injection of AAV-shHD2 or -shEGFP, 13 days post-injection of AAV-shRNA vectors and
finally at 13 days post-injection of AAV-HD70. Briefly, forelimb use during exploratory
activity of rats in a transparent cylinder (20cm diameter × 30cm height) was recorded by
video camera for 5 minutes. Two mirrors were placed behind the cylinder at an angle to
enable recording of forelimb movements when the rat was facing away from the camera.
The forelimb used for push-off and landing of vertical movements within the cylinder was
counted by reviewing the video footage in slow motion. Net ipsilateral forelimb use values
were determined as a percentage of total forelimb use.

Stereological cell counts
Cell counting was performed using NeuN, calbindin d28k, ChAT, NPY or parvalbumin
immuno-stained striatal sections. For each neuronal marker, 10 sections per brain were
selected 320µm apart throughout the rostral-caudal extent of the striatum for
immunohistochemistry. Quantification of the number of immunopositive cells throughout
the extent of the striatum was estimated using unbiased stereological techniques.
Stereological cell counting was performed using the optical fractionator method, Stereo
Investigator 7 (Microbrightfield, Inc. Williston, VT), attached to an Olympus AX70
microscope (Center Valley, PA), using a 40x objective, by an investigator blinded to
experimental groups. An estimate of the fraction of surviving cells in the injected striatum
was calculated by dividing the number of cells counted in the ipsilateral hemisphere by the
number of cells counted in the contralateral hemisphere.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Temporal expression of AAV vector N-terminal htt constructs in rat striatum
(a–c) Diffuse anti-htt immunostaining in cell bodies and fibers at 1 week post-injection of
AAV-HD70. Robust anti-htt staining in medium-sized neurons was observed towards the
center of the expression area (b), whereas at the periphery, immunostaining of large cells
resembling interneurons was more prevalent (c). (d–f) Immunostaining of single, large
HD70 inclusion bodies (arrowheads, (e) at 2 weeks whereas smaller single or multiple
HD70 protein inclusion bodies (arrows) were observed towards the periphery of the
expression area (f), (g–i) By 5 weeks, anti-htt immunoreactivity was diminished towards the
centre of the expression area (h). A greater level of immunostaining of inclusion bodies was
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preserved towards the periphery of the expression area (i). (j–l) Robust anti-htt
immunostaining expression in large interneurons (arrow) and weaker immunoreactivity of
medium-sized neurons (arrowhead) at 1 week post-injection of AAV-HD20. (m–o)
Immunostaining of medium-sized neurons was stronger at 2 weeks, with diffuse and
punctate staining of cell bodies and fibers. Interneurons expressing HD20 appeared
dystrophic (o). (p–q) HD20 immunostaining of cell bodies and fibers of medium-sized
neurons was stronger and more punctate at 5 weeks, while immunostaining of large
interneurons was absent, except at the periphery of the expression area (not shown). (r–w)
The pattern of anti-htt immunoreactivity of Hdh8 was similar to that observed for HD20 at 1
week (r–s), 2 weeks (t–u) and 5 weeks (v–w) and appeared to be more diffuse and less
punctate than that of HD20. (x) Weak anti-htt immunostaining in striatum of Empty vector
injected rats at 5 week. Scale bars, 100 µm (low power, left column) 20 µm (high power,
middle and right columns).
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Fig. 2. Striatal neurodegeneration in rats injected with AAV-HD70
Loss of NeuN (a,b), calbindin D28k (f,g) and DARPP-32 (k) immunoreactivity within the
expression area in HD70 rats at 5 weeks. Immunoreactivity for these markers was preserved
in rats injected with AAV-HD20 (c,d,h,i,l), or Hdh8 or Empty vectors. (e,j) Stereological
quantification of neuronal cell death. Data are presented as the mean±SEM (n=6) percentage
of the number of cells counted in the ipsilateral compared to the contralateral hemisphere.
(One-way ANOVA with post-hoc analysis and Bonferroni correction, *p<0.05, **p<0.01).
Increased Fluoro-Jade B staining (m) and GFAP immunoreactivity (o) in the striatum of
HD70 animals at 5 weeks compared to HD20 (n,p) or Hdh8 or Empty vector rats (not
shown). Altered Nissl staining in the striatum of HD70 rats (q–s) and marked striatal
atrophy in the ipsilateral hemisphere (arrow) compared to HD20 (t–v) or other control
vector-injected rats (not shown). At higher magnification, pyknotic, condensed nuclei and
increased cell density was observed (s, arrow). Scale bars: 1mm (low power, a,f,q), 100 µm
(b,g,k,m,o,r), 20 µm (s).

Franich et al. Page 15

Mol Ther. Author manuscript; available in PMC 2013 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Loss of striatal interneurons in rats injected with AAV htt vectors
NPY, Parv and ChAT immunoreactivity in the striatum of rats 5 weeks post-injection of
Empty vector (a–c), Hdh8 (d–f), HD20 (g–i), HD70 (j–l). (m) Stereological quantification
of striatal interneuron cell death. Each bar represents mean±SEM (n=6) of the number of
cells counted in the ipsilateral injected hemisphere as a percentage of the cells counted in the
contralateral hemisphere. AAV-HD70 expression led to the loss of 47.7±7.0% of NPY-
positive interneurons and 48.7±6.4% of parv-positive interneurons in the ipsilateral striatum.
Expression of AAV-HD70, -HD20, or -Hdh8 also led to loss of ChAT-positive interneurons
(HD70, 58.8±11.4% cell loss; HD20, 41.6±6.9% cell loss; Hdh8 45.5±12.7% cell loss; one-
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way ANOVA with post-hoc analysis and Bonferroni correction, **p<0.01, ***p<0.001).
Scale bars, 50 µm.
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Fig. 4. Differential transduction of striatal neuron populations by AAV1/2 vectors
Merged confocal microscopy images of double immunofluorescent labeling with antibodies
to striatal neuronal populations and AAV vector-mediated transgenes. Arrows indicate co-
localization of immunofluorescence. Robust transduction of DARPP-32-immunoreactive
projection neurons at 1 week in AAV-HD70 or -EGFP-injected brains (a,c), which was
increased at 2 weeks post-injection (d,f). In contrast, projection neurons were very weakly
transduced by AAV-HD20 at 1 week (b), with increased transduction observed at 2–5 weeks
post-injection (e). Robust transduction of cholinergic interneurons (ChAT) by all AAV
vectors at 1 week (g–i). Parvalbumin- (parv) or neuropeptide-Y- (NPY) positive
interneurons lacked immunoreactivity to AAV transgenes at 1 week (m–o, s–u). At 2–5
weeks, ChAT immunoreactivity was diminished due to cell death (j–l) but there was
artifactual cross-reactivity of ChAT staining with HD70 inclusions (j). At 2–5 weeks, parv-
positive interneurons were transduced by all AAV transgenes (p–r). Transduction of NPY-
positive interneurons at 2–5 weeks was only observed in AAV-HD70-injected rats (v–x).
Results for AAV-Hdh8 transduction (not shown) were similar to those for AAV-HD20.
Scale bars, 50 µm.
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Fig. 5. AAV vector axonal transport and neurodegeneration in the globus pallidus and
substantia nigra
(a–d) Ab1 anti-htt immunostaining in the globus pallidus (GP) at 5 weeks. (e–h) Neuronal
cell loss in the GP 5 weeks after striatal injection of AAV-HD70, visualized by loss of NeuN
immunoreactivity (e) and increased Nissl staining density (g). NeuN immunoreactivity and
Nissl staining in the GP was unchanged in animals injected with AAV-HD20 (f,h) and other
control vectors (not shown). (i–p) Ab1 anti-htt immunostaining of robust HD70, HD20 and
Hdh8 expression in the substantia nigra (SN) of rats 5 weeks post-injection into the striatum.
Diffuse fiber staining was observed in the substantia nigra pars reticulata (SNPr, arrow),
whereas neuronal cell bodies and fibers were stained in the pars compacta (SNPc,
arrowhead). The pattern of staining in the SNPc resembled that observed in the striatum
and GP, with HD70 inclusions (j) and more diffuse staining for HD20 (l) and Hdh8 (n). (q–
x) Expression of HD70 in the substantia nigra caused loss of (q) TH and (u) HuC/D
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immunostaining compared to the contralateral hemisphere (r,t). No loss of TH or HuC/D
immunoreactivity was observed in brains injected with HD20 (s,t,w,x) or other control
vectors (not shown). (y) Agarose gel of PCR to detect AAV vector genome in striatum
(STR), substantia nigra (SN) or cerebellum (CB) 5 weeks post-injection into the striatum or
in naïve animals. Std = 25bp ladder, plasmid = AAV plasmid positive control, NTC = no
template control. Scale bars, 50 µm (a,e,g,j), 1mm (i,q,u).
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Fig. 6. Quantitative real-time RT-PCR analysis of htt construct over-expression levels
AAV vector-mediated N-terminal htt mRNA expression levels relative to endogenous rat
Hdh mRNA expression levels in rat striatae injected with AAV-HD70, -HD20, -Hdh8 or -
Empty vectors, quantified by real-time RT-PCR. Each data point represents mean±SEM
(n=4).
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Fig. 7. AAV vector-mediated knockdown of HD70 expression in rat striatum
(a–d) Ab1 anti-htt immunohistochemistry on striatal sections from animals injected with
AAV-shEGFP plus AAV-HD70 (a,b) or AAV-shHD2 plus AAV-HD70 (c,d).
(e) Autoradiograph images of bands visualized in western blot of rat striatal lysate.
Molecular weights of the bands presented here were: HD70 ~35kDa, β-actin ~42kDa.
(f) Mean±SEM (n=4) HD70 mRNA expression quantified by real-time RT-PCR analysis.
Student’s t-test: *p=0.012. (g) Mean±SEM (n=4) HD70 protein expression quantified by
western blot. Student’s t-test: p=0.064 (not statistically significant). (h,i) Confocal
microscopy images of striatal sections showing immunofluorescent Ab1 anti-htt staining
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(red) and native hrGFP fluorescence (green). Arrows indicate co-localization of expression
of HD70 and shHD2 (h) or shEGFP (i). Scale bars (a) 1mm, (b) 50µm, (h) 25µm.
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Fig. 8. AAV vector-mediated knockdown of HD70 expression prevented degeneration of striatal
neurons and motor behavioral impairment
Striatal sections from rats injected with AAV-shHD2 or -shEGFP followed by AAV-HD70,
immunostained with antibodies to NeuN (a–d) or stained with Fluoro-Jade B (e,f). High
power images were taken in the middle of the transduced areas of striatae. Stereological cell
counts of NeuN-positive cells (g) or calbindin d28k-positive projection neurons (h) of the rat
striatum transduced by AAV-shHD2 or -shEGFP followed by AAV-HD70. Mean±SEM
(n=6) ipsilateral data are presented as a percentage of the number of cells counted in the
contralateral hemisphere. NeuN-positive striatal cell survival: shHD2+HD70 = 91.7 ± 2.9%;
shEGFP+HD70 = 60.1±4.2%. Calbindin-positive projection neuron survival: shHD2+HD70
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= 98.1±6.8%; shEGFP+HD70 = 61.7±7.5%. Student’s t-test, ***p<0.001. (i) Spontaneous
exploratory forepaw use in the cylinder test in rats that were injected with AAV-shHD2 or -
shEGFP, followed by AAV-HD70. Mean±SEM (n=14) percentage of fore-paw use
asymmetry, where negative scores indicate contralateral fore-paw impairment. For each
group, results are presented for tests conducted prior to shRNA vector injection (Naïve), 13
days post-injection of shRNA vectors (shRNA) and 13 days post-injection of HD70 vector
(shRNA+HD70). ANOVA: shEGFP+HD70 v other groups, all time points ** p < 0.01.
Scale bars (a) 1mm, (b) 50µm, applies to all high magnification images.
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