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Abstract We created a new nonhuman primate model of the genetic neurodegenerative disorder
Huntington’s disease (HD) by injecting a mixture of recombinant adeno-associated viral vectors,
serotypes AAV2 and AAV2.retro, each expressing a fragment of human mutant HTT (mHTT) into

the caudate and putamen of adult rhesus macaques. This modeling strategy results in expression of
mutant huntingtin protein (mHTT) and aggregate formation in the injected brain regions, as well as
dozens of other cortical and subcortical brain regions affected in human HD patients. We queried
the disruption of cortico-basal ganglia circuitry for 30 months post-surgery using a variety of behav-
ioral and imaging readouts. Compared to controls, mHTT-treated macaques developed working
memory decline and progressive motor impairment. Multimodal imaging revealed circuit-wide white
and gray matter degenerative processes in several key brain regions affected in HD. Taken together,
we have developed a novel macaque model of HD that may be used to develop disease biomarkers
and screen promising therapeutics.

Editor's evaluation

The authors show the utility of an AAV-based approach in non-human primates to develop an
improved model of Huntington's disease. They have presented a convincing, carefully executed,
body of work that will be of benefit to a range of researchers studying HD or developing therapies
for HD. While this extends the work from an earlier paper (that presented the tools used to induce
phenotypes) the results presented are new, relevant, and important to the community.

Introduction

Huntington’s disease (HD) is a genetic, progressive neurodegenerative disorder caused by an
expanded CAG/CAA repeat in exon 1 of the HTT gene (Sapp et al., 2001). When the CAG stretch
exceeds approximately 40 repeats, the encoded HTT protein misfolds and sets off a toxic sequence
of events inside the cell including transcriptional dysregulation, mitochondrial dysfunction, calcium
signaling disruption, and altered neurotransmission that includes glutamatergic and dopaminergic
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dysregulation (Vonsattel et al., 1985). Accordingly, postmortem studies of HD patient brain tissues
have shown significant neuropathology including mutant huntingtin protein (mHTT) aggregate
formation, neuronal death, and gliosis (Sapp et al., 2001; Vonsattel et al., 1985; Waldvogel et al.,
2015). The most highly affected regions are the caudate nucleus and putamen (together comprising
the striatum); however, numerous brain regions that send afferent connections to the striatum are
also affected, including widespread cortical and subcortical brain areas (Rosas et al., 2008; Allen
et al., 2009, Glass et al., 2000; Glass et al., 1993, Majid et al., 2011). White matter (WM) fiber
tracts interconnecting the striatum with the cortex also show extensive evidence of degeneration
(Sprengelmeyer et al., 2014; Stoffers et al., 2010, Gregory et al., 2015, Saba et al., 2017), high-
lighting that HD is not only a striatal disorder, but rather a disease characterized by widespread
cortico-basal ganglia involvement.

The symptoms of HD are extremely detrimental to quality of life, as patients suffer from a progres-
sive movement disorder that is characterized by lack of balance and coordination, altered fine motor
skills and hyperkinetic involuntary movements of the limbs, trunk, and face, known as chorea. In later
stages of the disease patients can experience bradykinetic movements, dystonia, and rigidity (Mahant
et al., 2003; Bates et al., 2015; Novak and Tabrizi, 2011). These motor phenotypes are often accom-
panied by deteriorating cognitive function, including working memory decline and a reduced capacity
to plan and organize daily tasks. HD patients also exhibit profound personality changes and mood
disturbances that can include depression, anxiety, and irritability (Tabrizi et al., 2009, Lawrence et al.,
1996; Van den Stock et al., 2015; Dogan et al., 2014; Julayanont et al., 2020). Currently, there are
no treatments capable of slowing disease progression. Therefore, to aid in the creation and evaluation
of effective therapeutic interventions, it is critical to develop appropriate animal models of HD.

Genetically modified rodents have been key in advancing our understanding of pathophysiological
mechanisms that are altered by the mHTT gene, and numerous mouse and rat models have been
created over the past three decades, reviewed in Farshim and Bates, 2018. These models have
played a critical role in characterizing HTT-mediated disease pathology, and several have been utilized
to screen therapeutic strategies. However, an important consideration is that these models do not
fully recapitulate the behavioral symptomology of humans with HD. Some HD mouse models display
balance issues that can be measured via rotorod performance (Crook and Housman, 2011), but do not
display the hallmark signs of chorea, bradykinesia nor fine motor skill deficits. Similarly, some mouse
models exhibit spatial memory deficits but lack other signature features of HD (Crook and Housman,
2011). Furthermore, species differences in genetics, brain size, structure, and neural connectivity all
limit the ability to translate findings from rodents to predict clinical responses in human patients.
For example, there still exists an ambiguity on whether specific frontal cortical areas in monkeys and
humans, such as the medial and lateral prefrontal cortices (areas known to be affected in HD) share
cross-species homologies with rodents (Laubach et al., 2018). Perhaps most striking to consider
is that none of the therapies that have shown efficacy in mouse models have resulted in success in
clinical trials over the past several decades. For these reasons, large animal models including sheep,
minipigs, and nonhuman primates (NHPs) have emerged more recently as a new and critical tool for
the HD research community (Howland et al., 2020).

The earliest NHP models of HD were created by using neurotoxins to lesion the caudate and/
or putamen in order to replicate the profound striatal atrophy and hyperkinetic movements seen in
patients (Howland et al., 2020). However, the toxin-based approach decreased in popularity after
the HTT gene mutation was identified. Subsequent NHP models have been created by viral-mediated
delivery of a fragment of the human mHTT gene (Palfi et al., 2007, Weiss et al., 2020; Maxan et al.,
2020) or via the development of transgenic HD macaques (Yang et al., 2008), both bearing HTT
genes with expanded CAG repeats that encode mHTT proteins with elongated polyglutamine tracts
(Q) at the N-terminus. Palfi et al. created the first viral-mediated NHP model of HD by injecting a
lentiviral vector expressing a fragment of HTT with 82 CAG repeats (LV-HTT82Q) bilaterally into the
dorsolateral posterior portion of the putamen in rhesus macaques (Palfi et al., 2007). LV-HTT82Q
macaques developed dyskinetic movements of the limbs and trunk beginning at 15 weeks post-
surgery and persisting out to 30 weeks post-surgery. Brain tissue revealed mHTT inclusion formation,
neuronal loss, and astrocytosis in the circumscribed area of injection. More recently, Maxan et al.,
2020 demonstrated mHTT seeding in the brain (spread of aggregates to nontransduced, neigh-
boring cells), following circumscribed delivery of AAV6-HTT103Q-GFP into the posterior putamen of
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adult macaques (). Given that HD pathology in patients has been identified throughout the putamen,
caudate nucleus, and in multiple other cortical and subcortical brain regions, it would be of value to
create a virally mediated NHP model that more closely recapitulates this widespread pattern of neuro-
degeneration and circuit dysfunction. Moreover, because cognitive dysfunction dramatically alters
the HD patient’s quality of life and autonomy, an NHP model that exhibits both motor and working
memory decline will be more useful for evaluating promising therapeutics.

Recent techniques using directed evolution approaches to develop new adeno-associated viruses
(AAV) have produced novel capsid variants that exhibit enhanced properties of retrograde and/or
anterograde transport in brains of both rodents and NHPs (Weiss et al., 2020; Naidoo et al., 2018;
Lin et al., 2020; Tervo et al., 2016). Utilizing these new AAV capsid variants, it is now possible to
transduce entire neural circuits, rather than individual brain regions. We recently demonstrated that
delivery of AAV2.retro expressing a fragment of HTT with 85 CAG repeats (AAV2.retro-mHTT85Q)
into the adult macaque caudate and putamen results in efficient retrograde transport resulting in
mHTT expression and the formation of hallmark aggregates throughout dozens of cortical and subcor-
tical striatal afferents (10 weeks post-surgery). In comparison, injection of the parent serotype, AAV2,
expressing mHTT85Q resulted in mHTT inclusions primarily within the caudate and putamen, without
appreciable retrograde transport (Weiss et al., 2020). This study laid the groundwork for generating a
macaque model of HD that engages the entire cortico-basal ganglia circuit using this new viral vector-
mediated approach.

Here, we expanded on these initial efforts and characterized the long-term effects of mMHTT85Q
expression throughout the macaque cortex and basal ganglia. Following surgery, we assessed cogni-
tive and motor function in a cohort of HTT85Q-treated animals, as well as HTT10Q- and buffer-injected
controls, for a period of 30 months. Additionally, we performed multimodal imaging to assess WM
microstructure, regional brain atrophy and patterns of brain-wide functional connectivity. Together,

Table 1. Summary of study participants and surgical cases.

Abbreviations: 85Q, fragment of mHTT protein bearing 85 glutamine repeats; 10Q, fragment
of mHTT protein bearing 10 glutamine repeats; Buffer, phosphate buffered saline; VG, vector
genomes; SDR, spatial delay response.

Age at Met criteria
Animal Treatment surgery Weight at Vector dose per  Met criteria for for lifesaver
Id group Sex (years) surgery (kg) hemisphere (vg) SDR task task
1 85Q F 10.1 5.7 3.30E+11 Yes Yes
2 85Q F 1.8 6 3.30E+11 Yes Yes
3 10Q F 135 9.9 3.30E+11 Yes Yes
4 85Q M 5.9 10.7 3.30E+11 Yes Yes
5 10Q F 8.7 6.5 3.30E+11 Yes Yes
6 Buffer F 12 8.7 - Yes Yes
7 10Q F 9 8.6 3.30E+11 Yes Yes
8 Buffer F 9.9 7.5 - No Yes
9 Buffer M 7.7 1.3 - Yes Yes
10 10Q M 7.5 8.8 3.30E+11 Yes Yes
11 85Q F 13 6.2 3.30E+11 Yes Yes
12 85Q F 12.3 7.5 3.30E+11 Yes Yes
13 Buffer F 7.9 6 - Yes Yes
14 85Q M 7.1 1.1 3.30E+11 Yes Yes
15 Buffer F 8.8 59 - Yes Yes
16 10Q F 1.8 6 3.30E+11 Yes Yes
17 10Q M 10 9.5 3.30E+11 No Yes
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this study describes a new macaque model that replicates several of the behavioral and neuropatho-
logical changes seen in the early stages of HD.

Results

To elicit mHTT85Q expression throughout the caudate and putamen, as well as cortical- and basal
ganglia afferents, we undertook a combinatorial approach and administered a 1:1 mixture of AAV2-
HTT85Q and AAV2.retro-HTT85Q at a titer of 1e12 vg/ml (Group 85Q, n = 6). Control animals were
injected with a 1:1 mixture of AAV2:AAV2retro-HTT10Q (control HTT fragment with 10 CAG repeats;
Group 10Q, n = 6) or buffered saline only (Group Buffer, n = 5), see Table 1. Animals completed a
longitudinal battery of cognitive and motor tasks and underwent repeated brain scans to collect struc-
tural (T1w/T2w) magnetic resonance imaging (MRI), diffusion tensor imaging (DTI), and resting-state
fMRI (rs-fMRI) data.

HTT85Q administration leads to spatial working memory deficits

Disease onset in HD has historically been defined by the presence of disordered hyperkinetic move-
ments, however HD patients also often experience cognitive decline characterized by working
memory impairment, which sometimes precedes motor dysfunction (Tabrizi et al., 2009; Lawrence
et al., 1996; Julayanont et al., 2020; Misiura et al., 2017; Paulsen et al., 2001). In NHPs, spatial
working memory can be assessed using a 3-Choice Spatial Delayed Response (SDR) task. Monkeys in
this study completed this task at baseline as well as 3, 6, 9, 14, 20, and 30 months post-surgery.

Prior to surgery, 15 animals met the pretraining criteria for the SDR task (Table 1), and there-
fore data from the two remaining subjects were excluded from analysis. For the SDR assay, animals
were tasked at remembering the location of a treat-bated, recessed well after a delay of 1, 3, or
5 s (Figure 1A). A three-way analysis of variance (ANOVA) found significant main effects of group
(F(2,11) = 17.109, p = 0.0004) and timepoint (F(5,55) = 2.978, p = 0.019), with no main effect of delay
(F(2,22) = 0.038, p = 0.9630) nor interaction between any of these factors. Post hoc tests revealed
that 85Q-treated monkeys performed significantly worse on the SDR task (fewer correct responses)
than Buffer- (p = 0.00014) and 10Q- (p = 0.0028) treated monkeys (Figure 1B, delay and timepoint
collapsed). Buffer- and 10Q-treated animal performance on the SDR task did not differ significantly (p
= 0.06). To further explore the time-course of the group differences, we conducted planned compar-
isons between groups at each timepoint (Supplementary file 1). The results indicate that perfor-
mance between 85Q- and Buffer-treated animals differed significantly at all timepoints. Significant
group differences also emerged between 85Q- and 10Q-treated animals at the 6-month timepoint,
which persisted through 30 months, with 85Q animals showing working memory deficits that were not
exhibited by either control group. Buffer and 10Q groups differed significantly from one another at
the 6- and 14-month timepoints, all p < 0.05, but both control groups exhibited improvement in their
performance over the course of the study (Figure 1C, Supplementary file 1).

HTT85Q administration leads to impaired fine motor skill performance
Presymptomatic HD individuals estimated to be 10+ years from disease onset are able to perform self-
directed motor tasks (reaching/tapping) similar to age-matched controls, but abnormalities emerge
in prodromal HD individuals closer (<5 years) to motor diagnosis and persist for many years (Misiura
et al., 2017; Paulsen et al., 2001; Stout et al., 2011). To assess fine motor coordination and skill
learning, animals completed a Lifesaver Retrieval Task at baseline as well as 3, 6, 9, 14, 20, and 30
months post-surgery. Prior to surgery, all animals met the pretraining criteria for the Lifesaver Retrieval
Task and data from every subject were included in the analysis (Table 1). Treat retrieval latency from
a baited metal post was measured separately for each hand (Figure 1D). A three-way ANOVA with
repeated measures for the second and third factors (Timepoint, Hand) revealed a significant main
effect of Group (F(2,13) = 7.892, p = 0.006) and Timepoint (F(5,65) = 15.953, p = 3.121E-10) on
changes in Lifesaver retrieval latencies. The main effect of Hand was not significant (F(1,13) = 1.029, p
= 0.329), and there were no significant interactions between this or any other factor. Therefore, data
were subsequently collapsed across hands for subsequent analyses.

Compared to Buffer-treated controls, who became quicker on the task compared to their baseline
performance, 85Q-treated animals exhibited significantly reduced practice effects in their lifesaver
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Figure 1. Working memory and motor deficits in 85Q-treated animals. (A) Example of an animal performing the 3-Choice Spatial Delayed Response
(SDR) task. (B) Change in SDR performance (% correct) on the SDR task, collapsed across timepoints. (C) Change in SDR performance (% correct),

expanded across timepoints. All SDR data are expressed as mean + standard error of the mean (SEM) (85Q — n = 6, 10Q — n = 5, Buffer — n = 4). The
key details significant group differences at each timepoint (*, A, and ° symbols), demonstrating that working memory changes emerge in this model

Figure 1 continued on next page
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Figure 1 continued

beginning at 3-6 months post-85Q administration. (D) Example of an animal performing the Lifesaver Retrieval Task. (E) Performance collapsed across
timepoint, plotted as the change in Retrieval Latency (seconds) from baseline. (F) Performance expanded across timepoints, plotted as the change in
Retrieval Latency (seconds) from baseline. All Lifesaver Retrieval data are expressed as mean + SEM (85Q — n = 6, 10Q — n = 6, Buffer — n = 5). The key
details significant group differences at each timepoint and shows that fine motor skill learning impairment emerges in 85Q animals as early as 3 months
post-85Q administration. (G) Mean changes in motor phenotypes plotted for each group. The key shows significant group differences at each timepoint,
indicating that motor phenotypes first emerge around 2-3 months post-surgery. (H) Neurological rating scale (NRS) scores (difference from baseline)
pre- and post-apomorphine administration plotted for each group, with pre-apomorphine NRS scores depicted by solid lines and post-apomorphine
NRS scores depicted by dashed lines. The ® symbol indicates significant paired comparisons at each timepoint, showing that 85Q-treated animals
displayed NRS scores that were modulated by apomorphine at 3, 6, 9, and 20 months post-surgery. All NRS data are expressed as mean + SEM (85Q — n
=6,10Q - n = 6, Buffer — n = 5). *p < 0.05, 85Q versus Buffer, °p < 0.05, 85Q versus 10Q, "p < 0.05, Buffer versus 10Q by three-way analysis of variance
(ANOVA).

The online version of this article includes the following source data for figure 1:

Source data 1. Spatial Delayed Response (SDR), Lifesaver, and neurological rating scale (NRS) scores.

retrieval latencies, and three animals showed increased latencies (p = 0.002, Figure 1E, data collapsed
across timepoints). 85Q-treated animals also performed worse on the Lifesaver task compared to 10Q
controls (p = 0.049), and performance between Buffer- and 10Q-treated controls did not differ signifi-
cantly (p = 0.069). To further explore these effects, we conducted planned group comparisons at each
timepoint separately (Supplementary file 2). The results indicated that 85Q-treated animals differed
significantly from Buffer controls at all of the timepoints, and 85Q animals and 10Q controls differed
significantly at the 6-, 9-, and 20-month timepoints. In addition, Buffer and 10Q differed significantly
at the 6-, 14-, 20-, and 30-month timepoints, all p < 0.05 (Figure 1F and Supplementary file 2).

HTT85Q leads to progressive motor phenotypes that are exacerbated
by dopamine modulation

Disease onset in HD is defined by the emergence of motor phenotypes, which are scored using the
Unified Huntington’s Disease Rating Scale (UHDRS; Huntington study group, 1996). To assess similar
phenotypes in this model, we used an NHP-specific neurological rating scale (NRS) that measures
many of the same behavioral phenotypes evaluated in HD patients (Supplementary file 3). Similar to
the UHDRS, NRS scores range from 0 to 3, with a score of 0 indicating normal behavior and a score of
3 indicating severely impaired behavior, for each phenotype. Monkeys were rated by trained research
staff, who were blind to group designation, in their homecage at baseline (prior to surgery), 2 weeks
post-surgery and then monthly thereafter for 30 months. Scores for each phenotype category were
summed, resulting in a composite score for each timepoint. A two-way ANOVA revealed significant
effects of Group (F(2,13) = 95.902, p < 0.0001) and Timepoint (F(30,390) = 10.657, p < 0.0001), as
well as a significant Group x Timepoint interaction (F(60,390) = 8.642, p < 0.0001) in total NRS scores.
Post hoc tests indicated that 85Q-treated monkeys had significantly higher NRS scores than both
Buffer- (p < 0.0001) and 10Q- (p < 0.0001) treated animals, and that the two control groups did not
differ (p = 0.878). To further characterize the time-course of these effects, we conducted additional
planned comparisons between the groups at each timepoint (Figure 1G, Supplementary file 4).
Results revealed that 85Q-treated animals had significant increases in their total NRS scores post-
surgery compared to the Buffer group beginning at the 3-month timepoint, and compared to the 10Q
group beginning at the 2-month timepoint, that continuing through the 30-month study duration.
Buffer and 10Q exhibited similar NRS scores throughout the duration of the experiment, although
group differences between them reached significance at three timepoints (0.5, 21, and 28 m). Begin-
ning at 3 months post-surgery, 85Q-treated animals showed intermittent bouts of orofacial dyskinesia
that included lateralized tongue twisting, intermittent tongue protrusion, and lateralized, aberrant
mouth and jaw movements that were exacerbated while eating biscuits or treats. Intermittent changes
in forelimb posture (outward extension of the arms and downward turning of the hands), particularly
in the distal segment of the limb, were also noted by the 3-month timepoint. As time progressed,
85Q-treated animals exhibited increasingly higher NRS scores, with the emergence of additional
postural abnormalities (trunk/hindlimb), slowed/dropped treat retrieval, infrequent bouts of forelimb
chorea and slowed homecage ambulation. By 9 months post-surgery, some 85Q-treated animals also
showed intermittent evidence of mild hindlimb bradykinesia and tremor. These motor phenotypes
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continued to persist out to 30 months. Aberrant phenotypes of some Buffer and 10Q animals were
noted at small number of timepoints and included abnormal hindlimb weight bearing (Buffer), slowed
homecage ambulation (10Q), abnormal forelimb posture (10Q), forelimb tremor (10Q), and orofacial
chorea (10Q).

Motor phenotypes exhibited by HD patients are modulated by the neurotransmitter, dopamine.
Dopamine receptor agonists have been shown to exacerbate abnormal involuntary movements in
early HD patients (Newman et al., 1985), and current FDA-approved drugs to treat chorea in HD are
the vesicular monoamine transporter 2 (VMAT2) inhibitors, Tetrabenazine (Huntington Study, 2006)
and Deutetrabenazine (Frank et al., 2016), which reduce dopamine availability in the synapse. To
query dopamine involvement in the motor deficits observed in our model, we assessed the impact
of the nonselective dopamine receptor agonist, apomorphine, on motor behavior. Animals were
scored using the NRS immediately prior to, as well as directly following, intramuscular apomorphine
administration (0.3 mg/kg) at baseline and at 3, 6, 9, 14, and 20 months post-surgery. NRS scores
from 85Q-treated animals were significantly exacerbated by apomorphine, compared to controls. A
three-way ANOVA confirmed this observation, revealing significant main effects of Group (F(2,14) =
62.868, p < 0.0001), Timepoint (F(4,56) = 11.770, p < 0.0001), and ApoCondition (F(1,14) = 21.181, p
< 0.0001), as well as significant interaction effects between Timepoint and Group (F(8,56) = 6.021, p
< 0.0001), and between ApoCondition and Group (F(2,14) = 4.503, p = 0.031). To further characterize
these effects, we conducted additional planned comparisons between pre- and post-apomorphine
scores at each timepoint for each group separately (Figure 1H, Supplementary file 5). Results indi-
cated that 85Q-treated animals had significantly elevated NRS scores following apomorphine admin-
istration, compared to pre-apomorphine administration, at the 3-, 6-, 9-, and 20-month timepoints (all
p < 0.05), but not at the 14-month timepoint. In contrast, changes in pre- versus post-apomorphine
administration scores did not significantly differ at any of the timepoints for Buffer- or 10Q- treated
controls.

mHTT delivery results in microstructural changes in several WM fiber
tracts

Microstructural properties of WM fiber tracts can be imaged using DTI, with the most commonly
reported metric being fractional anisotropy (FA). Reduced FA is observed in HD in many WM regions
including the corpus callosum, superior and inferior longitudinal fasciculi, corona radiata, internal
capsule, and cingulum, indicating microstructural changes to the axon including reduced axonal integ-
rity and demyelination (Sprengelmeyer et al., 2014; Stoffers et al., 2010; Gregory et al., 2015;
Saba et al., 2017). To query WM changes in our model, DTI data were collected pre-surgery and 3,
6, 9, 14, 20, and 30 months post-surgery. Parameter maps of FA, axial diffusivity (AD), radial diffu-
sivity (RD), and mean diffusivity (MD) were generated in ONPRC18 template space (Weiss et al.,
2021). Figure 2A illustrates the results of voxel-wise comparisons of FA, using a WM mask, conducted
between the baseline (pre-surgical) timepoint and subsequent timepoints for each group separately.
As early as 3 months post-surgery, 85Q-treated monkeys had several regions of WM with significant
(p < 0.01) reductions in FA that persisted through the 30-month timepoint; in contrast, no changes in
FA were observed in 10Q- and Buffer-treated animals.

To characterize the distribution of the significant voxel-wise differences, WM labels from the
ONPRC18 macaque brain atlas were applied to the thresholded p-value maps from 85Q-treated
animals, and the percent volume of significant FA reduction was calculated for each WM region of
interest (ROI) at each timepoint (Figure 2B). Broadly, there was an anterior—posterior spatial distri-
bution of WM changes in 85Q animals, with larger relative volumes of reduced FA occurring in more
anterior ROls, without robust hemispheric differences. Of particular note was the large percentages
of the corona radiata, dorsal and ventral prefrontal WM tracts, the external and internal capsule, as
well as the body and genu of the corpus callosum exhibiting significant reductions in FA compared
to baseline. To characterize the overall time-course of these changes, the average change in FA (from
baseline) in the significant regions was calculated for each animal at each post-surgical timepoint,
collapsed across ROI, and plotted in Figure 2C. A repeated measure ANOVA revealed significant
main effects of Group (F(2,13) = 104.117, p < 0.0001) and Timepoint (F(5,65) = 4.088, p = 0.003),
but no interaction between these factors (F(10,65) = 1.019, p = 0.438). Post hoc tests revealed that
85Q-treated animals had significantly greater decreases in FA after surgery compared to Buffer (p <
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Figure 2. 85Q-mediated microstructural changes in cerebral white matter. (A) ONPRC18 FA template with overlaying p-value maps shown at a range of
p < 0.01 to p <0.0001. Blue voxels indicate regions of significant FA decrease in Group 85Q, and red voxels indicate regions of significant FA increase.
Although there were slight changes in FA in the Buffer- and 10Q-treated animals over time, none of the contrasts reached statistical significance (not
pictured). (B) Histogram illustrating the percent volume of each ROl where significant FA changes were identified in Group 85Q corresponding to the

Figure 2 continued on next page
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blue voxels in panel (A). The line chart in (C) illustrates the average magnitude of change in FA under the significant voxels at each timepoint. Data are
expressed as mean + standard error of the mean (SEM). Scatterplots illustrating one-tailed Pearson correlations between FA decreases in white matter
(WM) and behavior (both collapsed across timepoint) for three different behavioral measures: (D) neurological rating scale (NRS), (E) Lifesaver Retrieval
Task, and (F) Spatial Delayed Response (SDR) task. ***p < 0.001; 85Q differs from Buffer and 10Q. Abbreviations: FA, fractional anisotropy; ROI, region
of interest; VPF, ventral prefrontal WM; DPF, dorsal prefrontal WM; IFG, inferior frontal gyrus WM; ACR, anterior corona radiata; SCR, superior corona
radiata; PCR, posterior corona radiata; DPCR, dorsal posterior corona radiata; EC, external capsule; ALIC, anterior limb of the internal capsule; PLIC,
posterior limb of the internal capsule; RLIC, retrolenticular limb of the internal capsule; GCC, genu of corpus callosum; BCC, body of corpus callosum;
SCC, splenium of corpus callosum; SFOF, superior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; ST, stria terminalus; SC, superior
cingulum; PCR, perihippocampal cingulum; UF, uncinate fasciculus; AC, anterior commissure; CT, corticospinal tract.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Diffusion tensor imaging (DTI).

Figure supplement 1. 85Q-mediated changes in white matter radial diffusivity (RD).

Figure supplement 2. 85Q-mediated changes in white matter mean diffusivity (MD).

Figure supplement 3. 85Q-mediated changes in white matter axial diffusivity (AD).

Figure supplement 4. 85Q-mediated changes in all diffusivity measures.

0.0001) and 10Q (p < 0.0001) animals, whereas Buffer- and 10Q-treated animals did not differ signifi-
cantly in the magnitude of FA changes (p = 0.372). To query the relationship between the observed
DTI changes and behavioral impairments, we computed correlations between FA changes and behav-
ioral scores that were collapsed across all five post-surgical timepoints. FA decreases in WM were
correlated with all three behavioral measures, such that greater decreases in FA were significantly
associated with higher NRS scores (r(17) = —0.920, p <0.001) (Figure 2D), longer Lifesaver retrieval
latencies (r(17) = —0.746, p < 0.001) (Figure 2E) and fewer correct responses on the 3-Choice SDR
task (r(15) = 0.806, p < 0.001) (Figure 2F).

Additional analyses of DTI parameters including RD, MD, and AD were performed, following the
same strategy described for FA. 85Q-treated animals showed significant elevations in RD (Figure 2—
figure supplement 1) and MD (Figure 2—figure supplement 2), as well as significant decreases in
AD (Figure 2—figure supplement 3), compared to controls (p < 0.01 for each measurement). These
changes followed similar spatiotemporal trajectories to the changes observed in FA. In particular,
there were areas of significant RD and MD increase in corresponding regions of FA decrease in the
dorsal and ventral prefrontal WM tracts, as well as areas of the anterior/dorsal corona radiata, internal
capsule, external capsule, and the genu and body of the corpus callosum. Brain-wide, the spatial
distributions of RD and MD increases generally overlapped the FA decreases, whereas the significant
decreases in AD were more widely distributed (Figure 2—figure supplement 4). None of the changes
in AD, RD, or MD observed in the 10Q and Buffer groups survived thresholding at the p < 0.01 level.

Cortico-striatal atrophy revealed with tensor-based morphometry

Tensor-based morphometry (TBM) is a technique used to assess changes in brain morphometry by
comparing deformation fields that align anatomical MR images to a template image. Applied longi-
tudinally, changes in these deformation fields can be used to characterize 3D patterns of structural
change. Atrophy of many brain regions (caudate, putamen, thalamus, multiple regions of cortex) has
been described in symptomatic HD patients using this technique (Hobbs et al., 2010; Kassubek
et al., 2004), and recent longitudinal data indicate that some changes begin prior to overt symptom
development; particularly in regions of the putamen and globus pallidus (Stoffers et al., 2010; Hobbs
et al., 2010; Kipps et al., 2005). High-resolution (0.5 mm isotropic) T2-weighted SPACE scans were
collected pre-surgery and 3, 6, 9, 14, 20, and 30 months post-surgery. For each timepoint, defor-
mation fields aligning with the ONPRC18 template were computed, and log Jacobian Determinant
maps, reflecting local structural changes, were generated. In the resulting maps, positive values
indicated areas where individual space was dilated to align with ONPRC18 space (and was there-
fore smaller), whereas negative values indicate areas where individual space was contracted to align
with ONPRC18 space (and was therefore larger). Using a GM mask, voxel-wise comparisons were
conducted to compare the baseline (pre-surgical) timepoint and subsequent timepoints. As early as
3 months post-surgery, 85Q-treated monkeys exhibited regions of the basal ganglia, prefrontal- and
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premotor-cortex with significant tissue contractions (larger log Jacobian Determinants), indicating
tissue atrophy, compared to baseline that persisted through the 30-month timepoint (p < 0.01). In
contrast, the none of the changes observed in 10Q and Buffer survived thresholding at the p < 0.01
level (Figure 3A). GM labels available in the ONPRC18 atlas were applied to the thresholded p-value
maps from 85Q-treated animals, and the percent volumes of significant log Jacobian Determinant
increases were calculated for each ROI at each timepoint. Major brain areas showing tissue contrac-
tion were the caudate, putamen, globus pallidus (internal and external segments), as well as numerous
frontal and motor cortical areas, with no hemispheric differences (Figure 3B).

To characterize the overall time-course of these changes, masks of thresholded p-value maps from
each timepoint were created for areas of significant contraction. The change in the log Jacobian
Determinant maps (from baseline) under the masks was then calculated for each animal at each post-
surgical timepoint and plotted in Figure 3C. In the regions with significant increases in log Jaco-
bian Determinants, a two-way repeated measure ANOVA revealed significant main effects of Group
(F(2,13) = 19.568, p < 0.001) and Timepoint (F(5,65) = 22.180, p < 0.001), but no interaction between
these factors (F(10,65) = 0.938, p = 0.505). Post hoc tests indicated that 85Q-treated animals had
significantly greater tissue contractions (greater increases in average log Jacobian Determinant values)
compared to Buffer- (p < 0.001) and 10Q- (p < 0.001) treated animals, with no differences between
control groups (p = 0.203).

Similar to other imaging measurements, correlations were characterized between the observed
TBM results and the behavioral measures; one-tailed Pearson correlations were computed between
log Jacobian Determinant changes and behavioral change scores that had been collapsed across
all five post-surgical timepoints. In regions with significant tissue atrophy, TBM changes in GM were
correlated with all three behavioral measures, such that greater contractions were significantly associ-
ated with higher NRS scores (r(17) = 0.786, p < 0.001) (Figure 3D), longer Lifesaver retrieval latencies
(r(17) = 0.730, p < 0.001) (Figure 3E) and fewer correct responses on the 3-Choice SDR task (r(15) =
—-0.683, p = 0.002; Figure 3F).

Reduced cortico-basal ganglia functional connectivity

rs-fMRI is a technique used to identify areas of the brain that exhibit correlated fluctuations in
blood oxygenation level-dependent (BOLD) MR signal intensity in the absence of a specific stim-
ulus (hence, 'resting state’; Lv et al., 2018). Independent component analysis (ICA) of rs-fMRI is
a data-driven computational method used to decompose correlated patterns of BOLD signals into
networks (or ‘components’) with distinct spatial and temporal characteristics, without the reliance on
pre-established user-defined ROIs for seed-based correlations. Using ICA, we identified four indepen-
dent resting-state components (ICs) of interest using data collected at the baseline timepoint from
all of the study animals. IC1 includes areas of the occipital cortex and ventrolateral PFC; IC2 includes
the caudate, putamen, ventral sensory-motor cortex, and medial PFC; IC3 includes the caudate and
several prefrontal and temporal cortical regions; and IC4 includes the caudate, putamen, cingulate,
dorsal-prefrontal, and dorsal-motor areas (Figure 4—figure supplement 1). To facilitate longitudinal
group-level comparisons, dual-regression (DR) analysis was applied to each timepoint, focusing on
these four ICs, and z-score connectivity maps for each of the four ICs from each monkey at each time-
point were subsequently generated.

In the field of HD, studies applying rs-fMRI with ICA-DR (Dumas et al., 2013; Hohenfeld et al.,
2018; Seibert et al., 2012; Werner et al., 2014) indicate that areas of decreased RSFC emerge first
in premanifest HD-gene carriers, which shifts later in disease stages to increased RSFC, potentially
as a compensatory mechanism. To define changes in RSFC in our model, we conducted voxel-wise
comparisons for each IC between z-score maps from the baseline (pre-surgical) timepoint and subse-
quent timepoints using a whole brain mask. The network exhibiting the most protracted changes over
the study timeline was component IC2, which involves striatal and sensory-motor areas (Figure 4,
Figure 4—figure supplement 1). As early as 3 months post-surgery and continuing through the
30-month timepoint, 85Q-treated monkeys showed significant decreases in IC2 z-scores in many
cortical and subcortical areas (p < 0.01). In contrast, none of the changes observed in 10Q and Buffer
survived thresholding at the p < 0.01 level (Figure 4A). The percent volume of significant change
in z-scores with IC2 were calculated for each ROI in the ONPRC18 labelmap at each timepoint and
plotted in Figure 4B. The results highlighted regions of the VLPFC, VMPFC, SSC, IC as well as areas
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Figure 3. 85Q-mediated tissue atrophy in cortico-basal ganglia gray matter. (A) ONPRC18 T2w template with overlaying p-value maps shown at
a threshold of p < 0.01 to p<0.0001. Blue voxels indicate regions of significant TBM contraction (increased log Jacobian Determinants) in Group
85Q. Although there were slight changes in the Buffer- and 10Q-treated animals over time, none of the contrasts reached statistical significance
(not pictured). (B) Histogram illustrating the percent volume of each cortical and subcortical ROl where significant TBM contractions were identified

Figure 3 continued on next page
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(corresponding to the blue voxels in A). (C) A mask that merged together the thresholded p-value maps from each timepoint was created. Line charts
illustrate the average log Jacobian Determinate changes under this mask for each group separately. Data are expressed as mean =+ standard error of the
mean (SEM) (85Q — n = 6, 10Q - n = 6, Buffer — n = 5), repeated measures analysis of variance (ANOVA). (D) Scatterplots illustrating two-tailed Pearson
correlations between TBM contractions in GM and behavior (both collapsed across timepoint) for three different behavioral measures: (D) neurological
rating scale (NRS), (E) Lifesaver Retrieval Task, and (F) Spatial Delayed Response (SDR) task. ***p < 0.01; 85Q differs from Buffer and 10Q. Abbreviations:
TBM, tensor-based morphometry; ROI, region of interest; LogJD, log Jacobian Determinant; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral
prefrontal cortex; OPFC, orbitofrontal cortex; VMPFC, ventromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; ACC, anterior cingulate
cortex; DPMC, dorsal premotor cortex; VPMC, ventral premotor cortex; SMC, supplemental motor cortex; MC, primary motor cortex; STC, superior
temporal cortex; ITC, inferior temporal cortex; RC, rhinal cortex; IC, insular cortex; SSC, somatosensory cortex; PC, parietal cortex; PCC, posterior
cingulate cortex; OCC, occipital cortex; CD, caudate; PUT, putamen; LatTH, lateral thalamus; MdTH, medial thalamus; HIPP, hippocampus; AMY,
amygdala; SN, substantia nigra; GPI, internal globus pallidus; GPE, external globus pallidus; CBM, cerebellum; LatV, lateral ventricles.

The online version of this article includes the following source data for figure 3:

Source data 1. Tensor-based morphometry (TBM).

of the putamen, substantia nigra, globus pallidus, amygdala, and hippocampus with significantly
reduced connectivity (p <0.01) to the IC2 network over the 30-month study timeline.

To characterize the overall time-course of these changes, the change in IC2 z-scores (from base-
line) in these significant regions were calculated for each animal at each post-surgical timepoint and
plotted in Figure 4C. A two-way repeated measure ANOVA revealed a significant main effect of
Group (F(2,13) = 51.108, p < 0.0001), but no effect of Timepoint (F(5,65) = 0.666, p = 0.650) nor inter-
action (F(10,65) = 0.735, p = 0.689). Post hoc tests indicated that 85Q animals had significantly larger
decreases in IC2 z-scores after surgery compared to the Buffer (p < 0.0001), and 10Q (p < 0.0001)
animals, with no significant differences in the magnitude of z-score changes between controls (p =
0.742).

To probe the relationship between the changes in IC2 connectivity and the behavioral measures,
correlations were computed between the z-score changes and behavioral change scores, collapsed
across all five post-surgical timepoints. Similar to the changes we observed using the other imaging
modalities, the magnitude of decreases in RSFC with IC2 correlated with all three behavioral measures
such that larger decreases in RSFC were associated with higher NRS scores (r(17) = —0.924, p < 0.001)
(Figure 4D), longer Lifesaver retrieval latencies (r(17) = —0.672, p = 0.003) (Figure 4E) and lower
percent correct on the 3-Choice SDR task (r(15) = 0.857, p < 0.001) (Figure 4F).

In addition, significant changes emerged in IC3 at the 30-month timepoint, such that 85Q animals
exhibited large regions of reduced functional connectivity with this network that were not apparent
at the earlier times (Figure 4—figure supplement 4). Areas of the prefrontal cortex, caudate, and
medial thalamus were particularly impacted. There were also modest, and transient changes in the
functional connectivity of IC1, and IC4 over the 30-month study timeline. In 85Q-treated monkeys,
areas of the occipital and prefrontal cortex exhibited an initial increase in connectivity with IC1 that
returned to baseline levels by 6 months post-surgery (Figure 4—figure supplement 3). The changes
observed in IC4 were more subtle (Figure 4—figure supplement 5), showing only small regions of
cortex with altered RSFC compared to baseline. In all cases, however, none of the changes in IC1, IC3,
or IC4 observed in 10Q and Buffer survived thresholding at the p < 0.01 level.

HTT85Q expression leads to aggregate formation

Following the final data collection point at 30 months post-surgery, animals were taken to necropsy
and brains were collected for postmortem histological evaluation. Serial tissue sections throughout
the brains of all animals were immunohistochemically stained using em48, an antibody that prefer-
entially binds to polyQ-expanded HTT (82-150Q) and has been used widely to detect mHTT protein
aggregates in human HD tissue samples as well as tissues from various animal models. We detected
a mixture of both small and large em48+ aggregates in numerous brain regions of 85Q-treated
macaques, but not in 10Q- or buffer-injected controls. Specifically, em48+ aggregates were found
throughout the head of the caudate and throughout the putamen, corresponding to the areas of injec-
tion, as well in the deeper layers (V/VI) of several of cortical regions that send afferent projections to
these regions, including expression in the dorsal and ventral prefrontal, dorsal and ventral premotor,
supplemental motor, anterior cingulate, primary motor, and insular cortices, as well as lower levels of
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Figure 4. 85Q-mediated alterations in patterns of brain-wide resting-state functional connectivity. (A) ONPRC18 T2w template with overlaying map of
voxels showing high temporal correlation with independent component 2 (IC2), depicted in green. Additional overlaying p-value maps are shown at
a threshold of p < 0.01 to p < 0.0001. Blue voxels indicate regions of significantly reduced RSFC (decreased z-score) with IC2 in Group 85Q, and red
voxels indicate regions of significant increased RSFC (increased z-score) with IC2. Although there were slight changes in the Buffer- and 10Q-treated

Figure 4 continued on next page
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Figure 4 continued

animals over time, none of the contrasts reached statistical significance (not pictured). (B) Histogram illustrating the percent volume of each cortical
and subcortical region of interest (ROI) where significantly decreased z-scores were identified at each timepoint (corresponding to the blue voxels in A).
(C) A mask that merged together the thresholded p-value maps from each timepoint was created for regions of RSFC decreases with IC2. Line charts
illustrate the average magnitude of RSFC changes (from baseline) under this mask for each group separately, +1 standard error of the mean (SEM). (D)
Scatterplots illustrating two-tailed Pearson correlations between RFSC changes in GM and behavior (both collapsed across timepoint) for three different
behavioral measures: (D) neurological rating scale (NRS), (E) Lifesaver Retrieval Task, and (F) Spatial Delayed Response (SDR) task. RSFC, resting-

state functional connectivity. **p < 0.001; 85Q differs from Buffer and 10Q. Abbreviations: DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral
prefrontal cortex; OPFC, orbitofrontal cortex; VMPFC, ventromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; ACC, anterior cingulate
cortex; DPMC, dorsal premotor cortex; VPMC, ventral premotor cortex; SMC, supplemental motor cortex; MC, primary motor cortex; STC, superior
temporal cortex; ITC, inferior temporal cortex; RC, rhinal cortex; IC, insular cortex; SSC, somatosensory cortex; PC, parietal cortex; PCC, posterior
cingulate cortex; OCC, occipital cortex; CD, caudate; PUT, putamen; GPE, external globus pallidus; GPI, internal globus pallidus; SN, substantia nigra;
LatTH, lateral thalamus; MdTH, medial thalamus; HIPP, hippocampus; AMY, amygdala; CBM, cerebellum.

The online version of this article includes the following source data and figure supplement(s) for figure 4:
Source data 1. IC2 RSFC.

Figure supplement 1. Resting-state networks of interest identified using independent component (IC) analysis.
Figure supplement 2. Networks identified using independent component (IC) analysis associated with noise.
Figure supplement 3. 85Q-mediated changes resting-state functional connectivity: IC1.

Figure supplement 4. 85Q-mediated changes resting-state functional connectivity: IC3.

Figure supplement 5. 85Q-mediated changes resting-state functional connectivity: IC4.

expression in the orbitofrontal, somatosensory, temporal and parietal cortices. Subcortical regions
that contained em48+ aggregates included the amygdala, thalamus, globus pallidus, claustrum, and
to a lesser extent, the hippocampus and substantia nigra. Figure 5A shows low (x4) and high (x20)
magnification brightfield photomicrographs depicting examples of highly transduced cortical and
subcortical brain regions. Triple-label immunofluorescence staining determined that em48+ mHTT
aggregates were located in neurons (Figure 5B) but not detected in astrocytes (Figure 5C) in both
the areas of injection (example from the putamen) as well as in distal cortical areas (example from
the supplemental motor cortex). Expression was primarily restricted to the nucleus (Figure 5B, C;
em48/Hoechst coexpression), where both diffuse and aggregated mHTT expression was routinely
observed; however, small extracellular em48+ foci could also be observed in the neuropil in several
gray matter regions. Additionally, em48+ aggregates were seen in localized areas in some WM tracts,
including the corona radiata, corpus callosum, superior cingulum, internal capsule, external capsule,
and prefrontal WM tracts (data not shown).

Immunohistochemical staining with the N-terminal HTT antibody, 1-82 aa (2B4 clone), which recog-
nizes both mutant and wildtype HTT, matched the same pattern of nuclear em48 expression seen in
85Q-treated animals, but showed diffuse, cytoplasmic staining in neurons from 10Q-treated control
animals in the same brain regions. Buffer-treated animals showed only very light, near background
levels of staining throughout the brain, likely owing to HTT sequence homology between humans and
macaques from aa 1 to 82. This pattern of staining is similar to what has been reported in human HD
and control cases (dark 2B4+ nuclear staining in HD cases and diffuse, lighter cytoplasmic staining in
control cases; Herndon et al., 2009).

Discussion

The goal of this study was to develop a macaque model of HD that recapitulates neurodegenerative
changes throughout the cortico-basal ganglia network and gives rise to characteristic motor and cogni-
tive decline seen in early-stage human HD patients. Secondarily, we sought to characterize the poten-
tial relationships between behavioral phenotypes and neuroimaging findings of disease progression
in order to define a set of reliable outcome measures that can be used in future translational studies
of candidate HD therapeutics in this model. Because the striatum is the earliest and most severe brain
region affected in HD, with degeneration extending to WM and eventually widespread regions of the
cortex (Vonsattel et al., 2011), we undertook a unique approach delivering a mixture of AAV2 and
AAV2.retro in order to express mHTT throughout the entire macaque cortico-striatal circuit.
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Figure 5. 85Q-treated animals show evidence of neuronal em48+ mHTT protein inclusion body formation throughout cortical and subcortical brain
regions. (A) Low (x4) and high (x20) magnification brightfield photomicrographs illustrate em48+ mHTT inclusions throughout the areas of injection
(caudate and putamen), as well as in several other cortical and subcortical brain regions with known afferent projections to the striatum. Examples
shown here: DLPFC, dorsolateral prefrontal cortex; SMC, supplemental motor cortex; VPMC, ventral premotor cortex; ACC, anterior cingulate cortex;

Figure 5 continued on next page
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PMC, primary motor cortex; IC, insular cortex. Scale bar on x4 image indicates 200 pM, scale bar on x20 image indicates 50 uM. em48+ inclusions
were not observed in 10Q- or buffer-treated controls. (B) Triple-labeled immunofluorescent confocal images from 85Q-treated animals illustrating
localization of mHTT inclusions in neuronal nuclei. Examples shown here are from an area of injection (putamen — left panel) as well as a distal cortical
region (supplemental motor cortex — right panel). White arrows indicate cells that are triple labeled for neurons (NeuN+), mHTT inclusions (em48+),
and nuclei (stained with Hoechst 33342). (C) Triple-labeled immunofluorescent confocal images illustrating the lack of localization of mHTT inclusions in
astrocytes, examples shown from the putamen and supplemental cortex. White arrows indicate cells that are labeled for mHTT inclusions (em48+) and
nuclei (stained with Hoechst 33342), but not astrocytes (GFAP+). Scale bars in B and C = 10 uM. Orthogonal views from different planes are included for
reference, and depict an example of one of the em48+ cells from each brain region, and for each cellular marker.

Over the 2.5-year (30-month) study timeline, HTT85Q animals displayed motor and cognitive defi-
cits that were accompanied by microstructural alterations, atrophy, and reduced functional connec-
tivity throughout the cortico-basal ganglia network. Due to the long scanning times achievable with
anesthetized NHPs, high-resolution DTl enabled a more detailed analyses of WM tracts than has been
previously achieved. The reduction in WM FA seen in HTT85Q macaques, a biomarker associated
with myelin breakdown and axonal swelling, closely mirrors changes seen in human HD patient WM
tracts, including the prefrontal WM tracts, corona radiata, internal and external capsules, and the
corpus callosum (Estevez-Fraga et al., 2020). In addition to microstructural changes detected by DTI,
HTT85Q-treated animals also exhibited subtle striatal and cortical atrophy, along with mild reductions
in network connectivity, which were present by the first timepoint of analysis (3 months post-AAV-
administration). The overall patterns of neurodegeneration that we characterized in this study models
similar changes detected in prodromal and early-stage HD patients (Stoffers et al., 2010, Hobbs
et al., 2010; Kipps et al., 2005, Dumas et al., 2013; Hohenfeld et al., 2018; Seibert et al., 2012,
Werner et al., 2014). Future evaluation at even earlier timepoints will help address whether degener-
ative processes begin in the striatum first, before being detectable in WM and afferent cortical areas
- as is seen in human HD cases — or whether these pathological changes occur simultaneously in this
AAV-based model.

Beginning at 3 months post-surgery, 85Q-treated macaques developed mild motor phenotypes
similar to those experienced by HD patients including incoordination, forelimb and orofacial chorea,
hindlimb tremor and postural changes in the distal portion of the forelimbs. Over time, these behaviors
worsened in severity, and further changes were observed including evidence of delayed gait initiation
and hindlimb bradykinesia during locomotion. Furthermore, the severity of these phenotypes was
exacerbated by the dopamine agonist, apomorphine (Figure TH). Apomorphine has a high binding
affinity for dopamine D,, D5, and Ds receptors, and altered dopamine neurotransmission has been well
documented in HD; for review, Cepeda et al., 2014. Positron emission tomography (PET) studies have
confirmed a progressive loss of striatal D2 and D1 receptor density throughout the course of disease
that correlate with clinical severity assessed using motor UHDRS and Total Functional Capacity (TFC)
scales (Weeks et al., 1996; Andrews et al., 1999). PET studies are planned to characterize potential
dopamine receptor density alterations in this model. Overall, the cognitive and motor phenotypes
exhibited in HTT85Q macaques model some of the same symptoms experienced by patients in the
early stages of their disease development.

Histological evaluation of brain tissue at 30 months post-surgery confirmed the presence of
mHTT protein expression and pathological aggregate formation in the brains of 85Q-treated animals
compared to controls. em48+ mHTT aggregates were detected in the same cortical and subcortical
brain regions throughout the cortico-basal ganglia circuit that we previously characterized in animals
assessed at 10 weeks post-administration of AAV2.retro-HTT85Q (Weiss et al., 2020). This finding
suggests that mHTT aggregation in this macaque model is stable and does not involve additional
brain regions over time. These data are in line with evidence from human HD postmortem brain
tissues, showing that mHTT aggregate density in most cortical regions does not increase with wors-
ening Vonsattel Grading (i.e., no difference between Grades 1-4), but rather is more dependent on
the CAG repeat length, with higher CAG repeats correlating with mHTT aggregate density (Hickman
et al., 2022). Our data show an anterior to posterior gradient of em48+ expression, with the highest
levels of expression in prefrontal and premotor cortices, moderate levels in motor and somatosensory
cortices, less expression in temporal and parietal cortices and little to no expression in the occipital
cortices. These findings are in concordance with the pattern of aggregate density seen in human HD
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cases, with successive decreases in density seen from rostral to caudal cortices (BA9 > BA4 > BA7
> BA17) (Hickman et al., 2022). Our observations of em48+ inclusions predominantly in deeper
cortical layers (V/VI) in 85Q-treated animals also matches the pattern seen in human HD brain tissue,
where HTT+ aggregates predominate in the deeper, infragranular layers of the cortex (V/VI). These
cortical layers serve as the primary output layers sending axons to subcortical structures, including the
caudate and putamen (Hickman et al., 2022).

We confirmed robust levels of em48+ mHTT aggregates 85Q-treated animals in the same brain
regions that showed the most significant changes in brain atrophy identified using TBM, including the
caudate, putamen, prefrontal, premotor supplemental motor and anterior cingulate cortices. More-
over, em48+ inclusions were detected in the same WM tracts showing significant reduction in FA via
DTI, including the ventral and dorsal prefrontal WM tracts, the anterior and superior corona radiata,
the genu and body of the corpus callosum and the superior cingulum. em48+ aggregates in WM were
largely located in, and in regions surrounding, the needle tracts. To prevent clogging of the needle,
the infusion pump was run at a low rate (1 ul/min) while the needle was being lowered into the target
brain regions; therefore, a small amount of viral vector was dispersed into WM along the needle tract.

Future histological studies are planned in this model to investigate potential gray matter neuronal
loss, WM fiber loss and/or changes in myelin density. These data will be correlated with the imaging,
behavioral and histopathological findings reported here. Additionally, given that the HTT fragment
used in this model contains 83 pure CAGs, followed by a CAA/CAG cassette (single CAA interruption),
the possibility for somatic instability cannot be ruled out and will be investigated using brain tissues
collected from this same cohort. If present, we hypothesize that repeat expansion will be the greatest
in the caudate and putamen, based on similar findings in human HD cases (Swami et al., 2009).

While the mouse models of HD developed to date have clear advantages (e.g., the relative ease
of generating transgenic and knock-in animals, and the fact that they model some of the mHTT-
mediated genetic changes (e.g., somatic instability) and neuropathological intracellular cascades
seen in human HD), they do not replicate the complex array of behavioral symptoms seen in human
patients, including chorea. Moreover, their much smaller brain size (~3700-fold smaller by weight)
makes scaling up drug delivery strategies to humans an arduous task, particularly with a delivery
that requires complex neurosurgery to deep brain structures. Work with large animal models of HD
has accelerated greatly over the past decade due to the development of viral-based and genetically
modified sheep, minipigs, and NHPs (Palfi et al., 2007; Yang et al., 2008; Jacobsen et al., 2010;
Baxa et al., 2013). For a comprehensive review, see Howland et al., 2020. Transgenic HD sheep do
not exhibit many of the overt behavioral phenotypes seen in human HD patients, aside from circa-
dian disturbances, but do show signatures of mHTT-mediated pathology including the development
of cortical mHTT-positive inclusions, evidence of increased brain urea, as well as loss of cannabinoid
receptor 1 (CB1) and dopamine- and cyclic AMP-regulated phosphoprotein (DARPP-32) in the globus
pallidus (Jacobsen et al., 2010; Reid et al., 2013; Handley et al., 2016; Handley et al., 2017). While
HD sheep do not develop cognitive and motor phenotypes, at least out to 5 years of age, an advan-
tage of this model over existing transgenic and viral-mediated minipig and NHP HD models is that it
was created using cDNA for full length human mHTT (67 exons), providing a full landscape for HTT-
lowering therapeutic constructs (Baxa et al., 2013). Transgenic HD minipigs have a long prodromal
period, show evidence of mHTT-positive inclusions in striatum and cortex, reduced DARPP-32 expres-
sion, microgliosis and mild WM demyelination beginning at 2 years of age (Vidinska et al., 2018). At
4-6 years of age, HD minipigs show more profound neuropathological changes and only at 6-8 years
of age do they develop a mild motor phenotype, including impaired gait and reduced treat retrieval
by tongue. More recently, a knock-in minipig model has been created by Exemplar Genetics that
expresses full-length mHTT-150Q in all tissues evaluated, and piglets show uncoordinated hindlimb
movement (unpublished data). The sheep and pig models have been employed in preclinical HD
research to screen promising HT T-lowering therapeutics and one of these approaches, AAV-mediated
delivery of a mHTT-specific microRNA, has recently advanced to the clinical trial stage (AMT-130), illus-
trating how critical these large animal models are to the field (Vallés et al., 2021; Evers et al., 2018).

In comparison to the transgenic HD sheep and minipigs, the HD NHPs reported here have a much
shorter premanifest period and display many of the cardinal features of HD that are often used as
primary and secondary outcome measures in HD human clinical trials, including motor and cognitive
decline measured via the UHDRS and TFC (via the NHP clinical rating scale and SDR task in this model)
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and regional brain atrophy that is quantified using MRI/DTI. Importantly, the behavioral and imaging
findings in HTT85Q macaques correlated strongly with each other and constitute a comprehensive
set of outcome measures that are be able to be used in future therapeutic evaluations in this model.

An advantage of viral-mediated HD macaques over the transgenic macaque models that have
been created to date is that they can be generated in large enough numbers to appropriately
power studies investigating new biomarkers of disease progression and promising therapeutics.
While the transgenic HD macaque model (exons 1-10 of the hHTT gene with 67-73Q) created
by Chan et al. showed several key disease symptoms (progressive motor phenotypes, evidence
of impulsivity, and changes in temperament), along with WM microstructural changes, striatal
atrophy, and aggregate formation, they only generated and characterized a small cohort of three
transgenic animals, along with controls, precluding evaluation of any therapeutics (Chan et al.,
2014; Chan et al., 2015; Raper et al., 2016; Meng et al., 2017; Lallani et al., 2019). In addition
to being able to generate larger cohorts of animals, viral-vector-based macaque models allow for
leeway in model design including the ability to assess different promoters, HTT fragment lengths,
CAG repeat lengths, capsid serotypes (and combinations thereof) in a shorter timeframe, and
with less expense, compared to transgenic and knock-in NHP models. For example, if desired,
a longer prodromal phase in this AAV-based macaque model may be achievable by expanding
the HTT fragment length (i.e., expressing the first 10 exons of human mHTT cDNA vs. the first
3 exons). Increasing the mHTT fragment length would also expand the real estate available for
mHTT- lowering therapeutics. A longer prodromal phase may also be achieved by lowering the
CAG repeat number, particularly given that HD patients show a direct correlation between CAG
repeat length and age at disease onset (Lee et al., 2012). As the CAA/CAG cassette has been
recently shown to associate with disease progression scores in human HD patients (Ciosi et al.,
2019), removal or duplication of this cassette may be another mechanism by which the rate of
disease progression can be hastened or prolonged, respectively. Another possibility is to engineer
patient-relevant single nucleotide polymorphisms into the mHTT transgene for evaluation of allele-
specific HTT-lowering therapeutics.

While the AAV2:2retro-HTT85Q model presented here offers advantages over some of the
existing small and large HD animal models, there are limitations to acknowledge as well. Current
viral vector packaging capacity limitations preclude expression of the full-length HTT gene and
the N171 N-terminal fragment of mHTT is expressed instead. This size restriction extends to the
control construct as well, and may be responsible for some of the intermediate behavioral effects
that we observed in the 10Q group, as wildtype HTT is not typically cleaved by cellular proteases
into smaller N-terminal fragments. Other limitations of this model include expression of HTT from a
strong promoter (CAG) versus an endogenous HTT promoter and the fact that HTT85Q macaques
have two wildtype, endogenous HTT alleles, in addition to the pathogenic human mHTT transgene.
The HTT85Q transgene lacks introns, which precludes the formation of alternatively spliced variants
(e.g., HTTexon1), known to contribute to mHTT-mediated toxicity (Sathasivam et al., 2013). Future
optimization of the transgene design to include intron 1 may be able to get around this limitation.
Finally, expression of mHTT in viral-based models is limited to areas of transduction, while HTT is
expressed throughout the brain and in peripheral tissues. The current model employed a mixture
of AAV2 and AAV2.retro delivered into the caudate and putamen, which achieved a much broader
expression of mHTT throughout the brain compared to previous vector-based models, but expres-
sion is not ubiquitous.

As some of the HTT-lowering therapeutics currently under preclinical investigation are delivered
using viral vectors (i.e., miRNAs, zinc finger protein-repressors, CRISPR-mediated gene editing, etc.)
it will be critical to investigate the potential immune considerations of AAV-based therapeutics in this
model, where neutralizing antibodies generated from creating the model could potentially reduce the
efficacy of a second AAV vector to deliver its gene cargo. Should this be an issue, plasmapheresis,
immunosuppression and/or capsid serotype switching using AAVs from distinct clades may be viable
options. Other therapeutics also amendable to testing in this model include antisense oligonucle-
otides, stem cell-based therapeutics, small molecules, neurotransmitter-modulating pharmacother-
apeutics, among others. Taken together, we are hopeful that the AAV2:AAV2retro macaque model
will become a new resource for the HD research community, both for identifying novel biomarkers of
disease progression as well as testing promising therapeutic candidates.
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Methods
Experimental model and subject details

Animals

This study included 17 adult Rhesus Macaques (Macaca mulatta) (age 6-13; n = 12 female, n = 5 male)
(Table 1). Monkeys were pair housed on a 12-hr light/dark cycle, provided with monkey chow rations
twice daily, and given ad libitum access to water. Animal weights were recorded monthly by veterinary
staff and heath checks were conducted by Oregon National Primate Research Center (ONPRC) veteri-
nary and technical staff daily. The Institutional Animal Care and Use Committee (protocol: IPO0000408)
and the Institutional Biosafety Committee (protocol: 09-13) at the ONPRC and Oregon Health and
Science University (OHSU) approved all experimental procedures, and all of the guidelines specified
in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National
Research Council, 2011) were strictly followed.

Viral vectors

pPAAV2.retro capsid plasmids were provided by the Karpova lab at the Howard Hughes Medical Institute
(HHMI), Janelia Research Campus and pAAV2 capsid plasmids were supplied by the OHSU/ONPRC
Molecular Virology Support Core. Plasmids containing the N171 N-terminal fragment sequence of
human HTT were manufactured by GenScript and subsequently cloned into a transgene cassette
flanked by viral inverted terminal repeats. The glutamine encoded repeat for HTT85Q contained 83
pure CAG repeats, followed by a single CAA/CAG cassette, while the glutamine encoded sequence
for HTT10Q contained 8 pure CAG repeats followed by a single CAA/CAG cassette. Both constructs
contained a proline stretch distal to the glutamine repeat in the following allelic conformation where
QT represents the total glutamine length:

HTT85Q: Q' = 85, (CAG)s5(CAACAG),(CCGCCA),(CCG),(CCT),
HTT10Q: Q" = 10, (CAG)s(CAACAG),(CCGCCA),(CCG),(CCT),

HTT transgene expression was driven by a CAG promoter (cytomegalovirus [CMV] enhancer fused
to the chicken beta-actin promoter) in both vector constructs. Recombinant AAV2 and AAV2.retro
vectors were produced by the OHSU Molecular Virology Support Core and were prepared using a
scalable transfection method as previously described in Weiss et al., 2020. Viral titers were deter-
mined by quantitative PCR of purified vector particles using a CAG primer/probe set: Forward: 5-C
CATCGCTGCACAAAATAATTAAAA-3', Reverse: 5-CCACGTTCTGCTTCACTCTC-3', Probe: 5-CCCCT
CCCCACCCCCAATTTT-3". Neutralizing antibody (Nab) assays were carried out as previously reported
(Weiss et al., 2020), and animals with anti-AAV2 Nab titers of 1:20 or less were selected as study
participants.

Surgery

Pre-surgical procedures and surgical parameters were identical to those previously reported (Weiss
et al., 2020), with a few noted deviations. Immediately prior to surgery, all animals received a
12.5-min, T1-weighted MRI scan, which was used for surgical targeting for each of the injection
tracts using the Osirix Lite DICOM Viewer. Animals received four bilateral injections (eight injec-
tions total) of either a 1:1 mixture of AAV2 and AAV2.retro at a titer of 1e12 vg/ml or a buffered
saline injection w/ F-Pluronic (n = 6 animals injected with AAV2-HTT85Q + AAV2.retro-HTT85Q, n
= 6 with AAV2-HTT10Q + AAV2.retro-HTT10Q and n = 5 with phosphate buffered saline). Injec-
tions were made bilaterally into the pre-commissural caudate (90 pl) and putamen (95 pl) as well as
the post-commissural caudate (60 pl) and putamen (85 pl), for a volume of 330 pl per hemisphere.
Pre-commissural injection sites in the caudate and putamen were located, on average, 22-24 mm
anterior to the earbar zeroing point (approximately 1 mm in front of the crossing of the anterior
commissure), while post-commissural sites in these structures were located, on average, 18-19 mm
anterior to the earbar zeroing point. Injection sites were spaced approximately 4-5 mm apart from
one another in both the caudate and the putamen, determined by our previous work assessing the
biodistribution of AAV2 and AAV2.retro in these brain structures (Weiss et al., 2020). Injections
into the caudate were located, on average, 6 mm lateral to the sagittal sinus and 15-16 mm ventral
to the pial surface. Injections into the putamen were located, on average, 12-14 mm lateral to the

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 19 of 30


https://doi.org/10.7554/eLife.77568

e Llfe Research article

Neuroscience

sagittal sinus and 18-19 mm ventral to the pial surface. Infusate was administered using convection
enhanced delivery, with the rate ramping up from 1 to 4 pl/min, with a 0.5 pl increase every 5 min.
Following completion of all injections, dura was sutured closed, craniotomy sites were filled with gel
foam, musculature and skin were sutured, and postoperative care was administered as previously
described (Weiss et al., 2020).

3-Choice SDR task

The 3-Choice SDR assesses spatial working memory and was conducted in a Wisconsin General Testing
Apparatus (WGTA) equipped with a plexiglass 3-well stimulus tray (6 cm in diameter, 2.5 cm depth,
8.5 cm apart; Figure 1A). Wells were arranged in a single row on the tray and were covered with iden-
tical plastic discs. At the beginning of each trial, an experimenter who was blind to the monkey’s treat-
ment group uncovered one of the wells, placed a preferred food reward in the well, and replaced the
cover on the well. The screen was then lowered and a stopwatch started. After a delay, the screen was
raised, and the monkey was allowed to displace one of the well covers. If the baited well was chosen,
the monkey was allowed to retrieve the food reward, after which the experimenter lowered the screen
and marked the trial correct. If the monkey uncovered one of the nonbaited wells, the screen was
quickly lowered, the trial marked incorrect, and a new trial started. Prior to surgery, the animals were
trained to complete this task to an 80% correct criterion using a 1 s delay. During the training sessions,
positive reinforcement was employed, including the use of a clicker and a preferred food reward for
correct choices. Negative reinforcement was never used. Fifteen of 17 animals successfully acquired
the rules of the task (Table 1). At the baseline, 3-, 6-, 9-, 14-, 20-, and 30-month study timepoints,
monkeys completed two sessions of this task, on two consecutive days, with variable delays of 1, 3,
and 5 s (8 trials each), resulting in 48 trials total. Each response was recorded and an intertrial interval
of 15 s was initiated before advancing to the next trial.

Lifesaver Retrieval Task

Fine motor skill capability was assessed using the Lifesaver Retrieval Task. This task was conducted in
a WGTA equipped with a plexiglass cage front containing two arm openings as well as a plexiglass
stimulus tray with two vertical, metal posts (7.5 cm high, 11.5 cm apart) on the left and right side of
the tray (Figure 1D). At the beginning of each trial, the experimenter threaded a Lifesaver candy onto
one of the two posts. The screen was lifted to allow the monkey to retrieve the candy with their ipsi-
lateral hand (right hand/right post, left hand/left post). For each session, the position of the Lifesaver
alternated between the left and right post for 10 trails (n = 5 left, n = 5 right). Prior to surgery, all
17 animals successfully learned to complete this task (Table 1). During the training sessions, positive
reinforcement was employed, including the use of a clicker and a preferred food reward (in addition
to the lifesaver) for successful retrievals. Negative reinforcement was never used.Subjects completed
two sessions of this task on two consecutive days at each timepoint (baseline, 3, 6, 9, 14, 20, and 30
months). The retrieval latency was recorded in seconds and defined as the time interval between when
monkey’s hand first passed through the fiberglass holes in the stimulus tray and ended when their
hand was completely withdrawn back into the cage.

Neurological ratings

An NHP-specific NRS was used to score motor behaviors. Using methods previously described
(McBride et al., 2011), trained research staff who were blind to experimental treatment groups
observed each monkey for 30-45 min in their home environment. Each behavioral phenotype on
the NRS was scored between 0 and 3, with a score of 0 representing normal behavior and a score
of 3 representing severely abnormal behavior (see Supplementary file 3 for a list of each behavior
scored). Monkeys were rated at baseline, prior to surgery, and at each month post-surgery, with the
addition of a 2-week post-surgery timepoint. Ratings were conducted during the same time of day,
between 12 pm and 4 pm. Additionally, we rated the animals using the NRS both prior to, and for
45 min following intra-muscular administration of the dopamine agonist, Apomorphine HCI (0.3 mg/
kg, Sigma). Apomorphine ratings were conducted at baseline and 3-, 6-, 9-,14-, and 20-month post-
surgery, but not at the 30-month timepoint.
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MRI acquisition

At 3-, 6-, 9-, 14-, 20-, and 30-month timepoints multimodal neuroimaging data were collected from the
animals on study. All monkeys were anesthetized for the duration of the scanning session to prevent
motion artifacts and to ensure their safety. Anesthesia was induced with ketamine HCI (15 mg/kg
IM), and maintained via inhalation of 1-2% isoflurane gas vaporized in 100% oxygen. Animals were
positioned on the scanner bed in a head-first supine orientation and immobilized in the head coil with
foam padding. A fiducial marker (vitamin E tablet) was taped to the right side of the head prior to each
scan. Blood oxygenation and heart rate were continually monitored throughout the scan by trained
veterinary staff. Post scan, the animals were extubated, returned to their housing environment, and
their recovery monitored closely for several hours by laboratory and veterinary staff.

A Siemens Prisma whole body 3T MRI system (Erlangen, Germany) with a 16-channel pediatric
head rf coil was used to acquire all of the MR images. Four types of images were acquired: 3D
T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE; Mugler and Brookeman,
1990), 3D T2-weighted sampling perfection with application optimized contrasts using different flip
angle evolution (SPACE) (Mugler et al., 2000), DTI scans, and resting-state functional connectivity
(rs-fMRI) scans. Details of the acquisition parameters for the structural (T1w/T2w) and DTl have been
previously described and were identical to those reported by Weiss et al., 2021. Briefly, 3D SPACE
imaging sequences were acquired with 0.5 mm isotropic voxels (TE/TR = 385/3200 ms, flip angle =
120°, 320 x 320 x 224). Three SPACE images were acquired in each session (total acquisition time
29 min 42 s). For 3D MP-RAGE imaging sequences, voxel sizes and the field of view were identical
to the 3D SPACE images (TE/TR/TI = 3.44/2600/913 ms, flip angle = 8°). Similarly, three MP-RAGE
images were acquired in each imaging session (total acquisition time 31 min 9 s). Diffusion-weighted
(DW) volumes were acquired using a spin-echo planar imaging (EPI) sequence with 1.0 mm isotropic
voxels and TR/TE = 6700/73 ms, GRAPPA factor = 2, echo train length = 52. Seven repetitions of 6 b0
volumes and 30 DW volumes with single b = 1000 s/mm? and an anterior-to-posterior phase-encoding
direction were acquired each session. To correct for susceptibility-induced distortions, a single b0
volume with a reversed (posterior-to-anterior) phase-encoding direction was also acquired (acquisition
time 29 min 39 s). For rs-fMRI, BOLD images were acquired using T2-weighted GE-EPI sequence (TE/
TR = 25/2290 ms and flip angle = 79°). Voxel sizes were 1.5 isotropic, and 784 3D volume images
were collected. To control for effects of anesthesia on the BOLD signal, each rs-fMRI run started
45-50 min after the subject was first anesthetized with ketamine, and all animals were maintained on
a constant level of 1% isoflurane during rs-fMRI acquisition. Following the rs-fMRI scan, there was a
short reverse phase-encoded rs-fMRI scan (with 20 volume images) that was acquired for distortion
correction (acquisition time 31 min 40 s).

SPACE/MP-RAGE processing

SPACE and MP-RAGE images were processed using identical procedures. First, each of the three
images collected during the imaging session were averaged. To accomplish this, the first scanned
image from each modality was selected as the reference, and the other two images were registered to
the reference with rigid-body transformations using ANTS (version 2.1, http://stnava.github.io/ANTs/;
Cook, 2022) These warped images were subsequently averaged using FSL to produce merged T1w
and T2w whole-head images (version 5.0, http://fs|.fmrib.ox.ac.uk/fsl/fslwiki/). Due to similarities in
the image contrasts of the T2w, b0, and EPI sequences, registration between the imaging modalities is
superior when T2w data are used for structural alignment, compared to T1w data (Weiss et al., 2021,
Adluru et al., 2012). Additionally, data from human clinical populations have also demonstrated that
T2w images provide improved sensitivity for VMB/TBM (Diaz-de-Grenu et al., 2011). Therefore, we
used the ONPRC18 T2w template as our primary anatomical reference. For brain extraction, the
merged T2w image was registered to the ONPRC18 T2w whole-head template (Weiss et al., 2021)
with b-spline nonlinear transformations implemented in ANTS/FSL. Using the resulting registration
parameters, the template brain mask was inversely mapped to the T2w merged images, verified by
trained observers, and the brain extracted using FSL. Next, intensity bias correction was performed
using the ‘N4BiasFieldCorrection’ tool in ANTS (Tustison et al., 2010). Finally, to coalign the struc-
tural scans, the merged T1w image was registered to the merged T2w image with a rigid-body trans-
formation and skull stripped using the same mask. The merged T2w images were next aligned to
ONPRC18 template space using b-spline nonlinear transformations in ANTs/FSL, and the resulting
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Inverse Warp fields (representing the deformation from individual space to ONPRC18 template space)
were used to calculate log Jacobian Determinant maps with the ANTs software package. Here, posi-
tive values denote areas where individual space was dilated to align with ONPRC18 space (and was
therefore smaller), and negative values denote areas where individual space was contracted to align
with ONPRC18 space (and was therefore larger). The log Jacobian Determinant maps from each
subject at each timepoint were then analyzed using voxel-wise statistical comparisons implemented
in FSL-SwE, described below.

DTl processing

First, a susceptibility-induced off-resonance field (h) was calculated from the six pairs of bO volumes
with opposite phase-encoding direction using ‘topup’, included in the FSL library (https://fsl.fmrib.ox.
ac.uk/) (Andersson et al., 2003). A brain mask was manually generated for the resulting unwarped b0
image, and applied to the DW volumes in a denoising step that was implemented in MATLAB (script
provided by Dr. Sune Jespersen, Aarhus University; Veraart et al., 2016). To account for motion, the
eddy current induced off-resonance field (e) and rigid-body transformations (r) between DW volumes
were estimated simultaneously using ‘eddy’ (FSL). Then, the three transformations (h, e, and r) were
combined into one warp field to correct the denoised DW volumes (Andersson and Sotiropoulos,
2016). Finally, the DTI-TK toolkit was used to fit the denoised, eddy corrected bOs and DW volume to
a single tensor (DTI) model. The DTI tensor maps for each animal at each timepoint were next aligned
to the ONPRC18 tensor template with b-spline nonlinear registrations, and parameter maps for FA,
AD, RD, and MD were subsequently generated in template space using DTI-TK and then compared
using voxel-wise statistical comparisons implemented in FSL-SwE, described below.

Resting-state fMRI

Preprocessing rs-fMRI data were implemented with scripts from the Analysis of Functional Neuro
Images (AFNI) Software package (https://afni.nimh.nih.gov) that were modified in-house for use with
NHP data (Grant et al., 2022). The T2w SPACE brain images were used to co-register the resting-
state data in anatomical space and transformed to ONPRC18 template space using the deformation
fields generated by ANTs in the TBM pipeline described above. After regressing for signals of cerebral
spinal fluid (CSF)and WM, motion, and outliers’ censors (Jo et al., 2010), FSL-MELODIC software
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC) was applied to the baseline data to derive group-level
connectivity networks using ICA (Beckmann et al., 2005). This approach identified four independent
components (ICs) which appeared to align with previously described resting-state networks identified
in macaques (Yacoub et al., 2020; Hutchison et al., 2011) and humans (Beckmann et al., 2005;
Finn et al., 2015; Allen et al., 2014; Smith et al., 2009), overlapped primarily gray matter regions,
and possessed low-frequency spectral power (Griffanti et al., 2017, Figure 4—figure supplement
1). Based on these criteria, the remaining four ICs were not further examined (Griffanti et al., 2017,
Figure 4—figure supplement 2). To facilitate longitudinal group-level comparisons, DR analysis was
applied to each timepoint using FSL tools, focusing on the four ICs of interest. z-Scores from each
of these four group-level ICs identified at baseline were then regressed against the individual 4D
datasets at all of the timepoints to produce variance normalized time-courses for each of the four ICs
for each induvial subject, and z-score maps indicating subject-level covariance patterns with each of
the four ICs brain-wide at each timepoint. These methods closely recapitulate the approaches used
by Grant et al., 2022. Voxel-wise differences between groups were then analyzed using FSL-SwE,
described below.

Quantification and statistical analysis

Analysis of behavioral data

To account for individual differences in task performance pre-surgery, all behavioral measures (%
correct, retrieval latency, NRS score) were analyzed as change scores, calculated by subtracting the
baseline values from each subsequent timepoint. Line charts and bar graphs were created using PRISM
and IBM SPSS software packages illustrating group means (+ SEM). Repeated measure ANOVAs,
implemented in SPSS, were used to compare scores between groups over time. For the 3-Choice SDR
task, delay was included as a third factor in the ANOVA,; for the Lifesaver Retrieval Task, hand was
included as a third factor; and for the NRS, apomorphine was included as a third factor. Significance
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was defined by p < 0.05, and post hoc tests with the Bonferroni correction for multiple compari-
sons were used to compare significant main effects. Additional planned comparisons were conducted
using independent-sample t-test comparing between groups at each timepoint separately, to further
elucidate the time-course of any group differences. One animal from the 85Q group was unavailable
for behavioral analyses at the 30 M timepoint (n = 5 vs. n = 6). All of the behavioral assessments were
conducted by research staff that were blind to the experimental group of the animal. Additionally, all
of the data were deidentified prior to statistical analysis using generic subject codes in place of animal
ID numbers.

Analysis of DTI, TBM, and rs-fMRI data

For all imaging modalities (TBM, DTI, and rs-fMRI), parameter maps (log Jacobian Determinants,
FA, AD, MD, RD, and z-scores) were compared across timepoints using the FSL Sandwich Estimator
(FSL-SwE) tool (Guillaume et al., 2014) with threshold free cluster enhancement, 500 permutations
(Winkler et al., 2014), and a gray matter mask, a WM mask, or a whole brain mask derived from the
ONPRC18 labelmap. A threshold of p < 0.01 was applied to all the results, however, due to the small
sample sizes in this study, family-wise error correction was not applied. Visualizations of the thresh-
olded p-value maps were created using FSLeyes. To summarize the regional distribution of significant
voxel-wise changes, for each contrast we calculated the percent of p < 0.01 voxels in each ROl in the
ONPRC18 labelmap. This was accomplished by first using FSL tools to threshold and binarize and
the p-value maps at p < 0.01 and then AFNI tools (3dcalc) to extract volume information. Histograms
were subsequently plotted to illustrate the percent volume of each ROI with significant changes from
baseline. Finally, to assess the magnitude of the changes, ‘difference’ maps were calculated for each
imaging parameter (log Jacobian Determinants, FA, AD, MD, RD, and z-scores) by subtracting base-
line from each subsequent timepoint (implemented using fsimaths commands). Then, for each param-
eter, masks were created from the thresholded p-value maps at each timepoint, and the average
‘difference’ value calculated under each p-value mask. This calculation was made brain-wide, rather
than for each ROI separately. Using these data, the changes in the neuroimaging parameters were
assessed with repeated measure ANOVAs including post hoc group comparisons using the Bonferroni
correction; additionally, the behavioral and imaging measures were collapsed across time (averaged)
and correlated using one-tailed Pearson correlations in SPSS. One animal from the 85Q group was
unavailable for imaging analyses at the 30 M timepoint (n = 5 vs. n = 6). All of the imaging measure-
ments were collected by research staff that were blind to the experimental group of the animal.
Additionally, all of the imaging data were deidentified prior to statistical analysis using generic subject
codes in place of animal ID numbers.

Tissue collection

Necropsies were performed as previously reported in Weiss et al., 2020. Brains were cut into
4-mm-thick slabs in a rhesus brain matrix (ASI Instruments, MBM-2000C). Slabs from the left hemi-
sphere were used for sub-regional tissue collection; tissue punches were snap frozen, stored at —80°C
and are dedicated to future molecular studies. Slabs from the right hemisphere were post-fixed at 4
degrees Celsius in 4% paraformaldehyde (PFA) for 48 hr and then placed into a 30% sucrose solu-
tion at 4 degrees Celsius for 2 weeks (30% sucrose solution was changed out every 4 days for fresh
solution). Slabs were then sectioned coronally into 40-uM-thick sections on a freezing microtome and
tissue sections were stored at 4 degrees Celsius in a cryoprotective solution containing 30% sucrose
and 30% ethylene glycol in phosphate buffered saline. Sodium azide (0.1%) was added to the cryporo-
tective solution as an antimicrobial agent. For longer term storage, tissue sections were stored at -20
degrees Celsius in cryoprotective solution. Needle tracts corresponding to the surgical injection sites
were verified in animals from all groups during tissue collection and cutting.

Tissue staining and microscopy

Immunohistochemistry

Tissue sections from all animals were rinsed in Tris-buffered saline (TBS) with 0.05% Triton X-100
before being blocked in TBS solution containing 10% normal goat serum (Gibco). Sections were incu-
bated in an em48 (Millipore, MAB 5374, 1:500) or 1-82 aa/2B4 (MAB 5392, 1:500) primary antibody
solution overnight. Sections were washed and incubated in a goat anti-mouse biotinylated secondary
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antibody solution for 1 hr (Vector Labs, BA-9200, 1:500). Tissue was rinsed and the signal was devel-
oped using a standard Vectastain ABC kit (Vector Laboratories, PK6100) for 1 hr before developed in
3,3-diaminobenzidene (DAB) with nickel (ll) sulfate (0.05% DAB, 2.5% nickel (Il) sulfate hexahydrate,
0.02% H,0,, Tris-buffered saline).

Triple-label immunofluorescence

Native tissue autofluorescence was quenched by under a 4500 lumen, broad spectrum LED light for
48 hr (tissue sections in dishes containing PBS). Tissue was then rinsed and blocked as reported above
and incubated in a primary antibody solution containing either em48 (1:250) and NeuN (Millipore,
ABN78, 1:500) or em48 and GFAP (Dako, 20334, 1:1000). Secondary antibody incubation was the
same for either condition, 1.5 hr in solution with Alexafluor Goat anti-Mouse 488 (Invitrogen, 1:500)
for em48 visualization followed by 1 hr in Goat anti Rabbit 546 (Invitrogen, 1:500) to visualize NeuN
or GFAP. Nuclei were labeled with a 30-s incubation in Hoechst 33342 (Invitrogen, H3570, 1:10,000).

Microscopy

Brightfield images were captured on an Olympus BX51 microscope using 4X (U PlanS Apo, NA 0.16)
and 20X (UPlanFL N, NAO.50) objectivesand an Olympus DP72 camera. x20 images were captured
as extended field images using CellSens software (version 1.15) Immunofluorescence images were
captured on a Leica SP5 confocal microscope using a x63 oil immersion objective (HCX Plan Apo
lambda CS, NA 1.4), scan speed 1024 x 1024. Images displayed in Figure 5B, C were captured from
a single z-plane (vs. a z-projection), were cropped and magnified from the x63 image and brightness
and gain of each channel were optimized using LAS AF software (Leica Application Suite, Advanced
Fluorescence Version 2.7.3.9723).

Acknowledgements

We extend our sincere gratitude to the ONPRC Division of Animal Resources and Research Support
for the excellent care provided to the rhesus macaques involved in this study, with special acknowl-
edgement of the steadfast and expert veterinary efforts that Lauren Drew Martin, Theodore Hobbs,
Melissa Berg, Brandy Dozier, Rob Zweig, Michael Reusz, Alona Kvitky, Kristy Ritchie, Amy Kujacznski,
and Isabel Bernstein contributed to this work.

Additional information

Funding

Funder Grant reference number Author
National Institutes of NS099136 Jodi L McBride
Health

National Institutes of F32NS110149 Alison R Weiss
Health

National Institutes of T32AG055378 Alison R Weiss
Health

National Institutes of P510D011092 Jodi L McBride
Health

The Bev Hartig Jodi L McBride
Huntington's Disease

Foundation

National Institutes of S10RR024585 Sathya Srinivasan
Health

The funders had no role in study design, data collection, and interpretation, or the
decision to submit the work for publication.

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 24 of 30


https://doi.org/10.7554/eLife.77568

(3
ELlfe Research article Neuroscience

Author contributions

Alison R Weiss, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Supervision, Validation, Visualization, Writing — original draft, Writing — review and editing; William A
Liguore, Kristin Brandon, Conceptualization, Data curation, Formal analysis, Supervision, Validation,
Visualization, Writing — original draft, Writing — review and editing; Xiaojie Wang, Zheng Liu, Formal
analysis, Supervision, Visualization, Writing - review and editing; Jacqueline S Domire, Supervision,
Project administration; Dana Button, Supervision, Visualization, Writing — review and editing; Sathya
Srinivasan, Methodology, Resources, Visualization; Christopher D Kroenke, Conceptualization, Data
curation, Formal analysis, Investigation, Funding acquisition, Methodology, Supervision, Validation,
Visualization, Writing — review and editing; Jodi L McBride, Conceptualization, Formal analysis, Inves-
tigation, Funding acquisition, Supervision, Validation, Visualization, Writing — original draft, Project
administration, Writing — review and editing

Author ORCIDs
Alison R Weiss @ http://orcid.org/0000-0002-1821-8193
Jodi L McBride @ http://orcid.org/0000-0002-4816-7569

Ethics

The Institutional Animal Care and Use Committee (protocol: IPO0000408) and the Institutional
Biosafety Committee (protocol: 09-13) at the ONPRC and Oregon Health and Science University
(OHSU) approved all experimental procedures, and all of the guidelines specified in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals were strictly followed.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.77568.sa
Author response https://doi.org/10.7554/¢elife.77568.sa2

Additional files

Supplementary files

¢ Supplementary file 1. Planned group comparisons for 3-Choice Spatial Delayed Response (SDR)
task using one-tailed independent sample t-tests at each timepoint. *p < 0.05, **p < 0.01, ***p <
0.001.

¢ Supplementary file 2. Planned group comparisons for Lifesaver Retrieval Latencies using one-tailed
independent sample t-tests at each timepoint. *p < 0.05, **p < 0.01, ***p < 0.001.

¢ Supplementary file 3. Neurological rating scale (NRS) for nonhuman primates. Behaviors were
scored cage-side by trained observers, blinded to treatment condition, during 30- to 45-min focal
observations. Scores were summed across categories to generate a total NRS score. Higher scores
indicate more severe phenotypes.

¢ Supplementary file 4. Planned group comparisons in monthly neurological rating scale (NRS)
scores using one-tailed independent sample t-tests at each timepoint. *p < 0.05, **p < 0.01, ***p <
0.001.

¢ Supplementary file 5. Planned comparisons for pre- versus post-apomorphine neurological

rating scale (NRS) scores at each timepoint using one-tailed paired-sample t-tests for each group
separately. *p < 0.05, **p <0.01.

¢ Transparent reporting form

Data availability

The rhesus macaque brain atlas used to assess neuroimaging data has been previously published and
uploaded to the Neuroimaging Tools and Resources Collaboratory (NITRC) https://www.nitrc.org/
projects/onprc18_atlas. Statistical results reported in Supplementary Files 1, 2, 4, 5.

References

Adluru N, Zhang H, Fox AS, Shelton SE, Ennis CM, Bartosic AM, Oler JA, Tromp DPM, Zakszewski E, Gee JC,
Kalin NH, Alexander AL. 2012. A diffusion tensor brain template for rhesus macaques. Neurolmage 59:306—
318. DOI: https://doi.org/10.1016/j.neuroimage.2011.07.029, PMID: 21803162

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 25 of 30


https://doi.org/10.7554/eLife.77568
http://orcid.org/0000-0002-1821-8193
http://orcid.org/0000-0002-4816-7569
https://doi.org/10.7554/eLife.77568.sa1
https://doi.org/10.7554/eLife.77568.sa2
https://www.nitrc.org/projects/onprc18_atlas
https://www.nitrc.org/projects/onprc18_atlas
https://doi.org/10.1016/j.neuroimage.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21803162

e Llfe Research article

Neuroscience

Allen KL, Waldvogel HJ, Glass M, Faull RLM. 2009. Cannabinoid (CB(1)), GABA(A) and GABA(B) receptor subunit
changes in the globus pallidus in huntington’s disease. Journal of Chemical Neuroanatomy 37:266-281. DOI:
https://doi.org/10.1016/j.jchemneu.2009.02.001, PMID: 19481011

Allen EA, Damaraju E, Plis SM, Erhardt EB, Eichele T, Calhoun VD. 2014. Tracking whole-brain connectivity
dynamics in the resting state. Cerebral Cortex 24:663-676. DOI: https://doi.org/10.1093/cercor/bhs352, PMID:
23146964

Andersson JLR, Skare S, Ashburner J. 2003. How to correct susceptibility distortions in spin-echo echo-planar
images: application to diffusion tensor imaging. Neurolmage 20:870-888. DOI: https://doi.org/10.1016/
S$1053-8119(03)00336-7, PMID: 14568458

Andersson JLR, Sotiropoulos SN. 2016. An integrated approach to correction for off-resonance effects and
subject movement in diffusion MR imaging. Neurolmage 125:1063-1078. DOI: https://doi.org/10.1016/j.
neuroimage.2015.10.019, PMID: 26481672

Andrews TC, Weeks RA, Turjanski N, Gunn RN, Watkins LH, Sahakian B, Hodges JR, Rosser AE, Wood NW,
Brooks DJ. 1999. Huntington’s disease progression: PET and clinical observations. Brain: A Journal of
Neurology 122 ( Pt 12):2353-2363. DOI: https://doi.org/10.1093/brain/122.12.2353, PMID: 10581228

Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, Nance M, Ross CA, Scahill RI, Wetzel R, Wild EJ,
Tabrizi SJ. 2015. Huntington disease. Nature Reviews. Disease Primers 1:15005. DOI: https://doi.org/10.1038/
nrdp.2015.5, PMID: 27188817

Baxa M, Hruska-Plochan M, Juhas S, Vodicka P, Pavlok A, Juhasova J, Miyanohara A, Nejime T, Klima J,
Macakova M, Marsala S, Weiss A, Kubickova S, Musilova P, Vrtel R, Sontag EM, Thompson LM, Schier J,
Hansikova H, Howland DS, et al. 2013. A transgenic minipig model of huntington'’s disease. Journal of
Huntington’s Disease 2:47-68. DOI: https://doi.org/10.3233/JHD-130001, PMID: 25063429

Beckmann CF, DeLuca M, Devlin JT, Smith SM. 2005. Investigations into resting-state connectivity using
independent component analysis. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 360:1001-1013. DOI: https://doi.org/10.1098/rstb.2005.1634, PMID: 16087444

Cepeda C, Murphy KPS, Parent M, Levine MS. 2014. The role of dopamine in huntington’s disease. Progress in
Brain Research 211:235-254. DOI: https://doi.org/10.1016/B978-0-444-63425-2.00010-6, PMID: 24968783

Chan AW, Xu Y, Jiang J, Rahim T, Zhao D, Kocerha J, Chi T, Moran S, Engelhardt H, Larkin K, Neumann A,
Cheng H, Li C, Nelson K, Banta H, Zola SM, Villinger F, Yang J, Testa CM, Mao H, et al. 2014. A two years
longitudinal study of A transgenic huntington disease monkey. BMC Neuroscience 15:36. DOI: https://doi.org/
10.1186/1471-2202-15-36, PMID: 24581271

Chan AWS, Jiang J, Chen Y, Li C, Prucha MS, Hu Y, Chi T, Moran S, Rahim T, Li S, Li X, Zola SM, Testa CM,

Mao H, Villalba R, Smith Y, Zhang X, Bachevalier J. 2015. Progressive cognitive deficit, motor impairment and
striatal pathology in a transgenic huntington disease monkey model from infancy to adulthood. PLOS ONE
10:e0122335. DOI: https://doi.org/10.1371/journal.pone.0122335, PMID: 25966278

Ciosi M, Maxwell A, Cumming SA, Hensman Moss DJ, Alshammari AM, Flower MD, Durr A, Leavitt BR,

Roos RAC, Holmans P, Jones L, Langbehn DR, Kwak S, Tabrizi SJ, Monckton DG, TRACK-HD team, Enroll-HD
team. 2019. A genetic association study of glutamine-encoding DNA sequence structures, somatic CAG
expansion, and DNA repair gene variants, with huntington disease clinical outcomes. EBioMedicine 48:568—
580. DOI: https://doi.org/10.1016/j.ebiom.2019.09.020, PMID: 31607598

Cook P. 2022. ANTs. swh:1:rev:77b8f2ad1fa0c4172edbad51e8e52d3a1bff33ac. Software Heritage. https://
archive.softwareheritage.org/swh:1:dir:f9fbdb47b0d88cc1d9ff0add7bda30267348dd47;origin=https://github.
com/ANTsX/ANTs;visit=swh:1:snp:54ce672986bac1adacafe9d5241e2de977e0575f1;anchor=swh:1:rev:77b8f2ad
1fa0c4172edbad51e8e52d3a1bff33ac

Crook ZR, Housman D. 2011. Huntington's disease: can mice lead the way to treatment? Neuron 69:423-435.
DOI: https://doi.org/10.1016/j.neuron.2010.12.035, PMID: 21315254

Diaz-de-Grenu LZ, Acosta-Cabronero J, Pereira JMS, Pengas G, Williams GB, Nestor PJ. 2011. MRI detection of
tissue pathology beyond atrophy in alzheimer’s disease: introducing T2-VBM. Neurolmage 56:1946-1953. DOI:
https://doi.org/10.1016/j.neurocimage.2011.03.082, PMID: 21473918

Dogan |, SaB C, Mirzazade S, Kleiman A, Werner CJ, Pohl A, Schiefer J, Binkofski F, Schulz JB, Shah NJ, Reetz K.
2014. Neural correlates of impaired emotion processing in manifest huntington’s disease. Social Cognitive and
Affective Neuroscience 9:671-680. DOI: https://doi.org/10.1093/scan/nst029, PMID: 23482620

Dumas EM, van den Bogaard SJA, Hart EP, Soeter RP, van Buchem MA, van der Grond J, Rombouts SARB,

Roos RAC, TRACK-HD investigator group. 2013. Reduced functional brain connectivity prior to and after
disease onset in huntington’s disease. Neurolmage. Clinical 2:377-384. DOI: https://doi.org/10.1016/].nicl.
2013.03.001, PMID: 24179791

Estevez-Fraga C, Scahill R, Rees G, Tabrizi SJ, Gregory S. 2020. Diffusion imaging in huntington’s disease:
comprehensive review. Journal of Neurology, Neurosurgery, and Psychiatry 92:jnnp-2020-324377. DOI: https://
doi.org/10.1136/jnnp-2020-324377, PMID: 33033167

Evers MM, Miniarikova J, Juhas S, Vallés A, Bohuslavova B, Juhasova J, Skalnikova HK, Vodicka P, Valekova I,
Brouwers C, Blits B, Lubelski J, Kovarova H, Ellederova Z, van Deventer SJ, Petry H, Motlik J, Konstantinova P.
2018. AAV5-mihtt gene therapy demonstrates broad distribution and strong human mutant huntingtin lowering
in a huntington’s disease minipig model. Molecular Therapy 26:2163-2177. DOI: https://doi.org/10.1016/].
ymthe.2018.06.021, PMID: 30007561

Farshim PP, Bates GP. 2018. Mouse models of huntington'’s disease. Methods in Molecular Biology 1780:97—
120. DOI: https://doi.org/10.1007/978-1-4939-7825-0

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 26 of 30


https://doi.org/10.7554/eLife.77568
https://doi.org/10.1016/j.jchemneu.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19481011
https://doi.org/10.1093/cercor/bhs352
http://www.ncbi.nlm.nih.gov/pubmed/23146964
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/S1053-8119(03)00336-7
http://www.ncbi.nlm.nih.gov/pubmed/14568458
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26481672
https://doi.org/10.1093/brain/122.12.2353
http://www.ncbi.nlm.nih.gov/pubmed/10581228
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.1038/nrdp.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/27188817
https://doi.org/10.3233/JHD-130001
http://www.ncbi.nlm.nih.gov/pubmed/25063429
https://doi.org/10.1098/rstb.2005.1634
http://www.ncbi.nlm.nih.gov/pubmed/16087444
https://doi.org/10.1016/B978-0-444-63425-2.00010-6
http://www.ncbi.nlm.nih.gov/pubmed/24968783
https://doi.org/10.1186/1471-2202-15-36
https://doi.org/10.1186/1471-2202-15-36
http://www.ncbi.nlm.nih.gov/pubmed/24581271
https://doi.org/10.1371/journal.pone.0122335
http://www.ncbi.nlm.nih.gov/pubmed/25966278
https://doi.org/10.1016/j.ebiom.2019.09.020
http://www.ncbi.nlm.nih.gov/pubmed/31607598
https://archive.softwareheritage.org/swh:1:dir:f9fbdb47b0d88cc1d9ff0a4d7bda30267348dd47;origin=https://github.com/ANTsX/ANTs;visit=swh:1:snp:54ce672986ac1a4acafe9d5241e2de977e0575f1;anchor=swh:1:rev:77b8f2ad1fa0c4172edba451e8e52d3a1bff33ac
https://archive.softwareheritage.org/swh:1:dir:f9fbdb47b0d88cc1d9ff0a4d7bda30267348dd47;origin=https://github.com/ANTsX/ANTs;visit=swh:1:snp:54ce672986ac1a4acafe9d5241e2de977e0575f1;anchor=swh:1:rev:77b8f2ad1fa0c4172edba451e8e52d3a1bff33ac
https://archive.softwareheritage.org/swh:1:dir:f9fbdb47b0d88cc1d9ff0a4d7bda30267348dd47;origin=https://github.com/ANTsX/ANTs;visit=swh:1:snp:54ce672986ac1a4acafe9d5241e2de977e0575f1;anchor=swh:1:rev:77b8f2ad1fa0c4172edba451e8e52d3a1bff33ac
https://archive.softwareheritage.org/swh:1:dir:f9fbdb47b0d88cc1d9ff0a4d7bda30267348dd47;origin=https://github.com/ANTsX/ANTs;visit=swh:1:snp:54ce672986ac1a4acafe9d5241e2de977e0575f1;anchor=swh:1:rev:77b8f2ad1fa0c4172edba451e8e52d3a1bff33ac
https://doi.org/10.1016/j.neuron.2010.12.035
http://www.ncbi.nlm.nih.gov/pubmed/21315254
https://doi.org/10.1016/j.neuroimage.2011.03.082
http://www.ncbi.nlm.nih.gov/pubmed/21473918
https://doi.org/10.1093/scan/nst029
http://www.ncbi.nlm.nih.gov/pubmed/23482620
https://doi.org/10.1016/j.nicl.2013.03.001
https://doi.org/10.1016/j.nicl.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24179791
https://doi.org/10.1136/jnnp-2020-324377
https://doi.org/10.1136/jnnp-2020-324377
http://www.ncbi.nlm.nih.gov/pubmed/33033167
https://doi.org/10.1016/j.ymthe.2018.06.021
https://doi.org/10.1016/j.ymthe.2018.06.021
http://www.ncbi.nlm.nih.gov/pubmed/30007561
https://doi.org/10.1007/978-1-4939-7825-0

e Llfe Research article

Neuroscience

Finn ES, Shen X, Scheinost D, Rosenberg MD, Huang J, Chun MM, Papademetris X, Constable RT. 2015.
Functional connectome fingerprinting: identifying individuals using patterns of brain connectivity. Nature
Neuroscience 18:1664-1671. DOI: https://doi.org/10.1038/nn.4135, PMID: 26457551

Frank S, Testa CM, Stamler D, Kayson E, Davis C, Edmondson MC, Kinel S, Leavitt B, Oakes D, O'Neill C,
Vaughan C, Goldstein J, Herzog M, Snively V, Whaley J, Wong C, Suter G, Jankovic J, Jimenez-Shahed J,
Hunter C, et al. 2016. Effect of deutetrabenazine on chorea among patients with huntington disease: A
randomized clinical trial. JAMA 316:40-50. DOI: https://doi.org/10.1001/jama.2016.8655, PMID: 27380342

Glass M, Faull RL, Dragunow M. 1993. Loss of cannabinoid receptors in the substantia nigra in huntington’s
disease. Neuroscience 56:523-527. DOI: https://doi.org/10.1016/0306-4522(93)90352-g, PMID: 8255419

Glass M, Dragunow M, Faull RL. 2000. The pattern of neurodegeneration in huntington’s disease: A comparative
study of cannabinoid, dopamine, adenosine and GABA(A) receptor alterations in the human basal ganglia in
huntington’s disease. Neuroscience 97:505-519. DOI: https://doi.org/10.1016/s0306-4522(00)00008-7, PMID:
10828533

Grant KA, Newman N, Lynn C, Davenport C, Gonzales S, Cuzon Carlson VC, Kroenke CD. 2022. Brain functional
connectivity mapping of behavioral flexibility in rhesus monkeys. The Journal of Neuroscience 42:4867-4878.
DOI: https://doi.org/10.1523/JNEUROSCI.0816-21.2022, PMID: 35552233

Gregory S, Cole JH, Farmer RE, Rees EM, Roos RAC, Sprengelmeyer R, Durr A, Landwehrmeyer B, Zhang H,
Scahill RI, Tabrizi SJ, Frost C, Hobbs NZ. 2015. Longitudinal diffusion tensor imaging shows progressive
changes in white matter in huntington’s disease. Journal of Huntington’s Disease 4:333-346. DOI: https://doi.
org/10.3233/JHD-150173, PMID: 26756590

Griffanti L, Douaud G, Bijsterbosch J, Evangelisti S, Alfaro-Almagro F, Glasser MF, Duff EP, Fitzgibbon S,
Westphal R, Carone D, Beckmann CF, Smith SM. 2017. Hand classification of fmri ICA noise components.
Neurolmage 154:188-205. DOI: https://doi.org/10.1016/j.neuroimage.2016.12.036, PMID: 27989777

Guillaume B, Hua X, Thompson PM, Waldorp L, Nichols TE. 2014. Fast and accurate modelling of longitudinal
and repeated measures neuroimaging data. Neurolmage 94:287-302. DOI: https://doi.org/10.1016/].
neuroimage.2014.03.029, PMID: 24650594

Handley RR, Reid SJ, Patassini S, Rudiger SR, Obolonkin V, McLaughlan CJ, Jacobsen JC, Gusella JF,
MacDonald ME, Waldvogel HJ, Bawden CS, Faull RLM, Snell RG. 2016. Metabolic disruption identified in the
huntington’s disease transgenic sheep model. Scientific Reports 6:20681. DOI: https://doi.org/10.1038/
srep20681, PMID: 26864449

Handley RR, Reid SJ, Brauning R, Maclean P, Mears ER, Fourie |, Patassini S, Cooper GJS, Rudiger SR,
McLaughlan CJ, Verma PJ, Gusella JF, MacDonald ME, Waldvogel HJ, Bawden CS, Faull RLM, Snell RG. 2017.
Brain urea increase is an early huntington'’s disease pathogenic event observed in a prodromal transgenic
sheep model and HD cases. PNAS 114:E11293-E11302. DOI: https://doi.org/10.1073/pnas. 1711243115,
PMID: 29229845

Herndon ES, Hladik CL, Shang P, Burns DK, Raisanen J, White CL. 2009. Neuroanatomic profile of polyglutamine
immunoreactivity in huntington disease brains. Journal of Neuropathology and Experimental Neurology
68:250-261. DOI: https://doi.org/10.1097/NEN.0b013e318198d320, PMID: 19225411

Hickman RA, Faust PL, Marder K, Yamamoto A, Vonsattel JP. 2022. The distribution and density of huntingtin
inclusions across the huntington disease neocortex: regional correlations with huntingtin repeat expansion
independent of pathologic grade. Acta Neuropathologica Communications 10:55. DOI: https://doi.org/10.
1186/s40478-022-01364-1, PMID: 35440014

Hobbs NZ, Henley SMD, Ridgway GR, Wild EJ, Barker RA, Scahill Rl, Barnes J, Fox NC, Tabrizi SJ. 2010. The
progression of regional atrophy in premanifest and early huntington’s disease: a longitudinal voxel-based
morphometry study. Journal of Neurology, Neurosurgery, and Psychiatry 81:756-763. DOI: https://doi.org/10.
1136/jnnp.2009.190702, PMID: 19955112

Hohenfeld C, Werner CJ, Reetz K. 2018. Resting-state connectivity in neurodegenerative disorders: is there
potential for an imaging biomarker? Neurolmage. Clinical 18:849-870. DOI: https://doi.org/10.1016/j.nicl.
2018.03.013, PMID: 29876270

Howland D, Ellederova Z, Aronin N, Fernau D, Gallagher J, Taylor A, Hennebold J, Weiss AR, Gray-Edwards H,
McBride J. 2020. Large animal models of huntington’s disease: what we have learned and where we need to
go next. Journal of Huntington’s Disease 9:201-216. DOI: https://doi.org/10.3233/JHD-200425, PMID:
32925082

Huntington Study G. 2006. Tetrabenazine as antichorea therapy in huntington disease: a randomized controlled
trial. Neurology 66:366-372. DOI: https://doi.org/10.1212/01.wnl.0000198586.85250.13, PMID: 16476934

Huntington study group. 1996. Unified huntington’s disease rating scale: reliability and consistency. Movement
Disorders 11:136-142. DOI: https://doi.org/10.1002/mds.870110204, PMID: 8684382

Hutchison RM, Leung LS, Mirsattari SM, Gati JS, Menon RS, Everling S. 2011. Resting-state networks in the
macaque at 7 T. Neurolmage 56:1546-1555. DOI: https://doi.org/10.1016/j.neuroimage.2011.02.063, PMID:
21356313

Jacobsen JC, Bawden CS, Rudiger SR, McLaughlan CJ, Reid SJ, Waldvogel HJ, MacDonald ME, Gusella JF,
Walker SK, Kelly JM, Webb GC, Faull RLM, Rees MI, Snell RG. 2010. An ovine transgenic huntington'’s disease
model. Human Molecular Genetics 19:1873-1882. DOI: https://doi.org/10.1093/hmg/ddq063, PMID:
20154343

Jo HJ, Saad ZS, Simmons WK, Milbury LA, Cox RW. 2010. Mapping sources of correlation in resting state FMRI,
with artifact detection and removal. Neurolmage 52:571-582. DOI: https://doi.org/10.1016/j.neuroimage.
2010.04.246, PMID: 20420926

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 27 of 30


https://doi.org/10.7554/eLife.77568
https://doi.org/10.1038/nn.4135
http://www.ncbi.nlm.nih.gov/pubmed/26457551
https://doi.org/10.1001/jama.2016.8655
http://www.ncbi.nlm.nih.gov/pubmed/27380342
https://doi.org/10.1016/0306-4522(93)90352-g
http://www.ncbi.nlm.nih.gov/pubmed/8255419
https://doi.org/10.1016/s0306-4522(00)00008-7
http://www.ncbi.nlm.nih.gov/pubmed/10828533
https://doi.org/10.1523/JNEUROSCI.0816-21.2022
http://www.ncbi.nlm.nih.gov/pubmed/35552233
https://doi.org/10.3233/JHD-150173
https://doi.org/10.3233/JHD-150173
http://www.ncbi.nlm.nih.gov/pubmed/26756590
https://doi.org/10.1016/j.neuroimage.2016.12.036
http://www.ncbi.nlm.nih.gov/pubmed/27989777
https://doi.org/10.1016/j.neuroimage.2014.03.029
https://doi.org/10.1016/j.neuroimage.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24650594
https://doi.org/10.1038/srep20681
https://doi.org/10.1038/srep20681
http://www.ncbi.nlm.nih.gov/pubmed/26864449
https://doi.org/10.1073/pnas.1711243115
http://www.ncbi.nlm.nih.gov/pubmed/29229845
https://doi.org/10.1097/NEN.0b013e318198d320
http://www.ncbi.nlm.nih.gov/pubmed/19225411
https://doi.org/10.1186/s40478-022-01364-1
https://doi.org/10.1186/s40478-022-01364-1
http://www.ncbi.nlm.nih.gov/pubmed/35440014
https://doi.org/10.1136/jnnp.2009.190702
https://doi.org/10.1136/jnnp.2009.190702
http://www.ncbi.nlm.nih.gov/pubmed/19955112
https://doi.org/10.1016/j.nicl.2018.03.013
https://doi.org/10.1016/j.nicl.2018.03.013
http://www.ncbi.nlm.nih.gov/pubmed/29876270
https://doi.org/10.3233/JHD-200425
http://www.ncbi.nlm.nih.gov/pubmed/32925082
https://doi.org/10.1212/01.wnl.0000198586.85250.13
http://www.ncbi.nlm.nih.gov/pubmed/16476934
https://doi.org/10.1002/mds.870110204
http://www.ncbi.nlm.nih.gov/pubmed/8684382
https://doi.org/10.1016/j.neuroimage.2011.02.063
http://www.ncbi.nlm.nih.gov/pubmed/21356313
https://doi.org/10.1093/hmg/ddq063
http://www.ncbi.nlm.nih.gov/pubmed/20154343
https://doi.org/10.1016/j.neuroimage.2010.04.246
https://doi.org/10.1016/j.neuroimage.2010.04.246
http://www.ncbi.nlm.nih.gov/pubmed/20420926

e Llfe Research article

Neuroscience

Julayanont P, Heilman KM, McFarland NR. 2020. Early-motor phenotype relates to neuropsychiatric and
cognitive disorders in huntington’s disease. Movement Disorders 35:781-788. DOI: https://doi.org/10.1002/
mds.27980, PMID: 31922295

Kassubek J, Juengling FD, Kioschies T, Henkel K, Karitzky J, Kramer B, Ecker D, Andrich J, Saft C, Kraus P,
Aschoff AJ, Ludolph AC, Landwehrmeyer GB. 2004. Topography of cerebral atrophy in early huntington’s
disease: a voxel based morphometric MRI study. Journal of Neurology, Neurosurgery, and Psychiatry 75:213—
220 PMID: 14742591.

Kipps CM, Duggins AJ, Mahant N, Gomes L, Ashburner J, McCusker EA. 2005. Progression of structural
neuropathology in preclinical huntington’s disease: a tensor based morphometry study. Journal of Neurology,
Neurosurgery, and Psychiatry 76:650-655. DOI: https://doi.org/10.1136/jnnp.2004.047993, PMID: 15834021

Lallani SB, Villalba RM, Chen Y, Smith Y, Chan AWS. 2019. Striatal interneurons in transgenic nonhuman primate
model of huntington’s disease. Scientific Reports 9:3528. DOI: https://doi.org/10.1038/541598-019-40165-w,
PMID: 30837611

Laubach M, Amarante LM, Swanson K, White SRW, Anything I. 2018. What, if anything, is rodent prefrontal
cortex? ENeuro 5:ENEURO.0315-18.2018. DOI: https://doi.org/10.1523/ENEURO.0315-18.2018, PMID:
30406193

Lawrence AD, Sahakian BJ, Hodges JR, Rosser AE, Lange KW, Robbins TW. 1996. Executive and mnemonic
functions in early huntington’s disease. Brain 119 (Pt 5):1633-1645. DOI: https://doi.org/10.1093/brain/119.5.
1633, PMID: 8931586

Lee JM, Ramos EM, Lee JH, Gillis T, Mysore JS, Hayden MR, Warby SC, Morrison P, Nance M, Ross CA,
Margolis RL, Squitieri F, Orobello S, Di Donato S, Gomez-Tortosa E, Ayuso C, Suchowersky O, Trent RJA,
McCusker E, Novelletto A, et al. 2012. CAG repeat expansion in huntington disease determines age at onset in
a fully dominant fashion. Neurology 78:690-695. DOI: https://doi.org/10.1212/WNL.0b013e318249683,
PMID: 22323755

Lin K, Zhong X, Li L, Ying M, Yang T, Zhang Z, He X, Xu F. 2020. AAV9-retro mediates efficient transduction with
axon terminal absorption and blood-brain barrier transportation. Molecular Brain 13:138. DOI: https://doi.org/
10.1186/s13041-020-00679-1, PMID: 33054827

Lv H, Wang Z, Tong E, Williams LM, Zaharchuk G, Zeineh M, Goldstein-Piekarski AN, Ball TM, Liao C,
Wintermark M. 2018. Resting-state functional MRI: everything that nonexperts have always wanted to know.
AJNR. American Journal of Neuroradiology 39:1390-1399. DOI: https://doi.org/10.3174/ajnr.A5527, PMID:
29348136

Mahant N, McCusker EA, Byth K, Graham S, Huntington Study G. 2003. Huntington’s disease: clinical correlates
of disability and progression. Neurology 61:1085-1092. DOI: https://doi.org/10.1212/01.wnl.0000086373.
32347.16, PMID: 14581669

Majid DSA, Aron AR, Thompson W, Sheldon S, Hamza S, Stoffers D, Holland D, Goldstein J, Corey-Bloom J,
Dale AM. 2011. Basal ganglia atrophy in prodromal huntington’s disease is detectable over one year using
automated segmentation. Movement Disorders 26:2544-2551. DOI: https://doi.org/10.1002/mds.23912,
PMID: 21932302

Maxan A, Sciacca G, Alpaugh M, Tao Z, Breger L, Dehay B, Ling Z, Chuan Q, Cisbani G, Masnata M, Salem S,
Lacroix S, Oueslati A, Bezard E, Cicchetti F. 2020. Use of adeno-associated virus-mediated delivery of mutant
huntingtin to study the spreading capacity of the protein in mice and non-human primates. Neurobiology of
Disease 141:104951. DOI: https://doi.org/10.1016/j.nbd.2020.104951, PMID: 32439599

McBride JL, Pitzer MR, Boudreau RL, Dufour B, Hobbs T, Ojeda SR, Davidson BL. 2011. Preclinical safety of
rnai-mediated HTT suppression in the rhesus macaque as a potential therapy for huntington’s disease.
Molecular Therapy 19:2152-2162. DOI: https://doi.org/10.1038/mt.2011.219, PMID: 22031240

Meng Y, Jiang J, Bachevalier J, Zhang X, Chan AWS. 2017. Developmental whole brain white matter alterations
in transgenic huntington’s disease monkey. Scientific Reports 7:379. DOI: https://doi.org/10.1038/s41598-017-
00381-8, PMID: 28336929

Misiura MB, Lourens S, Calhoun VD, Long J, Bockholt J, Johnson H, Zhang Y, Paulsen JS, Turner JA, Liu J,

Kara B, Fall E, PREDICT-HD Investigators & Working Group. 2017. Cognitive control, learning, and clinical
motor ratings are most highly associated with basal ganglia brain volumes in the premanifest huntington’s
disease phenotype. Journal of the International Neuropsychological Society 23:159-170. DOI: https://doi.org/
10.1017/S1355617716001132, PMID: 28205498

Mugler JP, Brookeman JR. 1990. Three-dimensional magnetization-prepared rapid gradient-echo imaging (3D
MP RAGE). Magnetic Resonance in Medicine 15:152-157. DOI: https://doi.org/10.1002/mrm.1910150117,
PMID: 2374495

Mugler JP, Bao S, Mulkern RV, Guttmann CR, Robertson RL, Jolesz FA, Brookeman JR. 2000. Optimized
single-slab three-dimensional spin-echo MR imaging of the brain. Radiology 216:891-899. DOI: https://doi.
org/10.1148/radiology.216.3.r00au46891, PMID: 10966728

Naidoo J, Stanek LM, Ohno K, Trewman S, Samaranch L, Hadaczek P, O'Riordan C, Sullivan J,

San Sebastian W, Bringas JR, Snieckus C, Mahmoodi A, Mahmoodi A, Forsayeth J, Bankiewicz KS,
Shihabuddin LS. 2018. Extensive transduction and enhanced spread of a modified AAV2 capsid in the
non-human primate CNS. Molecular Therapy 26:2418-2430. DOI: https://doi.org/10.1016/j.ymthe.2018.07.
008, PMID: 30057240

National Research Council. 2011. Guide for the Care and Use of Laboratory Animals. 8th ed. Washington, DC:
The National Academies Press. DOI: https://doi.org/10.17226/12910

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 28 of 30


https://doi.org/10.7554/eLife.77568
https://doi.org/10.1002/mds.27980
https://doi.org/10.1002/mds.27980
http://www.ncbi.nlm.nih.gov/pubmed/31922295
http://www.ncbi.nlm.nih.gov/pubmed/14742591
https://doi.org/10.1136/jnnp.2004.047993
http://www.ncbi.nlm.nih.gov/pubmed/15834021
https://doi.org/10.1038/s41598-019-40165-w
http://www.ncbi.nlm.nih.gov/pubmed/30837611
https://doi.org/10.1523/ENEURO.0315-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30406193
https://doi.org/10.1093/brain/119.5.1633
https://doi.org/10.1093/brain/119.5.1633
http://www.ncbi.nlm.nih.gov/pubmed/8931586
https://doi.org/10.1212/WNL.0b013e318249f683
http://www.ncbi.nlm.nih.gov/pubmed/22323755
https://doi.org/10.1186/s13041-020-00679-1
https://doi.org/10.1186/s13041-020-00679-1
http://www.ncbi.nlm.nih.gov/pubmed/33054827
https://doi.org/10.3174/ajnr.A5527
http://www.ncbi.nlm.nih.gov/pubmed/29348136
https://doi.org/10.1212/01.wnl.0000086373.32347.16
https://doi.org/10.1212/01.wnl.0000086373.32347.16
http://www.ncbi.nlm.nih.gov/pubmed/14581669
https://doi.org/10.1002/mds.23912
http://www.ncbi.nlm.nih.gov/pubmed/21932302
https://doi.org/10.1016/j.nbd.2020.104951
http://www.ncbi.nlm.nih.gov/pubmed/32439599
https://doi.org/10.1038/mt.2011.219
http://www.ncbi.nlm.nih.gov/pubmed/22031240
https://doi.org/10.1038/s41598-017-00381-8
https://doi.org/10.1038/s41598-017-00381-8
http://www.ncbi.nlm.nih.gov/pubmed/28336929
https://doi.org/10.1017/S1355617716001132
https://doi.org/10.1017/S1355617716001132
http://www.ncbi.nlm.nih.gov/pubmed/28205498
https://doi.org/10.1002/mrm.1910150117
http://www.ncbi.nlm.nih.gov/pubmed/2374495
https://doi.org/10.1148/radiology.216.3.r00au46891
https://doi.org/10.1148/radiology.216.3.r00au46891
http://www.ncbi.nlm.nih.gov/pubmed/10966728
https://doi.org/10.1016/j.ymthe.2018.07.008
https://doi.org/10.1016/j.ymthe.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30057240
https://doi.org/10.17226/12910

e Llfe Research article

Neuroscience

Newman RP, Tamminga CA, Chase TN, LeWitt PA. 1985. EMD 23,448: effects of a putative dopamine
autoreceptor agonist in chorea. Journal of Neural Transmission 61:125-129. DOI: https://doi.org/10.1007/
BF01253057, PMID: 3156964

Novak MJU, Tabrizi SJ. 2011. Huntington'’s disease: clinical presentation and treatment. International Review of
Neurobiology 98:297-323. DOI: https://doi.org/10.1016/B978-0-12-381328-2.00013-4, PMID: 21907093

Palfi S, Brouillet E, Jarraya B, Bloch J, Jan C, Shin M, Condé F, Li XJ, Aebischer P, Hantraye P, Déglon N. 2007.
Expression of mutated huntingtin fragment in the putamen is sufficient to produce abnormal movement in
non-human primates. Molecular Therapy 15:1444-1451. DOI: https://doi.org/10.1038/sj.mt.6300185, PMID:
17505477

Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, Como P, Manning C, Hayden MR, Shoulson |,
Huntington Study Group. 2001. Clinical markers of early disease in persons near onset of huntington’s disease.
Neurology 57:658-662. DOI: https://doi.org/10.1212/wnl.57.4.658, PMID: 11524475

Raper J, Bosinger S, Johnson Z, Tharp G, Moran SP, Chan AWS. 2016. Increased irritability, anxiety, and immune
reactivity in transgenic huntington'’s disease monkeys. Brain, Behavior, and Immunity 58:181-190. DOI: https://
doi.org/10.1016/j.bbi.2016.07.004, PMID: 27395434

Reid SJ, Patassini S, Handley RR, Rudiger SR, McLaughlan CJ, Osmand A, Jacobsen JC, Morton AJ, Weiss A,
Waldvogel HJ, MacDonald ME, Gusella JF, Bawden CS, Faull RLM, Snell RG, Huntington’s Disease Sheep
Collaborative Research Group. 2013. Further molecular characterisation of the OVT73 transgenic sheep model
of huntington’s disease identifies cortical aggregates. Journal of Huntington’s Disease 2:279-295. DOI: https://
doi.org/10.3233/JHD-130067, PMID: 25062676

Rosas HD, Salat DH, Lee SY, Zaleta AK, Pappu V, Fischl B, Greve D, Hevelone N, Hersch SM. 2008. Cerebral
cortex and the clinical expression of huntington’s disease: complexity and heterogeneity. Brain 131:1057-1068.
DOI: https://doi.org/10.1093/brain/awn025, PMID: 18337273

Saba RA, Yared JH, Doring TM, Phys M, Borges V, Ferraz HB. 2017. Diffusion tensor imaging of brain white
matter in huntington gene mutation individuals. Arquivos de Neuro-Psiquiatria 75:503-508. DOI: https://doi.
org/10.1590/0004-282X20170085, PMID: 28813079

Sapp E, Kegel KB, Aronin N, Hashikawa T, Uchiyama Y, Tohyama K, Bhide PG, Vonsattel JP, DiFiglia M. 2001.
Early and progressive accumulation of reactive microglia in the huntington disease brain. Journal of
Neuropathology and Experimental Neurology 60:161-172. DOI: https://doi.org/10.1093/jnen/60.2.161, PMID:
11273004

Sathasivam K, Neueder A, Gipson TA, Landles C, Benjamin AC, Bondulich MK, Smith DL, Faull RLM, Roos RAC,
Howland D, Detloff PJ, Housman DE, Bates GP. 2013. Aberrant splicing of HTT generates the pathogenic exon
1 protein in huntington disease. PNAS 110:2366-2370. DOI: https://doi.org/10.1073/pnas. 1221891110, PMID:
23341618

Seibert TM, Majid DSA, Aron AR, Corey-Bloom J, Brewer JB. 2012. Stability of resting fmri interregional
correlations analyzed in subject-native space: a one-year longitudinal study in healthy adults and premanifest
huntington’s disease. Neurolmage 59:2452-2463. DOI: https://doi.org/10.1016/j.neurcimage.2011.08.105,
PMID: 21945695

Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE, Filippini N, Watkins KE, Toro R, Laird AR,
Beckmann CF. 2009. Correspondence of the brain’s functional architecture during activation and rest. PNAS
106:13040-13045. DOI: https://doi.org/10.1073/pnas.0905267106, PMID: 19620724

Sprengelmeyer R, Orth M, Miiller H-P, Wolf RC, Grén G, Depping MS, Kassubek J, Justo D, Rees EM, Haider S,
Cole JH, Hobbs NZ, Roos RAC, Dirr A, Tabrizi SJ, Sissmuth SD, Landwehrmeyer GB. 2014. The neuroanatomy
of subthreshold depressive symptoms in huntington’s disease: a combined diffusion tensor imaging (DTI) and
voxel-based morphometry (VBM) study. Psychological Medicine 44:1867-1878. DOI: https://doi.org/10.1017/
S003329171300247X, PMID: 24093462

Stoffers D, Sheldon S, Kuperman JM, Goldstein J, Corey-Bloom J, Aron AR. 2010. Contrasting gray and white
matter changes in preclinical huntington disease: an MRI study. Neurology 74:1208-1216. DOI: https://doi.org/
10.1212/WNL.0b013e3181d8c20a, PMID: 20385893

Stout JC, Paulsen JS, Queller S, Solomon AC, Whitlock KB, Campbell JC, Carlozzi N, Duff K, Beglinger LJ,
Langbehn DR, Johnson SA, Biglan KM, Aylward EH. 2011. Neurocognitive signs in prodromal huntington
disease. Neuropsychology 25:1-14. DOI: https://doi.org/10.1037/a0020937, PMID: 20919768

Swami M, Hendricks AE, Gillis T, Massood T, Mysore J, Myers RH, Wheeler VC. 2009. Somatic expansion of the
huntington’s disease CAG repeat in the brain is associated with an earlier age of disease onset. Human
Molecular Genetics 18:3039-3047. DOI: https://doi.org/10.1093/hmg/ddp242, PMID: 19465745

Tabrizi SJ, Langbehn DR, Leavitt BR, Roos RA, Durr A, Craufurd D, Kennard C, Hicks SL, Fox NC, Scahill RI,
Borowsky B, Tobin AJ, Rosas HD, Johnson H, Reilmann R, Landwehrmeyer B, Stout JC, TRACK-HD
investigators. 2009. Biological and clinical manifestations of huntington’s disease in the longitudinal TRACK-HD
study: cross-sectional analysis of baseline data. The Lancet. Neurology 8:791-801. DOI: https://doi.org/10.
1016/S1474-4422(09)70170-X, PMID: 19646924

Tervo DGR, Hwang B-Y, Viswanathan S, Gaj T, Lavzin M, Ritola KD, Lindo S, Michael S, Kuleshova E, Ojala D,
Huang C-C, Gerfen CR, Schiller J, Dudman JT, Hantman AW, Looger LL, Schaffer DV, Karpova AY. 2016. A
designer AAV variant permits efficient retrograde access to projection neurons. Neuron 92:372-382. DOI:
https://doi.org/10.1016/j.neuron.2016.09.021, PMID: 27720486

Tustison NJ, Avants BB, Cook PA, Zheng Y, Egan A, Yushkevich PA, Gee JC. 2010. N4ITK: improved N3 bias
correction. IEEE Transactions on Medical Imaging 29:1310-1320. DOI: https://doi.org/10.1109/TMI.2010.
2046908, PMID: 20378467

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 29 of 30


https://doi.org/10.7554/eLife.77568
https://doi.org/10.1007/BF01253057
https://doi.org/10.1007/BF01253057
http://www.ncbi.nlm.nih.gov/pubmed/3156964
https://doi.org/10.1016/B978-0-12-381328-2.00013-4
http://www.ncbi.nlm.nih.gov/pubmed/21907093
https://doi.org/10.1038/sj.mt.6300185
http://www.ncbi.nlm.nih.gov/pubmed/17505477
https://doi.org/10.1212/wnl.57.4.658
http://www.ncbi.nlm.nih.gov/pubmed/11524475
https://doi.org/10.1016/j.bbi.2016.07.004
https://doi.org/10.1016/j.bbi.2016.07.004
http://www.ncbi.nlm.nih.gov/pubmed/27395434
https://doi.org/10.3233/JHD-130067
https://doi.org/10.3233/JHD-130067
http://www.ncbi.nlm.nih.gov/pubmed/25062676
https://doi.org/10.1093/brain/awn025
http://www.ncbi.nlm.nih.gov/pubmed/18337273
https://doi.org/10.1590/0004-282X20170085
https://doi.org/10.1590/0004-282X20170085
http://www.ncbi.nlm.nih.gov/pubmed/28813079
https://doi.org/10.1093/jnen/60.2.161
http://www.ncbi.nlm.nih.gov/pubmed/11273004
https://doi.org/10.1073/pnas.1221891110
http://www.ncbi.nlm.nih.gov/pubmed/23341618
https://doi.org/10.1016/j.neuroimage.2011.08.105
http://www.ncbi.nlm.nih.gov/pubmed/21945695
https://doi.org/10.1073/pnas.0905267106
http://www.ncbi.nlm.nih.gov/pubmed/19620724
https://doi.org/10.1017/S003329171300247X
https://doi.org/10.1017/S003329171300247X
http://www.ncbi.nlm.nih.gov/pubmed/24093462
https://doi.org/10.1212/WNL.0b013e3181d8c20a
https://doi.org/10.1212/WNL.0b013e3181d8c20a
http://www.ncbi.nlm.nih.gov/pubmed/20385893
https://doi.org/10.1037/a0020937
http://www.ncbi.nlm.nih.gov/pubmed/20919768
https://doi.org/10.1093/hmg/ddp242
http://www.ncbi.nlm.nih.gov/pubmed/19465745
https://doi.org/10.1016/S1474-4422(09)70170-X
https://doi.org/10.1016/S1474-4422(09)70170-X
http://www.ncbi.nlm.nih.gov/pubmed/19646924
https://doi.org/10.1016/j.neuron.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27720486
https://doi.org/10.1109/TMI.2010.2046908
https://doi.org/10.1109/TMI.2010.2046908
http://www.ncbi.nlm.nih.gov/pubmed/20378467

e Llfe Research article

Neuroscience

Vallés A, Evers MM, Stam A, Sogorb-Gonzalez M, Brouwers C, Vendrell-Tornero C, Acar-Broekmans S, Paerels L,
Klima J, Bohuslavova B, Pintauro R, Fodale V, Bresciani A, Liscak R, Urgosik D, Starek Z, Crha M, Blits B,
Petry H, Ellederova Z, et al. 2021. Widespread and sustained target engagement in huntington’s disease
minipigs upon intrastriatal microrna-based gene therapy. Science Translational Medicine 13:eabb8920. DOI:
https://doi.org/10.1126/scitransImed.abb8920, PMID: 33827977

Van den Stock J, De Winter FL, Ahmad R, Sunaert S, Van Laere K, Vandenberghe W, Vandenbulcke M. 2015.
Functional brain changes underlying irritability in premanifest huntington’s disease. Human Brain Mapping
36:2681-2690. DOI: https://doi.org/10.1002/hbm.22799, PMID: 25858294

Veraart J, Novikov DS, Christiaens D, Ades-Aron B, Sijbers J, Fieremans E. 2016. Denoising of diffusion MRI
using random matrix theory. Neurolmage 142:394-406. DOI: https://doi.org/10.1016/j.neuroimage.2016.08.
016, PMID: 27523449

Vidinska D, Vochozkové P, Smatlikova P, Ardan T, Klima J, Juhas S, Juhasova J, Bohuslavova B, Baxa M,
Valekova |, Motlik J, Ellederova Z. 2018. Gradual phenotype development in huntington disease transgenic
minipig model at 24 months of age. Neuro-Degenerative Diseases 18:107-119. DOI: https://doi.org/10.1159/
000488592, PMID: 29870995

Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr. 1985. Neuropathological
classification of huntington’s disease. Journal of Neuropathology and Experimental Neurology 44:559-577.
DOI: https://doi.org/10.1097/00005072-198511000-00003, PMID: 2932539

Vonsattel JPG, Keller C, Cortes Ramirez EP. 2011. Huntington'’s disease - neuropathology. William JW, EduardoT
(Eds). Handbook of Clinical Neurology. Elsevier. p. 83-100. DOI: https://doi.org/10.1016/B978-0-444-52014-2.
00004-5

Waldvogel HJ, Kim EH, Tippett LJ, Vonsattel J-PG, Faull RLM. 2015. The neuropathology of huntington’s
disease. Current Topics in Behavioral Neurosciences 22:33-80. DOI: https://doi.org/10.1007/7854_2014_354,
PMID: 25300927

Weeks RA, Piccini P, Harding AE, Brooks DJ. 1996. Striatal D1 and D2 dopamine receptor loss in asymptomatic
mutation carriers of huntington’s disease. Annals of Neurology 40:49-54. DOI: https://doi.org/10.1002/ana.
410400110, PMID: 8687191

Weiss AR, Liguore WA, Domire JS, Button D, McBride JL. 2020. Intra-striatal AAV2.retro administration leads to
extensive retrograde transport in the rhesus macaque brain: implications for disease modeling and therapeutic
development. Scientific Reports 10:6970. DOI: https://doi.org/10.1038/s41598-020-63559-7, PMID: 32332773

Weiss AR, Liu Z, Wang X, Liguore WA, Kroenke CD, McBride JL. 2021. The macaque brain ONPRC18 template
with combined gray and white matter labelmap for multimodal neuroimaging studies of nonhuman primates.
Neurolmage 225:117517. DOI: https://doi.org/10.1016/j.neuroimage.2020.117517, PMID: 33137475

Werner CJ, Dogan |, Sal3 C, Mirzazade S, Schiefer J, Shah NJ, Schulz JB, Reetz K. 2014. Altered resting-state
connectivity in huntington'’s disease. Human Brain Mapping 35:2582-2593. DOI: https://doi.org/10.1002/hbm.
22351, PMID: 23982979

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. 2014. Permutation inference for the general
linear model. Neurolmage 92:381-397. DOI: https://doi.org/10.1016/j.neuroimage.2014.01.060, PMID:
24530839

Yacoub E, Grier MD, Auerbach EJ, Lagore RL, Harel N, Adriany G, Zilverstand A, Hayden BY, Heilbronner SR,
Ugurbil K, Zimmermann J. 2020. Ultra-high field (10.5 T) resting state fmri in the macaque. Neurolmage
223:117349. DOI: https://doi.org/10.1016/j.neuroimage.2020.117349, PMID: 32898683

Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng ECH, Snyder B, Larkin K, Liu J, Orkin J,
Fang ZH, Smith Y, Bachevalier J, Zola SM, Li SH, Li XJ, Chan AWS. 2008. Towards a transgenic model of
huntington’s disease in a non-human primate. Nature 453:921-924. DOI: https://doi.org/10.1038/nature06975,
PMID: 18488016

Weiss et al. eLife 2022;0:77568. DOI: https://doi.org/10.7554/eLife.77568 30 of 30


https://doi.org/10.7554/eLife.77568
https://doi.org/10.1126/scitranslmed.abb8920
http://www.ncbi.nlm.nih.gov/pubmed/33827977
https://doi.org/10.1002/hbm.22799
http://www.ncbi.nlm.nih.gov/pubmed/25858294
https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1016/j.neuroimage.2016.08.016
http://www.ncbi.nlm.nih.gov/pubmed/27523449
https://doi.org/10.1159/000488592
https://doi.org/10.1159/000488592
http://www.ncbi.nlm.nih.gov/pubmed/29870995
https://doi.org/10.1097/00005072-198511000-00003
http://www.ncbi.nlm.nih.gov/pubmed/2932539
https://doi.org/10.1016/B978-0-444-52014-2.00004-5
https://doi.org/10.1016/B978-0-444-52014-2.00004-5
https://doi.org/10.1007/7854_2014_354
http://www.ncbi.nlm.nih.gov/pubmed/25300927
https://doi.org/10.1002/ana.410400110
https://doi.org/10.1002/ana.410400110
http://www.ncbi.nlm.nih.gov/pubmed/8687191
https://doi.org/10.1038/s41598-020-63559-7
http://www.ncbi.nlm.nih.gov/pubmed/32332773
https://doi.org/10.1016/j.neuroimage.2020.117517
http://www.ncbi.nlm.nih.gov/pubmed/33137475
https://doi.org/10.1002/hbm.22351
https://doi.org/10.1002/hbm.22351
http://www.ncbi.nlm.nih.gov/pubmed/23982979
https://doi.org/10.1016/j.neuroimage.2014.01.060
http://www.ncbi.nlm.nih.gov/pubmed/24530839
https://doi.org/10.1016/j.neuroimage.2020.117349
http://www.ncbi.nlm.nih.gov/pubmed/32898683
https://doi.org/10.1038/nature06975
http://www.ncbi.nlm.nih.gov/pubmed/18488016

	A novel rhesus macaque model of Huntington’s disease recapitulates key neuropathological changes along with motor and cognitive decline
	Editor's evaluation
	Introduction
	Results
	HTT85Q administration leads to spatial working memory deficits
	HTT85Q administration leads to impaired fine motor skill performance
	HTT85Q leads to progressive motor phenotypes that are exacerbated by dopamine modulation
	mHTT delivery results in microstructural changes in several WM fiber tracts
	Cortico-striatal atrophy revealed with tensor-based morphometry
	Reduced cortico-basal ganglia functional connectivity
	HTT85Q expression leads to aggregate formation

	Discussion
	Methods
	Experimental model and subject details
	Animals
	Viral vectors
	Surgery
	3-Choice SDR task
	Lifesaver Retrieval Task
	Neurological ratings
	MRI acquisition
	SPACE/MP-RAGE processing
	DTI processing
	Resting-state fMRI

	Quantification and statistical analysis
	Analysis of behavioral data
	Analysis of DTI, TBM, and rs-fMRI data

	Tissue collection
	Tissue staining and microscopy
	Immunohistochemistry﻿﻿
	Triple-label immunofluorescence
	Microscopy


	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


