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Abstract

Aims: Huntington disease (HD) is a fatal neurodegenerative disorder with no disease-modi-
fying treatments approved so far. Ongoing clinical trials are attempting to reduce huntingtin
(HTT) expression in the central nervous system (CNS) using different strategies. Yet, the dis-
tribution and timing of HT T-lowering therapies required for a beneficial clinical effect is less
clear. Here, we investigated whether HD-related behaviours could be prevented by inactivat-
ing mutant HTT at different disease stages and to varying degrees in an experimental model.
Methods: We generated mutant BACHD mice with either a widespread or circuit-specific
inactivation of mutant HTT by using Cre recombinase (Cre) under the nestin promoter
or the adenosine A,, receptor promoter respectively. We also simulated a clinical gene
therapy scenario with allele-specific HTT targeting by injections of recombinant adeno-
associated viral (rAAV) vectors expressing Cre into the striatum of adult BACHD mice. All
mice were assessed using behavioural tests to investigate motor, metabolic and psychiat-
ric outcome measures at 4-6 months of age.

Results: While motor deficits, body weight changes, anxiety and depressive-like behav-
iours are present in BACHD mice, early widespread CNS inactivation during development
significantly improves rotarod performance, body weight changes and depressive-like be-
haviour. However, conditional circuit-wide mutant HTT deletion from the indirect striatal
pathway during development and focal striatal-specific deletion in adulthood failed to
rescue any of the HD-related behaviours.

Conclusions: Our results indicate that widespread targeting and the timing of interven-
tions aimed at reducing mutant HTT are important factors to consider when developing

disease-modifying therapies for HD.
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EFFECTS OF MUTANT HUNTINGTIN INACTIVATION ON HUNTINGTON DISEASE-RELATED

BEHAVIOURS IN THE BACHD MOUSE MODEL
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INTRODUCTION

Although both mutant and wild-type forms of huntingtin (HTT) are
ubiquitously expressed in Huntington's disease (HD), certain neu-
ronal circuitries in the central nervous system (CNS) are selectively
affected. In particular, the striatum is the most affected region in
HD and pathology in this area is thought to be involved in the
development of motor disturbances. Dopamine D2 receptor-ex-
pressing neurons of the indirect pathway are thought to be among
the first neurons to be affected in HD [1-5]. Despite the lack of any
approved disease-modifying treatments for HD at present, there
are a number of ongoing and planned clinical trials attempting to
reduce HTT expression in the CNS using different strategies [6-8].
Within the field, there is currently extensive discussion regarding
the distribution and timing of HTT-lowering therapies. This has
implications for both therapeutic development and understanding
fundamental biological processes in HD. From a therapeutic per-
spective, there are questions regarding what extent of the CNS
and which specific circuitries need to be targeted to yield a ben-
eficial clinical effect. The therapeutic window to intervene for a
clinically meaningful effect to occur is not known. In light of an in-
creasing number of publications indicating a critical effect of mu-
tant HTT in development [9-12], it is possible that the expression
of mutant HTT during development has already induced key toxic
effects to such an extent that inactivation of mutant HTT after
that phase renders little or no effect once the disease process has
started. These aspects have converged as important questions to
address so as to advance the development of disease-modifying
therapies.

In order to address these pressing questions, we have designed
the following genetic experiments using the well-established
BACHD mouse model. This model has been engineered to express
full-length mutant HTT and manifests a phenotype with motor,
psychiatric and metabolic disturbances [13-15]. As mutant HTT is
‘floxed’, cross-breeding with other mice expressing Cre recombi-
nase enables the generation of mutant lines without expression of
mutant HTT in selected cell populations and/or brain regions [16-
21]. We first aimed to remove mutant HTT early during develop-
ment in a widespread fashion within the CNS by crossing BACHD
mice with Nestin-Cre mice, with the hypothesis that these animals
would show significant improvements. The aim was to investigate
whether their phenotype would completely normalise given that
peripheral pathology has also been suggested to play a role in HD
[22-26]. We then refined the design and limited the inactivation
of mutant HTT selectively to dopamine D2 receptor-expressing
projection neurons of the indirect striatal pathway. In order to cir-
cumvent the main caveat of using a dopamine D2 receptor-Cre
mouse which would have resulted in recombination not only in
the indirect pathway of the striatum but also in the substantia
nigra pars compacta, we used adenosine A,, receptor-Cre mice.
Adenosine A,, and dopamine D2 receptors are co-expressed
on D2 receptor-expressing neurons in the indirect pathway [27-
29]. Finally, we wanted to simulate a clinical scenario with focal
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administration of gene therapy with allele-specific targeting to the
striatum, the most affected region in HD. We used intra-striatal
injections of a clinically applicable rAAV vector to mediate gene
transfer of Cre. This approach would target a large area of the
striatum without distinguishing between different subpopulations
of striatal neurons.

MATERIALS AND METHODS

The complete experimental procedure can be found in Appendix A:
Supplementary Material and Methods.

Animals

All mice were housed in cages of 4-6 animals under conditions of 12-
hour light/dark cycles (lights on at 07:00 h) with ad libitum access to
normal chow and water. All procedures were approved by the Lund
University Animal Welfare and Ethics committee under permit Mé5-
13 and M124-15.

Experiment |: CNS-specific HTT deletion from the
entire brain during development

Mutant lines were generated by Cre-LoxP transgenesis using
‘floxed’ C57BL6/) BACHD mice and Nestin-Cre driver mice. The
resultant offspring consisted of mutant mice (BACHD-Nestin or
BACHD) and wild-type littermate controls (Nestin-Cre and WT).
Mice were subjected to behavioural tests between 4-6 months of

age.

Experiment Il: HTT deletion from the indirect striatal
pathway during development

Mutant lines were generated by Cre-LoxP transgenesis using ‘floxed’
BACHD mice on the C57BL6/J background and the adenosine A, ,-
Cre driver mice. Mating was designed to generate mutant mice
(BACHD-A,, or BACHD) alongside wild-type littermate controls
(A,,-Cre and WT). Mice were subjected to behavioural tests at
6 months of age. To visualise Cre expression in A, ,-expressing cells,
the A,,-Cre driver line was crossed with the ROSA-EYFP reporter
mouse line.

Experiment lll: rAAV-vector-mediated HTT deletion
from the striatum at adult stage

Adult BACHD and WT mice on the FVB/N background were bilater-
ally injected with a recombinant adeno-associated viral (rAAV) vec-
tor expressing the Cre recombinase enzyme under the control of a



CHEONG ET AL.

566 Neuropathology and
—I—Wl LEY- Applie logy

synthetic CBA promoter (rAAV5-CBA-Cre) or with formulation buffer

solution matching the ones used for viral suspension. Behavioural tests

were performed 3 months after surgery at the age of 5 months. To
verify the efficiency of recombination, ROSA-EYFP reporter mice were
also injected with the rAAV-CBA-Cre vector and processed for GFP
immunohistochemistry.

Validation of Cre recombination excision

To detect mutant HTT alleles recombined by Cre, genomic DNA
was extracted from dissected tissue from the striatum, cerebral
cortex, hypothalamus and cerebellum using standard DNA isola-
tion methods. Recombination by Cre generates a band around
600 bp and an unrecombined allele results in a band around
1050 bp.

AAV vector production and surgery

The viral vector used in this study was produced as previously de-
scribed [15]. About 0.75 ul of the vector was deposited at a speed
of 0.20 pl per minute over 4 minutes at four injection sites to cover
the striatum: 1.4 mm and 0.9 mm posterior to bregma, 1.7 mm and
2.1 mm medial and lateral to bregma and 3.0 mm ventral to the dura

(total 1.5 pl/hemisphere).

Behavioural tests

All mice underwent a battery of behavioural tests for total locomo-
tor activity, motor coordination, gait, anxiety-like and depressive-
like behaviours at 4-6 months of age. All behavioural tests were
performed during the light phase of the light/dark cycle and handled
by the same group of experimenters.

Immunohistochemistry

Mice were transcardially perfused first with 4% paraformaldehyde,
brains were cryoprotected in a 25% sucrose solution and cut. Six
series of 30-um thick coronal sections were collected and processed

for immunohistochemistry.

Single label GFP and Cre immunohistochemistry

Sections were treated with 3% hydrogen peroxide and 10%
methanol to quench endogenous peroxidase activity and pre-in-
cubated in 5% normal goat serum prior to incubation in chicken
polyclonal primary antisera directed against GFP (1:100,000;
#AB13970; Abcam; Cambridge, UK) or rabbit polyclonal anti-
sera directed against Cre recombinase (1:30,000; #PRB-106C;

Covance, Princeton, NJ, USA) in Tris buffered saline (TBS)
containing 1% bovine serum albumin (BSA) and 0.25% Triton
X-100 overnight at room temperature. Sections were then in-
cubated in their respective biotinylated secondary immuno-
globulins (1:200; Vector Laboratories Inc, Burlingame, CA, USA)
for 1 hour at room temperature. After subsequent washing in
TBS, the sections were incubated in Vectastain Elite avidin-
peroxidase kit (1:50; Vector Laboratories) for 1 hour at room
temperature. Peroxidase labelling was visualised with diamin-
obenzidine tetrahydrochloride (DAB) using 1% hydrogen per-
oxidase which resulted in a brown precipitate. The estimated
volume of Cre coverage in the striatum was measured using
the Computer Assisted Toolbox Software (New CAST) module
in the Visiopharm VIS software (Version 4.5.5.433, Visiopharm
A/S, Horsholm, Denmark).

Double label GFAP + Cre and NeuN + Cre
immunohistochemistry

Double label peroxidase free-floating immunohistochemistry was
undertaken to verify the percentage of neurons and astrocytes tar-
geted with the rAAV-CBA-Cre vector. In brief, sections were first
incubated in rabbit polyclonal antisera directed against Cre recom-
binase. Immunoreactivity was revealed with nickel-enhanced DAB
using 1% hydrogen peroxidase which resulted in a black precipi-
tate within the nucleus of the labelled cell. Sections were further
incubated in rabbit polyclonal antisera against glial fibrillary acidic
protein (GFAP; 1:500; #Z0034, DAKO) or in mouse monoclonal an-
tisera against neuronal nuclei (NeuN; 1:500, #MAB377, Millipore)
using the same protocol described above for single label immu-
nohistochemistry and processed using DAB only as a chromogen.
The percentage of GFAP- and NeuN-positive cells expressing Cre
recombinase was determined with unbiased stereology using the
Visiopharm VIS software.

Western blot

For analysis of mutant HTT protein levels, fresh frozen striatal
samples were collected for Western blot. Protein lysates were
loaded on a 3-8% gradient gel (Tris-acetate Precast Gel, Bio-Rad)
before being transferred onto a polyvinylidene fluoride (PVDF)
membrane using the Bio-Rad Trans-Blot Turbo Transfer System.
Membranes were blotted with rabbit monoclonal primary anti-
sera directed against HTT (1:1000, #AB109115, Abcam), rabbit
monoclonal primary antisera directed against PDE10A (1:10,000,
#AB227829, Abcam), rabbit polyclonal primary antisera directed
against DARPP-32 (1:1000, #TA309102, Origene) or mouse mon-
oclonal primary antisera directed against beta-actin (1: 10,000,
#A1978, Sigma-Aldrich). Membranes were then probed with their
respective secondary antibodies, developed and analysed with
densitometry.
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Statistical analysis

All data are presented as group means +SEM. Statistical analyses
were conducted using the SPSS statistical software (SPSS Version
25, IBM Inc., Chicago, IL, USA). Normality of the residuals distribu-
tion was first verified using linear regression. In cases where the
data did not follow a normal Gaussian distribution, the entire data
were transformed into the log10 or square root scale and the residu-
als of the transformed data were plotted again to ensure a normal
distribution. The data were then analysed using a two-way ANOVA
followed by a post-hoc unpaired Student's t-test when appropriate
to determine differences between genotype (presence of HTT) and
treatment (presence of Cre). Statistical significance was accepted at
p < 0.05. A full report of the statistical results is presented in the
Appendix B: Supplementary Statistical Results.

RESULTS

Widespread HTT deletion in the CNS during early
development results in reduced HTT levels and
substantial reversal of HD-related behaviours

In order to achieve an early and widespread inactivation of mutant
HTT selectively in the CNS, we crossed Nestin-Cre with BACHD
mice to generate offspring with the conditional deletion of mu-
tant HTT exon 1 from Nestin-expressing cells by Cre recombinase
(Figure 1A). We verified the efficiency of Cre excision in BACHD-
Nestin mice. The unrecombined intact HTT exon 1 allele (1050 bp)
was detected in BACHD brain and liver samples while the recom-
bined excised HTT exon 1 allele (600 bp) was strongly detected only
in BACHD-Nestin brain samples (Figure 1B), indicative of recombi-
nation in a CNS-specific manner. Western blot analyses revealed
HTT protein levels remaining in the striatum to determine the de-
gree of HTT reduction. The expected HTT band of ~350 kDa was
detected in BACHD and BACHD-Nestin samples with the upper
mutant HTT band absent from WT, Nestin-Cre and BACHD-Nestin
samples (Figure 1C). Further densitometry analyses indicated a
57% loss of HTT in BACHD-Nestin mice compared to BACHD mice
(p < 0.0001, Figure 1C). This agrees with our previous study show-
ing a similar reduction of mutant HTT in these mice, measured with
an AlphaLISA assay [30]. In addition, we also assessed levels of two
highly enriched proteins in the striatum that are affected by the HTT
gene, CAMP and cAMP-inhibited cGMP 3’,5'-cyclic phosphodiester-
ase 10A (PDE10A) and dopamine- and cAMP-regulated phosphopro-
tein of relative molecular mass 32 (DARPP-32). While striatal levels
of PDE10A and DARPP-32 appear to be lower in BACHD compared
to WT mice, no statistically significant differences were detected
between the genotypes (two-way ANOVA for PDE10A; genotype
p = 0.265; two-way ANOVA for DARPP-32; genotype p = 0.085;
n = 8/genotype, Appendix C, Supplementary Figure 1A,B). Hence in
this cohort of mice, the trend towards a reduction of these protein
levels in BACHD mice at 4-6 months of age is not sufficiently large
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FIGURE 1 Validation of widespread HTT deletion from the
entire brain during development. (A) Generation of the BACHD-
Nestin mutant mouse line by crossing male BACHD mice with
female mice expressing Cre recombinase under the Nestin
promoter (Nestin-Cre). The resultant offspring comprises of WT
mice expressing endogenous mouse HTT (WT), Nestin-Cre mice,
BACHD mice, and mice in which mutant HTT has been selectively
deleted from A, ,-expressing cells (BACHD-A,,). (B) Gel showing
PCR products detected in several brain regions and liver samples
from BACHD-Nestin, WT, Nestin-Cre and BACHD mice. The
presence of the unmodified mutant HTT allele (1050 bp; arrow
labelled intact exon 1) was detected in all brain regions from
BACHD samples as well as in all liver samples from both BACHD
and BACHD-Nestin samples. The recombined mutant HTT allele
(600 bp; arrow labelled excised exon 1) was detected only in

the brain samples from BACHD-Nestin mice. (C) Representative
Western blot image showing mutant and WT HTT protein levels
from the striatum of WT, Nestin-Cre, BACHD and BACHD-Nestin
mice using the AB109115 antibody, Abcam. The mutant HTT band
was absent in striatal samples from WT, Nestin-Cre and BACHD-
Nestin mice. Quantification of Western blots with densitometry
analysis indicates a significant reduction of HTT protein levels

in BACHD-Nestin samples. Data presented as mean +SEM,

***p < 0.001 represents a genotype difference, ### p < 0.001
represents an effect of mutant HTT deletion, two-way ANOVA.
The number of animals used in each group is indicated in the bars.

to allow detection of a potential effect of a HTT-lowering strategy.
This is also in agreement with previous studies that reported no sig-
nificant differences in the levels of DARPP-32 protein in the striatum
of 10-month old BACHD mice [31] or in PDE10A binding using the
selective tracer °H-7980 between BACHD and WT mice at 8, 10 and
12 months of age [32].

To determine whether mutant HTT deletion restricted to the
CNS is sufficient to revert motor dysfunction, we performed a se-
ries of behavioural tests to assess motor function. The first task was
on the accelerating rotarod which evaluates motor coordination and
balance. By the end of the training phase, all mice, regardless of sex
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and genotype, reached a stable baseline performance (Figure 2A,C).
For the accelerating rotarod task, mice were placed on a rotating
beam which underwent a linear acceleration from 4 to 40 rpm over 5
minutes. Both female and male BACHD mice had a reduced latency
to fall, indicative of deficits in coordination and balance (p < 0.05 in
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females and p < 0.001 in males, Figure 2B,D). Interestingly, a CNS-
specific mutant HTT deletion completely improves the rotarod
performance in females but not in males (p < 0.05, Figure 2B). We
assessed other parameters of motor function with the open field
test to evaluate general locomotor activity and the footprints test
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FIGURE 2 CNS-specific HTT deletion results in substantial reversal of HD-related behaviours. (A-D) Rotarod learning during the training
phase; both female (A) and male (C) BACHD and BACHD-Nestin mice attained a baseline performance after 3 days of training. Motor
coordination and balance was assessed with the accelerating rotarod task. Bar graphs show latency to fall off the rotarod. Both female (B)

and male (D) BACHD-Nestin mice show significant improvements in motor coordination and balance. (E, G) General locomotor activity was
measured using the open field test. Female BACHD and BACHD-Nestin mice show reduced activity over 1 hour. (F, H, |, K) Bar graphs show
mean overlap between the forepaw and hindpaw in the footprint test and the width between the left and right hindpaw. (J, L) Body weight
measurements indicate a complete reversal of the metabolic phenotype in BACHD-Nestin mice. (M, O) The forced swim test (FST) was
used as a measure of behavioural despair. Bar graphs show percentage of time spent being immobile. Female BACHD-Nestin mice show
significant improvements of depressive-like behaviour with reductions in the time spent immobile compared to BACHD mice. (N, P) The
elevated plus maze (EPM) was used as a measure of anxiety-like behaviour. The more anxious the animal, the less time spent on the open
arms of the EPM. Data presented as mean +SEM, ***p < 0.001, *p < 0.05 represents a genotype difference, ### p < 0.001, ## p < 0.01, #

p < 0.05 represents an effect of mutant HTT deletion, two-way ANOVA. The exact number of animals used in each group is indicated in the
bars.
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to evaluate gait abnormalities. Only BACHD females but not males
displayed altered function compared to WT mice but there was no
effect of the CNS-specific mutant HTT deletion (Figure 2E-1,K). The
pronounced metabolic phenotype in BACHD mice of both sexes was
completely rescued with the deletion of mutant HTT from the CNS
(p <0.001, Figure 2J,L). Next, we assessed the effects of a CNS-wide
mutant HTT deletion on the psychiatric phenotype in BACHD mice.
Depressive-like behaviours, analysed with the forced swim test as
a measure of behavioural despair, were only detected in female
BACHD mice and these behaviours were completely abolished with
the deletion of mutant HTT from the CNS (p < 0.05, Figure 2M,0).
Anxiety-like behaviours were absent in this cohort of BACHD mice
at 4-6 months of age (Figure 2N,P).

HTT deletion from the indirect striatal pathway
does not improve motor, metabolic or psychiatric
disturbances

Next, we wanted to test the effects of mutant HTT inactivation on
the earliest affected striatal neuronsin HD, the D2 receptor-express-
ing neurons of the indirect striatal pathway. We generated mice with
the conditional elimination of mutant HTT exon 1 from adenosine
A,, receptor-expressing cells from birth (Figure 3A). This adeno-
sine A,,-Cre line has been shown to induce specific recombination
only in the indirect striatal pathway [33,34]. We first verified the
targeting of A,, receptor-expressing cells in A,,-Cre;ROSA-EYFP
mice with GFP immunohistochemistry. GFP immunohistochemistry
revealed a heterogeneous distribution of cells exhibiting both neu-
ronal and glial-like profiles in the striatum and to a lesser extent in
the cortex, hypothalamus and cerebellum (Figure 3B). This is in line
with previous studies showing a high distribution of A,, receptors in
the dorsal and ventral striatum but also in extra-striatal regions such
as the cerebellum and hypothalamus [35]. PCR analysis on dissected
brain regions indicated that the recombined excised HTT exon 1 al-
lele was only detected in BACHD-A,, samples (Figure 3C). The re-
combined band was detected in the striatum, hypothalamus, cortex
and cerebellum of BACHD-A,, mice suggesting that recombination
occurs in these regions, which is in line with the results generated
from A, ,-Cre;ROSA-EYFP reporter mice. Quantification of remain-
ing HTT protein levels with densitometry revealed a 21% reduction
of mutant HTT in the BACHD-A,, mice compared to BACHD mice
(p < 0.05, Figure 3D).

To determine if mutant HTT deletion from the adenosine A,,
cell population would be sufficient for rescuing HD motor, metabolic
and psychiatric dysfunction, we similarly performed a series of be-
havioural tests. For the accelerating rotarod task, both female and
male BACHD and BACHD-A,, mice had a reduced latency to fall,
indicating that they had difficulties coordinating and balancing on
the beam and fell off significantly faster than their WT counterparts
(p < 0.05, Figure 4A-D). Despite this, there was no difference be-
tween BACHD and BACHD-A,, (Figure 4A-D). Similar to the accel-
erating rotarod, there were no improvements in motor dysfunction
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with the open field and footprints tests in BACHD-A, , mice of both
sexes (Figure 4E-H). No differences were detected in the stride
length and hindpaw width (data not shown). Taken together, the
motor phenotype in BACHD mice is not ameliorated by inactivating
mutant HTT in D2 receptor-expressing neurons of the indirect stri-
atal pathway.

Dopamine D2 receptor-expressing neurons in the striatum have
been suggested to be involved in the regulation of appetite and body
weight control [36,37]. BACHD and BACHD-A,, mice, regardless
of sex, weighed significantly heavier than their WT counterparts
(p < 0.0001, Figure 41,K). However, the deletion of mutant HTT from
A, , receptor-expressing cells did not alter body weight (Figure 41,K).
These changes in body weight corresponded to the percentage body
fat (p < 0.0001, Figure 4J,L) with no effect of mutant HTT deletion
from A,, receptor-expressing cells (Figure 4J,L). Lastly, we sought
to determine if there was any rescue of the psychiatric phenotype.
Both female and male BACHD and BACHD-A,, mice spent signifi-
cantly more time being immobile in the FST compared to control
mice, indicative that there was no improvement of the depres-
sive-like behaviour with the absence of mutant HTT from A,, re-
ceptor-expressing cells (Figure 4M,Q). Similarly, female BACHD mice
displayed anxiety-like behaviours with this behaviour observed to
a similar extent in BACHD-A,, mice (Figure 4N). Male mice in this
cohort did not exhibit any anxiety-like behaviours at 6 months of
age (Figure 4P). Hence, the inactivation of mutant HTT in D2 re-
ceptor-expressing neurons of the indirect striatal pathway does not

ameliorate the metabolic or psychiatric phenotype in this model.

rAAV vector-mediated HTT deletion from the
striatum at the adult stage results in reduced HTT
levels but no rescue of HD-related behaviours

Finally, we wanted to simulate a clinical scenario with rAAV vec-
tor-mediated inactivation of mutant HTT in the striatum of adult
BACHD mice. To achieve this, bilateral striatal stereotaxic injec-
tions were performed on BACHD mice with rAAV-CBA-Cre at
2 months of age to ablate mutant HTT from the striatum (Figure 5A).
Immunohistochemical analysis for Cre expression together with vol-
ume measurement showed vector coverage of about 75% of the stri-
atum with a denser core of vector deposit constituting about 50% of
the striatum (Figure 5B-C,E). There was also transduction of cortical
cells especially in the deeper layers of the cortex where about 10%
of cortex was labelled (Figure 5D,F). To verify the transduction ef-
ficiency, the rAAV-CBA-Cre vector was injected into ROSA-EYFP
reporter mice and processed for GFP+Cre immunohistochemistry.
Cre-positive cells co-localised with GFP-positive cells, exhibiting
neuronal and glial-like profiles in the striatum and to a much lesser
extent in the cortex (Figure 5G). In order to validate the type of cells
targeted, rAAV-CBA-Cre-injected mice were stained for GFAP+Cre
(Figure 5H) and NeuN+Cre (Figure 5l). Stereological analysis re-
vealed that 57.0 + 2.0% of GFAP-positive astrocytes and 47.6 + 1.9%
of NeuN-positive neurons were co-localised with Cre. In addition,
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FIGURE 3 HTT deletion from the dopamine D2 receptor-expressing neurons in the indirect striatal pathway using adenosine A, ,-cre
mice. (A) Schematic representation depicting the generation of the BACHD-A,, mutant mouse line by crossing male BACHD mice with
female mice expressing Cre recombinase under the adenosine A,, promoter. (B) Representative photomicrographs of GFP immunoreactivity,
indicative of recombination, in the striatum, cortex, hypothalamus and cerebellum of a BACHD-A,, mouse crossed with the ROSA-EYFP
reporter mouse. Scale bar corresponds to 100 um and insert 20 um. (C) Gel showing PCR products detected in several brain regions

from BACHD-A,,, WT, A, ,-Cre and BACHD mice. The presence of the unmodified mutant HTT allele was detected in all brain regions in
the BACHD-A,, and BACHD samples. The recombined mutant HTT allele was only detected in the striatum, cortex, hypothalamus and
cerebellum from BACHD-A,, mice. (D) Representative Western blot image showing the reduction in mutant HTT protein levels in BACHD-
A, , mice using the AB109115 antibody, Abcam. WT and A, ,-Cre mice show absence of the WT HTT band. The beta-actin blot serves

as loading control. Quantification of Western blots with densitometry analysis indicates a significant reduction of HTT protein levels in
BACHD-A,, mice. Data presented as mean +SEM, ***p < 0.001 represents a genotype difference, # p < 0.05 represents an effect of mutant
HTT deletion, two-way ANOVA. The exact number of animals used in each group is indicated in the bars.

the proportion of neurons to astrocytes detected was ~92.0 + 2.9%
and 8.0 + 2.9% respectively (data not shown). On the genomic DNA
level, we confirmed excision by Cre in dissected brain regions from
buffer- or Cre-injected WT and BACHD mice (Figure 5J). While not
quantitative, the recombined band appeared stronger in the stria-
tum of Cre-injected BACHD mice compared to the cortex from the
same animal. We measured HTT protein levels with Western Blot
where the upper mutant band was detected only in BACHD buffer
and Cre-injected samples, while the lower wild-type band was pre-
sent in all groups (Figure 5K). Densitometry analyses revealed a 40%

reduction in protein levels between BACHD buffer and Cre samples
(p < 0.05, Figure 5K).

Motor behaviour was assessed with the accelerating rotarod,
open field and footprints test. Although deficits in motor coor-
dination were detected in female BACHD mice with the accel-
erating rotarod task, deletion of mutant HTT from the striatum
was not sufficient to rescue motor coordination (Figure 6A,B).
Similarly, general locomotor activity was significantly and
equally affected in female BACHD buffer- and Cre-injected

mice with the open field test (p < 0.001, Figure 6C). Using the
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FIGURE 4 Motor, psychiatric and metabolic phenotype after mutant HTT ablation from the A, , receptor-expressing neurons in
the indirect striatal pathway. (A, C) Line graphs show rotarod learning during the training phase. Female (A) and male (C) BACHD and

BACHD-A,, mice eventually attained a baseline performance after 3 days. (B, D) Motor coordination and balance were assessed with the
accelerating rotarod. Bar graphs show latency to fall on the accelerating rotarod. BACHD and BACHD-A,, mice have decreased latency

to fall, implicating impairment with motor coordination and balance. (E, G) General locomotor activity was measured using the open field
test. BACHD and BACHD-A,, mice show reduced activity over 1 hour. (F, H) Bar graphs show mean overlap between the forepaw and
hindpaw in the footprint test, indicative of abnormalities in gait. Both male and female BACHD and BACHD-A,, mice show increased mean
overlap compared to their WT littermates. (I-L) Bar graphs show body weight measurements at 6 months of age in females (I) and in males
(K). BACHD and BACHD-A,, mice have significantly elevated body weight compared to WT and A, ,-Cre controls. Whole body dual energy
x-ray absorptiometry (DEXA) measurements show a corresponding increase in body fat at 6 months of age in females (J) and males (L, M, O)
BACHD and BACHD-A,, mice, regardless of sex, exhibit depressive-like behaviours which are not improved with the conditional deletion of
mutant HTT from the indirect striatal pathway. (N, P) Female BACHD and BACHD-A,, mice (N) spent less time exploring the open arms of
the EPM while there was no difference detected in male mice (P). Data presented as mean +SEM, ***p < 0.001, *p < 0.05, two-way ANOVA.
The exact number of animals used in each group is indicated in the bars.

footprints test, we found an effect of genotype in which female
BACHD mice had increased measured mean hindpaw width and
overlap compared to WT mice (p < 0.01, Figure 6D,E), indica-
tive of motor disturbances in female BACHD mice. Interestingly,
we found an amelioration of motor dysfunction in Cre-injected
BACHD mice assessed with the mean hindpaw width compared

to BACHD buffer-injected mice (p < 0.001, Figure 6E). There was
no effect of Cre injection on the mean stride length (data not
shown) and overlap between the fore- and hindpaw (Figure 6D).
No significant differences were detected in males for any of
the behavioural tests assessing motor function (Appendix C,
Supplementary Figure S2A-C).
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FIGURE 5 Validation of AAV-vector-mediated deletion of mutant HTT from the striatum in adult BACHD mice. (A) Schematic diagram of
the experiment. (B) Photomicrographs showing Cre immunoreactivity and the extent of viral vector spread in the striatum and in the deep
layers of the cortex. (C D) Estimation of Cre coverage in the striatum and cortex. Bar graph shows Cre coverage of the viral vector in the
striatum (C) and cortex (D) of bilaterally injected WT and BACHD mice. e, f. Estimated Cre coverage from the dense core in the striatum and
cortex. Line graph shows Cre coverage in seven consecutive sections (180 um apart, L1 to L7 in the rostral to caudal axis) in the striatum

(E) and cortex (F, G) Verification of transduction efficiency. Dual-label immunohistochemical photomicrographs from Cre-injected ROSA-
EYFP reporter mice showing GFP (brown) and Cre (black) immunoreactivity. High-powered magnification showing a dual-labelled cell with
a neuronal-like profile (G’) and a dual-labelled cell with glial-like profile (G”). Scale bar represents 100 um (G) and 20 um (G’ and G”). (H, 1)
Representative photomicrographs showing dual-labelling of GFAP-positive astrocytes (brown) expressing Cre (black) (H) as well as dual-
labelled NeuN-positive neurons (brown) expressing Cre (black) (I) in the striatum. Scale bar represents 20 um. (J) Gel showing PCR products
from Cre- or buffer-injected WT and BACHD mice. The recombined mutant HTT allele (600 bp; arrow labelled excised exon 1) was detected
only in the striatum and to a lesser extent the cortex of BACHD Cre-injected mice. (K) Bar graph shows the amount of mutant HTT relative
to beta-actin levels in BACHD buffer and Cre-injected mice after densitometry quantification of Western blots using the HTT AB109115
antibody. Data presented as mean +SEM, two-way ANOVA, ***p < 0.0001 effect of genotype, # p < 0.05 effect of treatment. The exact

number of animals used in each group is indicated in the bars.
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FIGURE 6 Effects on HD-related behaviours in female BACHD
mice after AAV-vector-mediated mutant HTT inactivation. (A)
Rotarod learning during the training phase. All mice eventually
attained a baseline performance after 3 days of training. (B) Motor
coordination was assessed with the accelerating rotarod task.

Bar graphs show latency to fall off the rotarod. Female BACHD
buffer- and Cre-injected mice exhibit significant deficits in motor
coordination and balance on the accelerating rotarod. (C) General
locomotor activity as assessed with the open field test. BACHD
mice, regardless of treatment, show deficits with motor activity. (D-
E) Analyses of gait with the footprints test with bar graphs showing
the mean overlap and mean hindpaw width. BACHD Cre-injected
mice show improvements in the hindpaw width assessment of

the footprints test. (F) Body weight measurements at 6 months of
age. Both buffer- and Cre-injected BACHD mice have increased
body weight compared to controls. (G) The forced swim test

(FST) was used as a measure of behavioural despair. BACHD mice
show increased percentage of time spent immobile, regardless of
treatment. (H) Bar graph shows the percentage of time spent on
the open arms of the elevated plus maze. Data presented as mean
+SEM, ***p < 0.0001, **p < 0.001, *p < 0.05, represents a genotype
difference, ### p < 0.0001, represents an effect of Cre-mediated
mutant HTT deletion, two-way ANOVA. The exact number of
animals used in each group is indicated in the bars.

Body weight was assessed every four weeks from the day
of surgery (data not shown). We found that deletion of mutant
HTT in the striatum did not lead to significant changes in body
weight (Figure 6F). Similarly, the deletion of mutant HTT with
Cre recombinase did not affect body weight in males (Appendix
C, Supplementary Figure S2D). In terms of depressive-like be-
haviours, we found that both BACHD buffer- and Cre-injected
female mice spent significantly more time immobile compared to
their WT counterparts (p < 0.001, Figure 6G). Despite this, de-
pressive-like behaviours in BACHD mice remain unaltered after
deletion of mutant HTT in the striatum (Figure 6G). This was sim-
ilar in males (Appendix C, Supplementary Figure S2E). In terms of
anxiety-like behaviours, female BACHD mice on the FVB/N back-
ground spend significantly less percentage time on the open arms
compared to WT mice regardless of treatment on the elevated
plus maze (p < 0.001, Figure 6H) but deletion of mutant HTT from
the striatum did not improve anxiety-like behaviours (Figure 6H).
Male BACHD mice on the FVB/N strain at 6 months of age in this
study failed to exhibit typical anxiety-like behaviours (Appendix C,
Supplementary Figure S2F).

DISCUSSION

This is an era of intense therapeutic development aimed at lowering
HTT levels using a variety of molecular tools and delivery methods.
During this time, it has become clear that fundamental questions re-

main unanswered regarding what brain regions need to be targeted
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and at what stage of the disease process in order to generate a
disease-modifying and meaningful clinical effect. Our results indi-
cate that widespread CNS inactivation of mutant HTT during de-
velopment significantly improves rotarod performance, body weight
changes and depressive-like behaviour. In contrast, conditional mu-
tant HTT inactivation in the indirect striatal pathway during devel-
opment with the adenosine A,, genetic crossing and region-specific
mutant HTT deletion in the striatum during adulthood with viral vec-
tors failed to rescue any of the HD-related behavioural phenotype.
Together, these data highlight the importance of distribution and
timing of mutant HTT inactivation for beneficial outcome measures.

Motor dysfunction is a key component of HD and is required
for a clinical diagnosis according to international guidelines [38]. In
agreement with a substantial number of studies using the BACHD
model, we demonstrate deficits in coordination and balance with
the accelerating rotarod, deficits in locomotor activity with the open
field test and gait abnormalities in the footprints test with both
strains of BACHD mice at 6 months of age [13,31,39,40]. Implicit to
the approaches used in this study is the underlying assumption that
motor function is controlled by the striatum, in particular the dopa-
mine D2 receptor-expressing neurons of the striatum. We used the
adenosine A, , receptor-Cre mice to indirectly assess the effects of
inactivating mutant HTT from the indirect striatal pathway. Studies
have shown that adenosine A, , receptors can influence the function
and survival of striatal neurons and altering its activity may have an
impact on the pathophysiology of HD [41-44]. However, we did not
find any rescue of motor dysfunction with the cell type selective mu-
tant HTT deletion from cells expressing adenosine A,, receptors in
BACHD mice. A recent study by Burrus and colleagues reported that
wild-type HTT in the indirect striatal pathway is important for motor
function, as conditional HTT deletion from the indirect striatal path-
way with similar adenosine A,,-Cre mice leads to hyperactivity in
mice [34]. Similarly, conditional HTT deletion in the direct striatal
pathway led to hypoactivity and reduced motor coordination, indi-
cating that loss of WT HTT in the striatum may play a key role in the
development of motor symptoms in HD [34].

Furthermore, the rAAV-vector-mediated mutant HTT inactiva-
tion approach from the striatum did not result in any reversal of the
general locomotor behaviour and motor coordination, despite our
results showing a clear rescue of motor deficits in the hindpaw width
suggesting a reversal in gait abnormalities as observed in female
Cre-injected BACHD mice. As this is the only positive observation
from the different motor tests conducted, this might be seen as ev-
idence for residual plasticity in the striatal neurons. Intriguingly, it
appears that a 21% and 40% reduction in overall mutant HTT pro-
tein levels detected in the striatum of BACHD-A,, and Cre-injected
mice respectively proved futile in preventing the development of
HD-related behaviours in BACHD mice. Based on this finding, it
seems likely that a higher proportion of mutant HTT reduction in
the striatum is warranted in order to obtain overall beneficial ef-
fects on behaviour. Correction of these behavioural abnormalities
might require a more complete deletion of mutant HTT expression
in the striatum and/or coverage of other affected cells or tissue. It

would be interesting to determine the proportion of indirect ver-
sus direct striatal pathway targeted from the rAAV-vector-mediated
mutant HTT inactivation approach as both these pathways may
be required for a functional control of movement. The lack of any
overt reversal of motor behaviour with the A, ,-Cre and rAAV-vec-
tor-mediated approaches suggests the importance of other non-cell
type-specific effects of mutant HTT. Alternatively, although surpris-
ing, it is possible that there may be other parallel motor networks
in play which are perhaps more critical for the motor abnormalities
in BACHD mice. In support of this, a case has been made for the
combinatory interacting role between mutant HTT in the striatum
and cortex with beneficial effects on the motor phenotype when
mutant HTT was deleted concomitantly in the striatum and cortex
as compared to the partial amelioration with deletion in the striatum
alone [16,45]. A future challenge for the field would be to develop
methodologies that allow for multiple parallel pathways to be mod-
ulated simultaneously. It is also likely that the targeting of key cell
populations for producing effects on motor function is dependent
on disease stage. Recent studies have suggested that there may al-
ready be important changes early during development in HD and
that mutant HTT may impair striatal development in HD mice [9-
11,46,47]. Interestingly, inactivation of mutant HTT throughout the
CNS and the periphery at 3 weeks of age in BACHD mice using a
tamoxifen-inducible approach failed to prevent the development of
motor impairments and striatal neurodegeneration later in adult life
[12]. This suggests that the window for therapeutic intervention to
prevent the development of HD-related impairments in adulthood is
likely to be very early on, even before the onset of any detectable
early symptoms [48].

Nestin is considered to be a marker for neural stem/progenitor
cells and is expressed during development in most cells of the CNS
[49]. As Nestin is expressed on embryonic day 7.5 when the brain
starts to form in mice [50], inactivation of mutant HTT at this early
stage is likely to be sufficient for preventing the potential devel-
opmental effects of mutant HTT within the CNS. A previous study
found that mutant HTT deletion from all cells with CNS origin
significantly improved rotarod performance, striatal volume and
body weight [20]. In that same study, cultured primary microglia
from BACHD-Nestin mice showed a similar interleukin-6 secretion
profile to microglia isolated from BACHD mice after controlled
standard endotoxin stimulation, indicative that microglia are un-
affected in BACHD-Nestin mice [20]. While we also found signif-
icant improvements in motor coordination, assessed by rotarod
performance, it is intriguing that other aspects of motor behaviour
such as gait and total locomotor activity were not fully reversed in
BACHD-Nestin mice. Activated microglia are present in post-mor-
tem striatal tissue from HD brains [51] and have been suggested
to play a role in causing striatal neuropathology and motor dis-
turbances through effects induced by mutant HTT in these cells
[52-56]. Although a previous study showed that mutant HTT de-
letion in microglia alone was not sufficient to ameliorate motor
disturbances in BACHD mice [20], it is possible that both microglia
and cells with CNS origin need to be targeted to fully prevent the
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development of a HD-like phenotype. Furthermore, Nestin is ex-
pressed in peripheral tissues with muscle and endothelial origins
such as skeletal muscle and kidney [57], and it is therefore possi-
ble that prevention of pathology in these peripheral tissues could
contribute to the motor phenotype rescue in the BACHD-Nestin
mice. It should also be noted that peripheral pathology has been
detected in other non-Nestin-expressing tissues such as the heart,
liver and white adipose tissue in HD and it remains possible that
pathology in these areas contributes to the non-rescued motor
dysfunction in BACHD-Nestin mice [22-26].

Non-motor symptoms such as psychiatric and metabolic dis-
turbances are common across the HD disease spectrum [58]. D2
receptor-expressing neurons in the striatum have been suggested
to play a role in obesity as well as in psychiatric disturbances
[37,59-61]. Although we did not find any effect of cell-specific and
region-specific mutant HTT inactivation on the development of
psychiatric and metabolic changes, the complete rescue of these
behaviours in the BACHD-Nestin crossing indicates a CNS origin.
The hypothalamus is a key regulator of emotion, metabolism and
sleep, and this brain region has been implicated in the non-motor
features of HD [62,63]. In clinical HD, hypothalamic changes have
indeed been shown to occur prior to motor dysfunction using mag-
netic resonance imaging and positron emission tomography [64,65],
suggesting that the hypothalamus might be affected early in the HD
pathological process. Neuropathological studies have also shown
that emotion- and metabolism-regulating neuronal populations are
affected in the HD hypothalamus [63,66-71]. Importantly, our pre-
vious work in experimental models of HD, including the BACHD
mouse, has established a causative link between the expression of
mutant HTT in the hypothalamus and the development of meta-
bolic dysfunction [15]. In fact, we have shown that deletion of mu-
tant HTT in the hypothalamus in BACHD mice ameliorates both
depressive-like behaviours and metabolic disturbances suggesting
that hypothalamic dysfunction may be important for the non-motor
phenotype in this model [14,15]. Our study further supports this
notion of non-motor HD behaviours having a CNS-specific origin
whereby depressive and metabolic behaviours in BACHD mice
were completely reversed with a CNS-specific deletion of mutant
HTT from Nestin-expressing cells.

While the BACHD mouse model recapitulates several of the
HD-related features, all animal models ultimately have their intrinsic
caveats whereby they will not fully mimic the entire disease progres-
sion. As such, caution must always be taken when interpreting and
extrapolating results generated from animal models. The BACHD
mouse differs from clinical HD in several important ways (reviewed
in [72]). One important difference is the genetic construct with two
endogenous mouse Htt genes besides the human mutant HTT gene
which affects outcomes where levels of WT and mutant HTT are
important. It is also constructed with a mixed CAG/CAA repeat con-
taining 51% CAA (49 CAA out of 97 CAG/CAA) and hence signifi-
cantly differs also in this regard to the human mutant HTT gene [31].
This may be important as somatic instability depends on the length
of uninterrupted CAG repeats and influences disease progression in
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HD [73,74]. Also, HD toxicity may be induced by CAG repeats in the
RNA transcript that lead to secondary structures affecting alterna-
tive splicing mechanisms, which are modified by CAA interruptions
[75-77]. Furthermore, besides the expression of a polyglutamine-ex-
panded protein in HD, both sense and antisense repeat-associated
non-ATG (RAN) proteins have been shown to be present in the
striatum in human post-mortem tissue from HD patients [78] It has
been suggested that the mixed CAG/CAA repeat form a complex
hairpin-containing structure that may produce additional novel
di-peptide RAN proteins, which may contribute to the phenotype
in BACHD mice [78]. However, whether RAN proteins are indeed
expressed and contribute to the phenotype in BACHD mice need
to be studied.

With the ultimate goal of developing a therapy capable of re-
ducing mutant HTT expression, there has been an increase in the
development of various strategies targeting the DNA with zinc-fin-
ger proteins and antisense oligonucleotides or siRNAs targeting
the RNA [7,79-84]. Given the importance of wild-type HTT during
development and for maintaining synaptic function, the earliest
time-point for treatment and the long-term effects of lowering or
reducing both wild-type and mutant HTT non-selectively are not
known. The future challenge for HD therapeutics would be to de-
velop allele-specific therapies to target multiple circuitries in parallel
at the earliest possible time-point so as to prevent and/or delay the
onset of the disease.

CONCLUSIONS

Our findings show that a CNS-wide early inactivation of mutant HTT
reverses aspects of HD-related behaviours, whilst both cell type-
specific early inactivation of mutant HTT from the indirect striatal
pathway and region-specific inactivation from the striatum alone in
adulthood failed to show any behavioural improvements. The cir-
cuits controlling motor behaviours are complex and likely to require
simultaneous targeting of other brain regions and/or neurocircuits.
These new observations highlight the importance of the timing and
extent of mutant HTT inactivation on the HD behavioural outcome
which may impact upon the future development of disease-modify-

ing therapies for HD.
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