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Abstract
Huntington disease (HD) is a progressive neurodegenerative disease caused by an expansion of a
polyglutamine sequence in mutant huntingtin (mhtt) that produces abnormal folding and
aggregation that results in the formation of nuclear and cytoplasmic neuronal inclusion bodies.
Although the precise role of mhtt aggregates in the pathogenesis is unclear, attempts to reduce
accumulated mhtt protein have ameliorated the phenotype in multiple cellular and in vivo HD
models. Here, we provide critical results on intracranial delivery of a single-chain Fv intrabody,
C4, which targets the first 17 amino acids of the htt protein, a region of httExon1 that is
increasingly being recognized as pivotal. To assess long-term efficacy and safety issues, we used
adeno-associated viral vectors (AAV2/1) to deliver intrabody genes to striatum of inbred
B6.HDR6/1 mice. Treatment initiation at various stages of the disease showed that early treatment
preserved the largest number of cells without nuclear aggregates and that the accumulation of
aggregated material could be delayed by several months. Even when intrabody treatment was not
initiated until the clinical disease stage, significant, albeit smaller, effects were seen. These data
indicate that neuronal intrabodies against critical N-terminal epitopes can be safely and effectively
delivered using AAV2/1 to delay the aggregation phenotype over a sustained period of time in this
HD model, even when delivery is initiated after disease onset.
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Introduction
Huntington disease (HD) is one of a group of neurodegenerative disorders linked to
abnormally high numbers of trinucleotide repeats in the defective gene (1). The mutant
huntingtin protein (mhtt), which contains an elongated polyglutamine sequence (>37 CAG
repeats), undergoes abnormal folding, proteolytic cleavage to N-terminal fragments, and
aggregation to form neuronal inclusion bodies (2,3). Aggregates of mhtt are found
throughout the brain but they are particularly concentrated in the striatum and cortex,
regions that incur significant cell dysfunction and loss (4). Although the role of mhtt
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aggregates in the pathogenesis remains a focus of much debate, attempts to reduce buildup
of mhtt have yielded favorable outcomes on a number of measures (5-7).

Transgenic mouse models of HD (e.g. HDR6/2 and HDR6/1 mice) in which exon 1 of the
huntingtin gene contains a stretch of approximately 160 and 125 CAG repeats, respectively,
recapitulate the process of mhtt accumulation and aggregate formation (8,9). The more
commonly studied R6/2 mice exhibit nuclear and neuropil aggregates of mhtt very early in
life, and have greatly shortened lifespans. R6/1 mice exhibit a more prolonged pathogenic
time course; nuclear expression of the mutant protein is demonstrable within 4 weeks after
birth, and mhtt aggregates are present by 10 weeks (10,11). Coincident with increases in the
frequency and size of the aggregates, HD mice begin to lose weight relative to their wild-
type (wt) littermates and eventually display motor deficits and undergo premature death (9).

We have developed intracellularly expressed single-chain Fv (scFv) antibodies (intrabodies)
as an approach to prevent or slow the process of aggregate formation. By binding to mhtt,
targeted intrabodies can reduce toxicity in a variety of ways (12). One such intrabody, C4, is
directed against the first 17 amino acids of the N-terminal fragment of mhtt. In cellular
models, co-transfection of mhtt Exon1 with 75-95 CAG repeats plus scFv C4 reduced the
formation of aggregates as well as cellular toxicity (13-15). Moreover, scFv-C4 reduced
neurodegeneration and aggregate formation, and prolonged lifespan in Drosophila
expressing mhtt Exon 1-92Q, (16).

Initial attempts at delivery into HD mice utilized the equine infectious anemia virus to effect
transduction and stable expression of scFv-C4 in the forebrain (10,14). Here, we here used
recombinant adeno-associated viral vectors (AAV2/1) to deliver the scFv C4 to the striatum
of inbred B6.R6/1 mice before or after the development of aggregates and clinical signs.
After short and long survival times, brains were analyzed for the spread of the virus,
efficiency of transduction, and ability of the C4 intrabody to reduce mhtt aggregate
formation in striatal neurons on a cellular basis.

Materials and Methods
AAV2/1 scFv-C4 Preparation

The scFv-C4 gene, fused to a hemagglutinin (HA) tag, was cloned into an AAV2 shuttle
vector, as previously described (17), and transferred to the University of Iowa Vector core,
under the direction of Dr. B. Davidson, for vector production using the helper-free HEK293
triple transfection method (Stratagene, La Jolla, CA) with an AAV1 capsid. Vector was
purified, titered, and used at the concentrations indicated below.

Animals
B6.HD6/1 is a C57BL6/J congenic substrain of the original HDR6/1, harboring httExon1
plus approximately 1 kb of upstream regulatory DNA. The congenic line was established,
and is maintained, at the Wadsworth Center by breeding transgenic males to C57BL6/J
females; CAGs = 120-125. The strain has also been transferred to the Jackson Laboratory
(Bar Harbor, ME) for general distribution (Jax # 000664). Offspring were genotyped by
PCR from tail biopsy. All animal procedures were approved by the Wadsworth Center
Institutional Animal Care and Use Committee.

At 5 to 24 weeks of age, male B6.HDR6/1 mice and wt littermates received a stereotactic
injection of anti-htt scFv-C4 into the left striatum. Under isoflurane anesthesia, 2 μl of
AAV2/1 anti-htt scFv-C4 (10e12 Vg/ml) were delivered at 0.22 μl/min with a syringe pump,
at the following coordinates: A+1.0, L+2.1 (or +2.0 for 5-week-old mice), V-2.8, 2.6 and 2.4
(0.66 μl at each depth). The needle remained in place for 4 minutes prior to slow
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withdrawal; 2 μl of saline were delivered to the contralateral striatum. The incision was
closed with 5-0 sutures, and the mice recovered on a heating pad. After surgery, the mice
were housed at no more than 3 per cage with littermates and were weighed once per week.

Tissue processing and immunohistochemistry
At specified survival times, anesthetized mice were perfused with warm phosphate-buffered
saline (PBS), followed by cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB).
Brains were removed and placed in the same fixative for 20 hours, and then transferred to
15% sucrose in 0.1M PB for at least 8 hours. Thirty-μm-thick sections were cut frozen on a
sliding microtome and collected in 0.1M PB. For analysis of the time course of aggregate
development, brains from uninjected B6.HD6/1 mice were fixed in Bouin's fixative,
embedded in paraffin, and sectioned at 5 μm. Sections were deparaffinized and rehydrated
through a descending alcohol series for immunohistochemistry (IHC) for EM48.

Intrabody was visualized by IHC for the HA tag. Selected sections were rinsed in PBS and
then pre-incubated in 0.2% Triton X-100 in PBS containing 5% normal goat serum. Sections
were then incubated, free-floating, for 18 hours at 4°C in anti-HA polyclonal antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA; 1:500) in 0.1% Triton/2.5% serum/PBS. After
rinsing in PBS, sections were incubated in biotinylated goat anti-rabbit secondary antibodies
for 1 hour, rinsed again, and then transferred to a solution of avidin-biotin complex linked to
peroxidase (Elite ABC kit, Vector Labs, Burlingame, CA). After rinsing, antibody binding
was revealed with a final incubation in 0.05% diaminobenzidine containing 0.25% nickel
ammonium sulfate and 0.0015% H2O2. Sections were mounted onto slides coated with
chrom-alum gelatin, dehydrated, and coverslipped with Permount.

Additional antibodies used were: EM48 (mouse monoclonal; Millipore; Temecula, CA;
1:250) or S830 (sheep polyclonal anti-mhtt; gift of G. Bates, London; 1:5000) to stain for
mhtt; anti-parvalbumin (Sigma; St. Louis, MO; 1:1000) and anti-neuronal nitric oxide
synthase (nNOS, Millipore; 1:1000), to reveal striatal interneuron subtypes; anti-NeuN
(Millipore; 1:500) for neurons; anti-glial fibrillary acidic protein (GFAP, Sigma; 1:500) and
Iba-1 (anti-microglia-specific calcium binding protein, Wako; Richmond, VA; 1:1250), for
glial subtypes. The EM48 antibody has previously been shown to preferentially label mhtt in
both mouse (18) and human HD brain tissue (4). Single-label IHC was performed as above,
with the appropriate secondary antibodies and normal horse serum used in place of normal
goat serum when using primary antibodies made in mouse. Controls for nonspecific staining
were carried out with each assay by omission of the primary antibody. Stained sections were
examined and imaged on an Olympus BX60 microscope.

Double-label fluorescence
On the basis of the IHC used to reveal the full spread of the injected AAV-intrabody,
sections were chosen for double-label fluorescence from regions in which striatal
transduction was most extensive. Sections were first stained with EM48 or S830 overnight
at 4°C followed by Alexa 594-conjugated anti-mouse or anti-sheep antibodies (Invitrogen;
Eugene, OR; 1:200 for 2 hours at room temperature) and then incubated in anti-HA primary
antibodies, followed the next day by Alexa 488-conjugated anti-rabbit antibodies. Sections
were mounted onto slides and coverslipped with Vectashield with DAPI (Vector Labs). A
Zeiss Axioskop2 microscope was used to collect images at wavelengths optimized for green
(Alexa 488) and red (Alexa 594) fluorescence the images were superimposed using
OpenLab software. Representative cells from selected mice were imaged by confocal
microscopy to confirm colocalization (data not shown).
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Quantification of AAV spread and aggregates
To determine the extent of spread of the AAV2/1 anti-htt scFv-C4, every twelfth section
through the striatum was stained for the HA tag by immunoperoxidase. In each section, both
the striatum and the striatal region containing HA-immunoreactivity (-IR) were outlined
using NIH ImageJ, and the area of spread calculated as the quotient of the latter area over
the former. The limits of the AAV spread in the rostral-caudal dimension were defined as
the sections in which the HA-IR represented less than 10% of the striatal area.

For determination of the presence of mhtt aggregates in transduced and non-transduced
cells, HA-IR fluorescent cells were identified in each of dorsal, medial, lateral, and ventral
quadrants of striatum. In each quadrant, sampling consisted of 10 cells identified as being
intensely HA+ and 10 cells with no HA-IR (the latter identified by switching to the DAPI
channel). By switching to the red fluorescence, we determined the presence of mhtt
aggregates (EM48 staining) for each cell. When an aggregate was present but was
noticeably smaller than those in non-transduced cells in the vicinity, it was designated as a
‘small’ aggregate; these were later verified to be less than 2.1 μm in diameter vs. 2.2-3.4 μm
for ‘large’ aggregates. An additional 10 cells in each of the 4 quadrants were identified in
the contralateral striatum (saline-injected) by DAPI, and the presence of EM48-
immunoreactive aggregates was recorded. For each animal the percentage of transduced
cells containing aggregates was calculated (#/40), as well as the percentage containing large
aggregates. Because non-transduced cells in the ipsilateral striatum were no different from
cells in the contralateral striatum, they were combined.

Results
Intrastriatal injections of AAV2/1 scFv-C4 produce robust expression of C4 in both young
and old B6.HDR6/1 and wt mouse brains

At all ages, HA-IR indicating scFv-C4 expression was present in up to 90% of the striatal
area in individual sections, and spanning 800-1500 μm in the rostral-caudal dimension (Fig.
1). HA-IR cells varied in terms of the intensity of staining; intensely stained cells (roughly
30%) were distributed randomly within a zone of lightly labeled cells. Numerous transduced
neurons were evident as early as 2 weeks after injection; the extent of spread and percentage
of transduced neurons persisted for at least 6 months, the longest survival time examined.
No differences were observed between HD and wt mice with respect to spread of the virus
or numbers of cells transduced (Fig. 1A, B vs. C, D). Importantly, injections into older mice
produced spread and transduction of neurons comparable to that seen in younger mice (Fig.
1E-H). At 16 to 24 weeks, pathological changes in striatum have begun and intranuclear
aggregates are clearly present in a majority of neurons (Fig. 1I-L).

Double-label immunofluorescence for HA and NeuN revealed that transfected cells were
indeed neurons (Supplementary Fig. 1A, D). Double labeling with antibodies to nNOS and
parvalbumin demonstrated that AAV2/1 did transduce some parvalbumin-IR interneurons
(Supplementary Fig. 1B, E), but not any nNOS+ interneurons (Supplementary Fig. 1C, F).
Double labeling for scFv-C4 and either GFAP (for astrocytes) or Iba-1 (for microglia)
revealed that few glia were immunoreactive for the transfected construct (data not shown).

scFv-C4 expression reduces the size and frequency of mhtt aggregates in striatal neurons
after AAV2/1 scFv-C4 injections into B6.HDR6/1 mouse striatum

B6.HDR6/1 mice develop mhtt aggregates by 10 weeks of age, which increase in size and
frequency over the next 6 to 10 weeks (Fig. 1I-L) (11). By 16 weeks, approximately 85% of
striatal neurons exhibit what was designated as “large” aggregates (because the sizes did not
appear to increase beyond that age). By 20 weeks this proportion increased to 98%-100%.
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To examine whether transduction with AAV2/1 scFv-C4 altered the development or
persistence of mhtt aggregates when the intrabody was introduced prior to aggregate
formation, we analyzed the brains of mice injected at 5 to 8 weeks of age. Double-label
immunofluorescence was performed for scFv-C4 (using the HA tag) and mhtt (EM48
antibody). Transduced cells were separated into intensely and weakly HA+ cells;
neighboring non-transduced cells were identified by DAPI labeling. Analysis of mhtt
aggregates in transduced striatal cells in mice injected at 5 to 8 weeks and killed at 16 to 32
weeks of age revealed the presence of scFv-C4-containing cells that had smaller aggregates,
or no aggregates (Fig. 2A-D).

Quantification of the presence of aggregates in the intensely labeled transduced cells
revealed a reduction at all ages examined, when compared to the presence of aggregates in
non-transduced cells, either on the injected side or in the contralateral striatum (Fig. 2E).
This reduction was particularly dramatic when only large aggregates were considered. For
example, in mice killed at 16 weeks of age, 50.8% of transduced neurons had aggregates vs.
95% of non-transduced cells. Only 7.4% of cells expressing scFv-C4 contained large
aggregates vs. 85% of non-transduced cells. When nearly all striatal neurons contain large
aggregates in B6.HDR6/1 mice, (at 20 weeks of age or older), only 22% of cells expressing
scFv-C4 (average of 10 mice) contained large aggregates. The overall percentage of
transduced cells with aggregates (large and small combined) was 70%, indicating that
although many of the intrabody-expressing cells still contained aggregates, these aggregates
were in general smaller than those found in non-transduced neurons. ANOVA revealed a
significant interaction between age at death and the presence of intrabody on the incidence
of aggregates, indicating that as the mice age, the aggregates continue to develop, albeit at a
reduced rate.

To determine whether the C4 intrabody slowed aggregate formation when it was introduced
at ages beyond the time when aggregates appear, we delayed the AAV2/1 scFv-C4 injection
until 10 to 24 weeks of age. At these older ages, the efficiency of viral transduction was
comparable to that seen at younger ages in terms of the degree of spread and the percentage
of transduced neurons (Fig. 2F-I). Although aggregates were still present in over 75% of
transduced neurons, half of such neurons contained aggregates that were smaller than
aggregates present in non-transduced neurons. The incidence of large aggregates in non-
transduced neurons, either in the vicinity of the injection site or in the contralateral striatum,
was 98% (Fig. 2J).

Quantification of the presence and size of aggregates as a function of age of injection
revealed a main effect of scFv-C4 across all ages (including mice injected at 5-8 weeks). In
mice injected at 10 to 12 weeks of age and killed 8 to 10 weeks after the injection, the
efficacy of the intrabody was only slightly reduced compared to injections made at 5 to 8
weeks: 75% of scFv-C4-expressing cells had aggregates, with 33% containing large
aggregates (Fig. 2J). Even after injections at 16 to 24 weeks of age, the percentage of scFv-
C4-expressing striatal neurons that still contained large aggregates was reduced (average of
less than 60% compared to 98-100%), and the percentage of intrabody-expressing neurons
with aggregates was 75%-87%, which is still less than the 95-100% incidence of aggregates
in non-transduced striatal neurons at the age at which the injections were done (Fig. 2J).
Thus, despite the fact that the efficacy of the intrabody was reduced relative to the efficacy
of injections made in younger animals, the intrabody still induced aggregate reduction in
40%-50% of striatal neurons that were transduced after AAV2/1 injection.
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AAV2/1 scFv-C4 is well tolerated by the mice and produces little glial reaction around the
injection site

To assess toxicity of the AAV2/1 and/or intrabody, we examined the brains at various times
post-injection, using antibodies for astrocytes (GFAP) and microglia (Iba-1). A modest glial
reaction at the injection site was revealed by GFAP IHC (Supplemental Fig. 2A-D). This
was most noticeable at early times after the injection, and dissipated with time, such that at
survival times longer than 4 weeks modest glial reactivity remained only at the immediate
site of injection (Supplemental Fig. 2A, C, D), and was no greater than that present in the
contralateral striatum after saline injection (Supplemental Fig. 2B). Few activated microglia,
as determined by the rounded-up rather than ramified morphology of Iba-1-IR cells, were
present, and only in the immediate vicinity of the needle track (Supplemental Fig. 2E-G).
Similar numbers were also present after saline injection (Supplemental Fig. 2H).
Importantly, no differences were observed between HD and wt mice in terms of activated
glial reaction to the injection (compare panels C to D for GFAP and panels F to G for Iba-1),
and no greater increase in glial reactivity was observed after injections into older mice
(compare panels C and D to A for GFAP, and panels F and G to E for Iba-1).

B6.HDR6/1 mice injected with C4 intrabody exhibited a body weight change over time that
was similar to that seen in B6.HDR6/1 mice not receiving intrabody (data not shown); this
indicates an absence of either toxic or overtly beneficial effects of these unilateral
intrastriatal injections on the overall health of the mice.

Discussion
Aggregates of mhtt are a neuropathological feature of the human HD brain (3,4) and occur
in most cell and in vivo mouse models of HD (8,19,20). The question of whether the
formation of aggregates or intranuclear inclusions of mhtt is the underlying pathological
event or a protective mechanism invoked by the cell remains a matter of active debate.
Buildup of the defective protein in the nucleus appears to be required for mhtt to exert toxic
effects on the cell. In cellular models, the addition of a nuclear export signal to mhtt
prevents the neurodegeneration associated with mhtt expression (21). However, evidence
has accrued that demonstrates that visible inclusion body formation reduces levels of mhtt
and neuronal death (21,22). As originally proposed by Morton et al (19), aggregate
formation could be a biphasic event, with the initial formation of intranuclear inclusions
serving to sequester mhtt and protect the cell; later, further growth of the inclusions leads to
cellular stress that eventually results in death of the cell. In that context, the ability of
therapeutic agents to limit the growth rate of the intranuclear inclusions may provide the
greatest benefit.

Intracellular antibody fragments, or intrabodies, offer a proteomic approach to treatment of
misfolding, aggregating proteins. We proposed that anti-htt intrabodies would exhibit
cellular protection and the ability to reduce aggregation of mhtt (10,12). After examining
several intrabodies directed at various domains of htt, we obtained the most dramatic
amelioration of cellular dysfunction with the scFv-C4, directed against the first 17 aa, in
both cellular and Drosophila HD models (13-16). For evaluation of its in vivo efficacy in a
mammalian model, we chose R6/1 mice. In view of their extended life span compared to
that of R6/2 mice, the use of this strain permits analysis of the efficacy of the intrabody at
various stages of the disease.

Delivery of the intrabody prior to the first appearance of mhtt aggregates was most effective;
animals injected at 5 to 8 weeks of age had dramatic reductions in the presence of large
aggregates within transduced striatal neurons. However, the C4 intrabody was still effective
when it was injected at the time mhtt aggregates are forming in this strain (10-12 weeks).
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Even when injected at an age when large aggregates are present in nearly all striatal neurons
(16-24 weeks), the C4 intrabody appeared to partially reverse the process whereby mutant
htt is incorporated into aggregates. This reversal could be explained by the prevention of
additional mhtt formation allows the cell to begin to clear the aggregated protein, as
demonstrated previously by Yamamoto et al using a conditional transgenic mouse model
(23). Exactly how intrabodies interact with the mutant protein and accelerate the process of
degradation remains to be elucidated. Longer survival times do not result in greater
reductions in mhtt aggregates; instead, maximal efficacy seems to be achieved at 10 to 16
weeks after the injection in animals killed by 22 weeks of age. The incidence of aggregates,
or the presence of larger aggregates, appeared to be higher in animals sacrificed at later time
points.

The use of AAV transduction of the genes for anti-mhtt intrabodies permits the long-term
synthesis of these potential therapeutics. Wang et al delivered an intrabody targeting mhtt
(EM48) by an adenoviral vector into R6/2 and N171-82Q mice, and found a reduction of
neuropil aggregates, but no reduction in the larger nuclear aggregates (also known as nuclear
inclusions) (24). Southwell, Ko and Patterson performed extensive analyses of the efficacy
of 2 different intrabodies in 4 transgenic HD mouse lines, as well as after lentiviral delivery
of mhtt (25). Both intrabodies reduced the presence of mhtt aggregates in the neuropil, and
one of them, Happ1, (which gains access to the nucleus), reduced the presence of nuclear
inclusions within the transduced region. Interestingly, the greatest behavioral improvement
was found in mice treated with Happ1, suggesting that targeting of the intranuclear
aggregates is of the greatest benefit.

Our present findings relate to 3 critical issues in the intrabody field. First, our intrabody is
directed against the first 17 aa of the htt protein, a domain that has been increasingly
identified as a critical region for modification of the function of mhtt (26). Alteration of the
charge and/or intracellular localization of the target should induce specific effects on the
pathogenicity. Second, for the purposes of developing a clinically relevant intrabody
protocol, it is important to evaluate the interaction of the intrabody, as well as the AAV used
for delivery, with the host tissue at various stages of the pathogenic process. Because the
R6/1 mouse is characterized by an extended time course of pathological progression and
behavioral manifestations and exhibits intranuclear aggregates of the mutant protein, the
expanded time course in this model allowed us to assess the efficacy of intrabody treatment
at various stages of the disease. Finally, our method for counting aggregates involved a cell-
by-cell assessment driven by the presence of intrabody expression in individual transduced
cells rather than the examination of aggregate frequency in the area of AAV spread. Our
results suggest that intrabody efficacy varies on a cell-by-cell basis, depending on the
amount of intrabody expressed. Further studies will be necessary to determine whether any
variations observed reflect differences in the number of viral copies delivered to individual
neurons. In addition, with the use of bilateral injections we will be able to determine the full
efficacy of these intrabodies in terms of behavioral improvements.

AAV has been used extensively to deliver genes intracranially. In particular, AAV2 exhibits
a strong preference for neuronal transduction (27-29). Greater spread has been observed
with AAV1 (30), and packaging of AAV2 into the AAV1 capsid increases dissemination of
the virus (31). In our hands, the delivery of scFv-C4 by AAV2/1 injection into the striatum
produced robust transduction of neurons in a zone extending about 1 mm radially from the
injection site. Although the vast majority of transduced cells in the striatum are expected to
be GABA-containing medium spiny projection neurons, we found that parvalbumin+, but
not nNOS+ neurons were occasionally transduced. That is of interest because of the known
susceptibility of the parvalbumin interneurons in HD (32), whereas nNOS-containing
neurons are spared (33).
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In summary, we have shown that intracellular targeting of the first 17 aa of mhtt, using an
intracellular antibody fragment can effectively counteract the aggregation phenotype in
transduced cells in a transgenic mouse model of HD. Methods to increase the fraction of
cells transduced, the spread of the viral vectors, and the efficacy of the intrabody protein
production in transduced cells are the subject of intensive investigation in the field of neural
gene therapy. Combinatorial therapies that include optimized viral vectors delivering
intrabodies that bind specific targets within the mutant protein, along with the use of small
molecule drugs that can act systemically, offer the most promising approach to effective
therapeutics (34).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Intrastriatal injections of AAV2/1 scFv-C4 produce robust expression of C4 in both young
and old B6.HDR6/1 (HD) mouse brains. Low- and high-magnification views of sections
from wild type (wt) (A, B) and HD (C-H) mouse brains immunostained for the
hemagglutinin tag demonstrate that comparable transduction occurs in young and old HD
and wt brains. (A-D) Mice injected at 5 weeks, killed at 24 weeks. (E, F) HD mouse injected
at 16 weeks, killed at 26 weeks. (G, H) HD mouse injected at 24 weeks, killed at 34 weeks.
(I-L) Mutant htt immunostaining (EM48 antibody) at 8 weeks (I), 16 weeks (J), 20 weeks
(K), and 24 weeks (L) of age. Scale bar in A = 500 μm (for A, C, E, G); Bar in B = 100 μm
(for B, D, F, H); Bar in I = 50 μm (for I-L).
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Figure 2.
scFv-C4 expression reduces the size and frequency of mhtt aggregates in striatal neurons
after AAV2/1 scFv-C4 injections. Panels A-E show results from B6.HDR6/1 (HD) mice
injected at 5 to 8 weeks of age; panels F-J from mice injected at 10 to 24 weeks of age. (A-
D) Fluorescent images illustrating a representative a field from 23- week HD striatum (after
scFv-C4 injection at 6 weeks) showing hemagglutinin (HA)-labeled (transduced) neurons
(green), and EM48 immunostaining (red) to visualize mhtt aggregates. The merged image
(B, higher magnification of box in A) illustrates transduced neurons with no aggregates
(arrow) or smaller aggregates (arrowhead) than seen in non-transduced neurons in the
vicinity. (C, D) Separate HA (C) and EM48 (D) immunostaining. (E) Quantification of
presence of mhtt aggregates in striatal neurons from injected HD mice grouped by age at
time of sacrifice (n = 4 each at 16 weeks and at 20 to 24 weeks, and n = 6 at 26 to 30
weeks). Each pair of bars represents the percentage of cells exhibiting aggregates in non-
transduced cells (left side; C, control) and transduced (HA-immunoreactive) cells (right
side; I, intrabody). The black portion of each bar represents large aggregates; the total height
of each bar indicates the total percentage of cells that contain aggregates. Bars = mean ±
SEM. ANOVA revealed a significant main effect of intrabody on total aggregate expression
(*) (F = 653.67, p < 0.0001) and the presence of large aggregates (**) (F = 170.27, p <
0.0001). There was also a significant effect of age at sacrifice for both total (F = 5.28, p <
0.05) and large (F = 9.48, p < 0.002) aggregates, and a significant interaction between
intrabody effect (total and large) and age at sacrifice (P<0.02). F-I: Fluorescent images of a
representative field from 26-week HD striatum (after scFv-C4 injection at 16 weeks). (J)
Quantification of mhtt aggregates in striatal neurons after AAV2/1 scFv-C4 injections at
older ages. Animals were grouped by age at time of injection: 10 to 12 weeks (n = 6, killed
at 20 to 30 weeks), 16 weeks (n = 3, killed at 26 weeks), 20 weeks (n = 3, killed at 28 to 29
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weeks), 24 weeks (n = 5, killed at 27 to 34 weeks). To assess the statistical significance of
the age at which the injections were made, we performed ANOVA on counts from all mice
killed at 26 weeks of age or older; that grouping includes the right-most set of bars from E
(injected at 5-8 weeks of age). This revealed a significant main effect of intrabody on total
aggregate expression (*)(F = 92.1, p < 0.0001), and the presence of large aggregates (**) (F
= 305.08, p < 0.0001). There was also a significant main effect of age of injection for large
aggregates only (F = 3.78, p < 0.05), as well as an interaction between intrabody and age of
injection (F = 3.43, p < 0.05), reflecting diminishing efficacy in older mice. (C, D, H, I)
Separate HA (C, H) and EM48 (D, I) immunostaining for comparison to B and G. Scale
bars: 100 μm in A and F, 25 μm in B-D, and G-I.
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