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Introduction: The presence of a widespread cortical synucleinopathy is the
main neuropathological hallmark underlying clinical entities such as Parkinson’s
disease with dementia (PDD) and dementia with Lewy bodies (DLB). There
currently is a pressing need for the development of non-human primate
(NHPs) models of PDD and DLB to further overcome existing limitations in drug
discovery.

Methods: Here we took advantage of a retrogradely-spreading adeno-
associated viral vector serotype 9 coding for the alpha-synuclein A53T mutated
gene (AAV9-SynA53T) to induce a widespread synucleinopathy of cortical
and subcortical territories innervating the putamen. Four weeks post-AAV
deliveries animals were sacrificed and a comprehensive biodistribution study
was conducted, comprising the quantification of neurons expressing alpha-
synuclein, rostrocaudal distribution and their specific location.

Results: Intraputaminal deliveries of AAV9-SynA53T lead to a disseminated
synucleinopathy throughout ipsi- and contralateral cerebral cortices, together
with transduced neurons located in the ipsilateral caudal intralaminar nuclei and
in the substantia nigra pars compacta (leading to thalamostriatal and nigrostriatal
projections, respectively). Cortical afferent systems were found to be the main
contributors to putaminal afferents (superior frontal and precentral gyri in particular).

Discussion: Obtained data extends current models of synucleinopathies in

NHPs, providing a reproducible platform enabling the adequate implementation
of end-stage preclinical screening of new drugs targeting alpha-synuclein.

KEYWORDS

alpha-synuclein, Lewy body dementia, adeno-associated viral vectors, gene therapy,
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Introduction

The presence of a widespread synucleinopathy through the cerebral cortex represents the
main neuropathological hallmark that typically characterizes Parkinsons disease with
dementia (PDD) and dementia with Lewy bodies (DLB; Martin et al., 2023). Although PDD
and DLB overlap in many features, several distinctive characteristics are also observed
(Jellinger and Korczyn, 2018), therefore some concerns still remain dealing with to what extent
these disorders can be either categorized as two different clinical entities or merely represents
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the same disease in different stages of progression (Jellinger and
Korczyn, 2018; Jellinger, 2022). Among others, levodopa replacement
therapies and cholinesterase inhibitors represent the current gold-
these
pharmacological approaches only leading to a mild symptomatic relief

standard clinical management for PDD and DLB,

without inducing any disease-modifying effect.

The development of novel therapeutic approaches for Parkinson’s
disease (PD) and related synucleinopathies is severely limited by the
lack of adequate animal models that properly mimic the known
underlying neuropathology (Lépez, 2010; Chocarro et al., 2023;
Janssen et al., 2023). Of particular concern, the lack of reliable
non-human primate models (NHPs) of PDD and DLB still is an
unmet need. Within the field of PD, NHPs are often regarded as the
gold-standard model, since several therapeutic interventions such as
deep brain stimulation (Rosenow et al, 2004) and repeated
apomorphine administration (Luquin et al., 1993) have been made
available from research conducted in the MPTP model of PD in NHPs
(DeLong, 1990). Although this neurotoxin-based model has been
instrumental in setting up most of our current knowledge of basal
ganglia function and dysfunction (Lanciego et al., 2012), important
limitations apply when considering testing disease-modifying
therapeutics and indeed this model failed to recapitulate the
neuropathological hallmarks characterizing PD.

Since the use of MPTP-treated NHPs in drug discovery is no
longer useful for providing compelling evidence for efficacy and
bearing in mind that PD mainly is a synucleinopathy, the field quickly
moved toward the implementation of novel NHP models based on the
use of adeno-associated viral vectors (AAVs) coding for either wild-
type or mutated variants of the alpha-synuclein gene (SNCA, reviewed
in Visanji et al., 2016; Koprich et al., 2017; Marmion and Kordower,
2018). Most of the implemented approaches for AAV-mediated gene
transfer of alpha-synuclein (x-Syn) in NHPs were based on direct
intranigral parenchymal deliveries in different species, such as
marmosets (Kirik et al., 2003; Eslamboli et al., 2007; Bourdenx et al.,
2015), rhesus macaques (Yang et al., 2015) and cynomolgus macaques
(Koprich et al., 2016; Sucunza et al., 2021). More recent arrivals to the
field of capsid engineering enabled the development of several capsid
variants leading to a circuit-specific retrograde transduction, these
including AAV2-retro (Tervo et al,, 2016), AAV-TT (Tordo et al,
2018), AAV-HBKO (Naidoo et al, 2018), AAV-MNMO004 and
AAV-MNMO08 (Davidsson et al., 2019). By taking advantage of
retrogradely spreading AAVs, multiple transduction can be achieved
in brain areas innervating the injected site, bearing in mind that these
capsids behave similarly to traditional retrograde neuroanatomical
tracers, at least to some extent (Lanciego and Wouterlood, 2011,
2020). However, it is also worth noting that a reliable retrograde
transduction in the NHP brain has been reported for native AAV
serotypes such as AAV2, AAV5, AAV6, AAVS, and AAV9 (Markakis
et al., 2010; Masamizu et al., 2011; San Sebastian et al., 2013; Gerits
et al., 2015; Green et al., 2016).

Among the different AAV serotypes and capsid variants available,
AAV9 was here selected according to its accurate and predictable
spread through well-characterized brain circuits regardless the
strength of these efferent systems, while avoiding non-specific
retrograde transduction (Green et al., 2016). Accordingly, an AAV9
coding for the SNCA gene with the A53T mutation under the control
of human synapsin promoter [(synapsin) AAV9-SynA53T] was chosen
for intraparenchymal deliveries into the left putamen in two
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cynomolgus macaques (Macaca fascicularis) to induce a retrograde
transduction of brain areas innervating the putamen in an attempt to
generate a widespread synucleinopathy throughout cortical and
subcortical brain areas. The conducted biodistribution study was
made of three different levels of analysis, comprising (i) a
quantification of the total number of transduced neurons within
pre-defined regions of interest (ROIs), (ii) rostrocaudal distribution
within each ROI and (iii) and accurate location of neurons showing
a-Syn expression.

Materials and methods
Study design

This study was aimed to develop and characterize a NHP model of
disseminated synucleinopathy mimicking the known neuropathological
signatures of PDD and DLB to the best possible extent. Accordingly,
we sought to determine whether the intraputaminal delivery of a
retrogradely spreading AAV9 coding for mutated alpha-synuclein
(AAV9-SynA53T) is able to induce a widespread synucleinopathy
throughout cortical and subcortical brain areas innervating the putamen.
Two adult juvenile NHPs (Macaca fascicularis) were injected with AAV9-
SynA53T into the left putamen and sacrificed 4 weeks post-AAV
deliveries. Upon animal sacrifices, brain tissue samples were processed for
histological analysis and up to three different readouts were considered,
comprising number of transduced neurons, rostrocaudal distribution
and location.

Notes on the chosen nomenclature

Cortical and subcortical ROIs were defined here in keeping with
the parcellation conducted in the stereotaxic atlases of Martin and
Bowden (1996) and Lanciego and Vazquez (2012) when considering
cortical and subcortical structures, respectively. In both references,
segmentation was based on anatomical landmarks, such as cortical
gyri and sulcus. However, within few other available atlases of the
NHP brain (Saleem and Logothetis, 2007; Paxinos et al., 2009),
parcellation was based on functional territories, i.e., referring to
primary motor and sensory cortices, supplementary motor area,
premotor area, etc. In our view, making reference to anatomical
landmarks is more accurate and facilitates inter-species comparisons,
whereas a precise limitation of functional territories often is
more troublesome.

Experimental animals

A total of two adult juvenile naive Macaca fascicularis NHPs
(34 months-old; both females; body weight between 2.35 and 2.49 Kg)
were used in this study. Animal handling was conducted in accordance
to the European Council Directive 2010/63/UE as well as in full
keeping with the Spanish legislation (RD53/2013). The experimental
design was approved by the Ethical Committee for Animal Testing of
the University of Navarra (ref: CEEA095/21) as well as by the
Department of Animal Welfare of the Government of Navarra (ref:
222E/2021).
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Viral vector production

A recombinant AAV vector serotype 2/9 expressing the SNCA
gene with A53T mutation driven by the human synapsin promoter
was produced by Vector Builder (www.vectorbuilder.com; catalog No.
P211024-1010fpa; lot No. 211221AAV]03). The virus was formulated
in PBS buffer (pH 7.4) supplemented with 200nM NaCl and 0.001%
pluronic F-68. Obtained vector concentration was 9.62 x 10" GC/ml.
Virus purity was determined by SDS-PAGE followed by silver staining,
resulting in >80% pure. Plasmid map for pAAV-synapsin-SynA53T
and sequence are provided in Supplementary Figure S1.

Stereotaxic surgery for AAV deliveries

Surgical anesthesia was induced by intramuscular injection of
ketamine (5mg/Kg) and midazolam (0.5 mg/Kg). Local anesthesia
was implemented just before the surgery with a 10% solution of
lidocaine. Analgesia was achieved with a single intramuscular
injection of flunixin meglumine (Finadyne®, 5mg/Kg) delivered at the
end of the surgical procedure and repeated 24 and 48 h post-surgery.
A similar schedule was conducted for antibiotic coverage (ampicillin,
0.5mL/day). After surgery, animals were kept under constant
monitoring in individual cages with ad libitum access to food and
water. Once animals showed a complete post-surgical recovery (24h),
they were returned to the animal vivarium and housed in groups.

Stereotaxic coordinates for AAV deliveries into the left putamen
were calculated from the atlas of Lanciego and Vazquez (2012).
During surgery, target selection was assisted by ventriculography.
Pressure deliveries of AAVs were made through a Hamilton® syringe
in pulses of 5 pL/min for a total volume of 25 pL each into three sites
in the left putamen, each deposit spaced 1 mm in the rostrocaudal
direction to obtain the highest possible transduction extent of the
putamen. Once injections were completed, the needle was left in place
for an additional time of 10 min before withdrawal to minimize AAV
reflux through the injection tract. Coordinates for the more rostral
deposits in the left putamen of AAV9-SynA53T were 1 mm rostral to
the anterior commissure (ac), 1 mm dorsal to the bi-commissural
plane (ac-pc plane) and 11 mm lateral to the midline. Second deposits
were performed at the ac level (ac=0mm), 1 mm dorsal to the ac-pc
plane and 11.5mm lateral to the midline, whereas the more caudal
injections were conducted 1 mm caudal to ac, 1.5mm dorsal to the
ac-pc plane and 12.5 mm lateral to the midline.

Necropsy, tissue processing, and data
analysis

Anesthesia was firstly induced with an intramuscular injection of
ketamine (10 mg/Kg), followed by a terminal overdose of sodium
pentobarbital (200mg/Kg) and perfused transcardially with an
infusion pump. Both animals (MF04 and MF05) were sacrificed 4
weeks post-AAV deliveries. The perfusates consisted of a saline Ringer
solution followed by 3,000mL of a fixative solution made of 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.125M phosphate
buffer (PB) pH 7.4. Perfusion was continued with 1,000mL of a
cryoprotectant solution containing 10% glycerine and 1%
dimethylsulphoxide (DMSO) in 0.125 M PB pH 7.4. Once perfusion
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was completed, the skull was opened and the brain removed and
stored for 48h in a cryoprotectant solution containing 20% glycerin
and 2% DMSO in 0.125 M PB pH 7.4. Next, frozen coronal sections
(40 pm-thick) were obtained on a sliding microtome and collected in
0.125MPB pH 7.4 as 10 series of adjacent sections. These series were
used for (1)
immunoperoxidase detection of a-Syn counterstained with toluidine

immunoperoxidase detection of o-Syn, (2)

blue (Nissl stain), (3) immunoperoxidase detection of tyrosine
hydroxylase (TH), and (4) immunoperoxidase detection of TH
counterstained with toluidine blue. The remaining 6 series of sections
were stored at —80°C cryopreserved in 20% glycerin and 2% DMSO
until further use, if needed. A completed list of primary and bridge
antisera (secondary biotinylated antisera), together with incubation
concentrations, incubation times and commercial sources is provided
below in Table 1.

Quantification of neurons expressing a-Syn

Every tenth section was processed for the immunoperoxidase
detection of a-Syn and used for estimating the number of transduced
neurons with AAV9-SynA53T. For this purpose, a deep-learning
dedicated algorithm was prepared with Aiforia® (Penttinen et al.,
2018), validated and released (resulting in an error of 1.67% for
quantifying o-Syn+neurons). The dedicated algorithm was
customized to count all positive neurons, independently of the
intensity of staining. Sixty-nine equally spaced coronal sections
covering the range of ac +10mm to ac —14mm were sampled
per animal, including all ROIs containing a-Syn+neurons at the
cortical (left and right cerebral cortices) and subcortical (left
hemisphere) levels. Sections were scanned at 20x in an Aperio CS2
slide scanner (Leica, Wetzlar, Germany). Selected cortical ROIs
comprised the anterior cingulate gyrus (ACgG), superior frontal gyrus
(SFG), middle frontal gyrus (MFG), inferior frontal gyrus (IFG),
precentral gyrus (PrG), fronto-orbital gyrus (FoG), medial orbital
gyrus (MOrG), lateral orbital gyrus (LOrG) posterior cingulate gyrus
(PCgG), postcentral gyrus (PoG), insular gyrus (Ins), superior parietal
lobule (SPL), supramarginal gyrus (SMG), precuneus (PCu), superior
temporal gyrus (STG), and middle temporal gyrus (MTG), whereas
subcortical ROIs included the amygdaloid complex (AMG), ventral
anterior thalamic nucleus (VAL), ventral lateral thalamic nucleus
(VL), ventral posterior thalamic nucleus (VPO), centromedian-
parafascicular thalamic complex (CM-Pf), substantia nigra pars
compacta (SNpc), and dorsal raphe nucleus (DRN). Segmentation of
cortical areas was conducted in keeping with the stereotaxic atlas of
Martin and Bowden (1996). In brief, scanned sections were uploaded
to the Aiforia® cloud. Next, the boundaries of each selected ROI were
outlined at low magnification and the dedicated algorithm was then
used as a template quantifying the desired neuronal population (e.g.,
a-Syn + neurons). Representative images illustrating the accuracy of
the conducted procedure are provided in Figure 1.

Quantification of the nigrostriatal system
At the level of the substantia nigra pars compacta (SNpc), the

number of TH+ neurons were quantified with a different Aiforia®
algorithm designed to disclose TH+ cells (resulting in an error of
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TABLE 1 List of reagents and resources.

10.3389/fnana.2024.1355940

Concentration Incubation time Source Identifier
Viral vectors
(synapsin) AAV9-SynA53T 9.62 x 10" GC/ml Vector builder VB201126-1235dnc
Antibodies
Goat anti-Tyrosine Hydrox. 1:500 Overnight My Biosource Cat# MBS421729 N.A.
(polyclonal)
Mouse anti-a-synuclein 1:40 Overnight Leica Cat# NCL-L-ASYN AB_442103
(monoclonal)
Donkey anti-Goat (Biotin-SP) 1:600 120 min Jackson Cat# 705-065-147 AB_2340397
Donkey anti-Mouse (Biotin-SP) 1:600 120 min Jackson Cat# 715-066-150 AB_2340787
Commercial assays
ABC kit standard 60 min Vector labs Cat# PK4000
Toluidine blue (Nissl stain) 0.25% 2min Sigma Cat# 88930
Code and software
Aiforia Aiforia https://www.aiforia.com/ | SCR_022739
Fiji NIH https://fiji.sc SCR_002285
Image J NIH https://imagej.net/ SCR_003070

4.82%). In both animals, the analysis was conducted in 13 TH-stained,
equally-spaced coronal sections covering the whole rostrocaudal
extent of the SNpc. Sections were scanned at 20x in a slide scanner
(Aperio CS2; Leica), and uploaded to the Aiforia® cloud where TH+
neurons were quantified according to a similar procedure described
above for estimating the number of a-Syn + neurons. Regarding the
intensity of TH immunostaining at the level of the putamen, up to 26
equally-spaced coronal sections stained for TH and covering the
whole rostrocaudal extent of the left and right putamen (pre- and
post-commissural) in each animal were scanned at 20x and used for
measuring TH optical densities with Fiji Image ] (NIH, United States)
and converted to a logarithmic scale according to available protocol
for standardization purposes (Ruifrok and Johnston, 2001).

Results

A basal ganglia circuit-specific widespread synucleinopathy was
generated upon the delivery of a retrogradely-spreading AAV9-
SynA53T. The conducted study enabled the design of a novel NHP
model of disseminated synucleinopathy mimicking the known
neuropathology of PDD and DLB, at least to some extent. Detailed
biodistribution patterns for a-Syn + neurons innervating the putamen
through cortical and subcortical locations are reported here.

Injection sites and transduced putaminal
areas with AAV9-SynA53T

The delivery of AAV9-SynA53T in animals MF04 and MFO05 (3
sites, 25 pL each of the viral suspension) were accurate and properly
located within the boundaries of the putamen, showing a minimal
spread of the viral suspension toward neighboring white matter tracts
surrounding the putamen and without any noticeable reflux through
the injection tract (Figures 2A,B). In both animals, a broad transduced
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area in the putamen was observed, ranging from 64.97 to 67.18%
(animals MF04 and MFO5, respectively) of the total rostrocaudal
extent of the injected putamen (Figures 2C-E).

Number of a-Syn+ neurons across
pre-defined ROIls

Transduced neurons were located in cortical and subcortical
structures innervating the putamen through well-characterized
circuits (Lanciego etal., 2012), and the total number of a-Syn + neurons
is reflecting the different strengths of striatal afferent systems.

Considering cortical ROIs, the precentral and superior frontal gyri
were the territories containing the highest number of -Syn + neurons,
followed by the anterior and posterior cingulate gyri. A lower number
of neurons was found within the postcentral, insular and supramarginal
gyri. Although consistent in both animals, a sparser labeling was
observed in the middle and inferior frontal gyri, orbital cortex (lateral
and medial orbital territories), superior and middle temporal gyri,
superior parietal lobule and precuneus. As expected, cortical areas
engaged in motor processing such as the primary motor area and the
supplementary motor area (located within the precentral gyrus and
superior frontal gyrus, respectively) are those showing the highest
number of o-Syn+transduced neurons (Figure 3). Regarding
contralateral cortico-putaminal projections, the highest number of
a-Syn+ neurons was always found in the precentral and superior frontal
gyri, with a more moderate labeling being observed in the anterior and
posterior cingulate cortices. Fewer transduced neurons were found in
contralateral territories comprising the middle and inferior frontal gyri,
the supramarginal gyrus, the postcentral gyrus and the superior parietal
lobule. Finally, a-Syn+neurons were never found in contralateral
cortices such as the lateral and medial orbital gyri (Figure 3).

At subcortical levels, the highest number of a-Syn + neurons was
found in the substantia nigra pars compacta and the centromedian-
parafascicular thalamic complex, with a smaller participation of the
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FIGURE 1

Quantification of a-Syn + neurons. A dedicated deep-learning algorithm identifying a-Syn transduced neurons was prepared with Aiforia® (www.aiforia.
com). Scanned sections were uploaded to Aiforia® cloud and several different ROIs were outlined throughout cortical and subcortical territories.

(A) lllustrates the delineation of the left supramarginal gyrus at low magnification (0.169x). Labeling intensity, reflecting the number of transduced
neurons is represented color-coded in (A’). (B) Shows the same area at a magnification of 2x, together with the accompanying result, color-coded as
illustrated in (B’). A higher-magnification view (5x) of the obtained labeling is shown in (C), together with the accurate identification of every single
a-Syn + neuron, as observed in (C’). All transduced neurons were quantified within the selected ROI. Illustrated images are taken from animal MFO4 and
correspond to coronal section #61. In summary, all a-Syn + neurons were counted, and indeed the algorithm was fully accurate and specific (a total of
414 neurons were identified in this ROI). Scale bars are 10 mm for (A,A’); Lmm in (B,B’) and 250 um in (C,C’).

amygdaloid complex, in keeping with the expected strength of
nigrostriatal, thalamostriatal and amygdaloid-striatal unilateral
efferent systems (Figure 3).

Although initially not designed for this purpose, the conducted
quantification of a-Syn+neurons enabled the estimation of the
strength of each individual striatal afferent system, namely
corticostriatal  (ipsi-
nigrostriatal projections. Ipsilateral corticostriatal projections are by
far the most abundant ones, representing on average up to 72.13% of
the total number of a-Syn + neurons. Within this projection system,
main contributors to striatal afferents are those arising from the
superior frontal and precentral gyri that collectively accounted for
70.74% of the total ipsilateral corticostriatal projections. Contralateral
corticostriatal projection neurons comprised 18.95% of the total
striatal afferents (78.82% of these neurons being located in the
contralateral superior frontal and precentral gyri). When compared

and contralateral), thalamostriatal and
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with corticostriatal projections, striatal afferents arising from
subcortical territories like the centromedian-parafascicular thalamic
complex and the substantia nigra pars compacta accounted for much
lower percentages (1.73 and 2.58%, respectively). It is worth noting
that contralateral corticostriatal projections (18.95% of the total
number of a-Syn + neurons) represent a percentage relevant enough
for a projection that has often been neglected in studies dealing with
basal ganglia function and dysfunction (Borra et al., 2022).

Rostrocaudal distribution of a-Syn+
neurons within pre-defined ROls

Besides quantifying the total number of transduced neurons
within any given territory, another parameter that needs to be taken
into consideration is the rostrocaudal extent of neuronal labeling in
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Injection sites and transduced putaminal areas. (A,B) Illustrate the intraparenchymal deliveries of AAV9-SynA53T in the putamen at the level of

ac =0mm [animal MFO4 is represented in (A); animal MFO5 is illustrated in (B)]. The extent of the putaminal transduced area is shown in the histogram
of (C). The area of the left putamen is represented as gray bars, whereas the extent of transduced areas are illustrated as either purple (animal MFO4) or
green bars (animal MF05). (D,E) Represent the rostrocaudal extent of the transduced area (purple for animal MFO4 and green for animal MFO4) against
the rostrocaudal extent of the putamen (gray). Upon the delivery of AAV9-SynAS53T into the putamen (3 sites; 25 L each), obtained transduced areas
accounted for 64.97 and 67.18% (animals MFO4 and MFO5, respectively) of the total putaminal area. Viral vector expression was largely restricted within
putaminal boundaries, with minimal spread towards neighboring white matter tracts surrounding the putamen. Furthermore, a complete lack of viral
spread through the injection tracts can easily be observed in (A,B) (scale bar =7.0 mm).
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FIGURE 3

Number of a-Syn + neurons across pre-defined ROls. Histograms showing the total number of quantified a-Syn + neurons within each selected ROl in
the left and right hemispheres. Both animals showed very similar numbers of transduced neurons within each territory. The prefrontal and superior
frontal gyri are by large the main contributors to corticostriatal projections (left and right hemispheres), followed by the cingulate gyri (anterior and
posterior; both hemispheres), as well as the insular gyrus (left hemisphere only). At the subcortical level, the caudal intralaminar nuclei and the
substantia nigra pars compacta of the left hemisphere are the areas containing the higher number of a-Syn + neurons. Abbreviations (from left to right
in histograms): precentral gyrus (PrG), superior frontal gyrus (SFG), anterior cingulate gyrus (ACgG), posterior cingulate gyrus (PCgG), insular gyrus (Ins),
substantia nigra pars compacta (SNpc), supramarginal gyrus (SMG), inferior frontal gyrus (IFG), centromedian-parafascicular thalamic complex (CM-Pf),
postcentral gyrus (PoG), middle frontal gyrus (MFG), amygdaloid complex (AMG), superior parietal lobule (SPL), middle temporal gyrus (MTG), superior
temporal gyrus (STG), ventral lateral thalamic nucleus (VL), lateral orbital gyrus (LOrG), precuneus (PCu), fronto-orbital gyrus (FOG), ventral anterior
thalamic nucleus (VAL), dorsal raphe nucleus (DRN), ventral posterior thalamic nucleus (VPO), and medial orbital gyrus (MOrG).
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each analyzed ROI (e.g., to evaluate how much of the extent for a given
ROI contains «-Syn+neurons). Obtained data revealed that
a-Syn+neurons covered most of the rostrocaudal extent of the
anterior and posterior cingulate gyri, the superior, middle and inferior
frontal gyri, the precentral gyrus, the postcentral gyrus and the insular
gyrus in the left hemisphere. The same also applies to the left
centromedian-parafascicular thalamic complex and the left substantia
nigra pars compacta. A mirror-like, similar pattern of rostrocaudal
distribution is observed in the contralateral hemisphere at the level of
the anterior and posterior cingulate gyri, superior frontal gyrus,
precentral gyrus and postcentral gyrus. A schematic representation of
rostrocaudal biodistribution patterns is provided in Figure 4.

Location of a-Syn+ neurons

Addressing the location of transduced neurons represents another
important level of analysis, to properly demonstrate the accuracy of
circuit-specific retrograde transduction mediated by AAV9-
SynA53T. This is best exemplified by the fact that that all neurons
expressing «-Syn are located in predictable brain areas, i.e., within
brain territories such as the ipsi- and contralateral cortex, ipsilateral
amygdaloid complex, caudal intralaminar nuclei and substantia nigra
pars compacta, that all together are well-known sources of striatal
afferent systems. Moreover, not a single a-Syn + neuron was found in
any given brain area not innervating the putamen. Furthermore, at the
level of the cerebral cortex (ipsi- and contralateral cortices), most of the
neurons expressing a-Syn were found in deep cortical layers (layer V
in particular), where most of the corticostriatal-projecting neurons are
known to be located. Only very sparse and inconsistent labeling was
found in cortical layers other than layer V. A schematic representation
of the location of transduced neurons is provided in Figure 5.

Finally, and when considering cortical neurons expressing o-Syn,
the intensity of the obtained labeling (e.g., levels of a-Syn expression)
ranged from moderate to high across all analyzed ROIs (Figures 6, 7).
Indeed, obtained retrograde labeling with AAV9-SynA53T was
sometimes found to be of “Golgi-like” morphology, i.e., not only
restricted to the cell somata but also extending to distal dendrites, as
seen in several locations throughout the cerebral cortex (Figure 7H).

Subcortical labeling

The caudal intralaminar nuclei and the substantia nigra pars
compacta are known to be the main sources of thalamostriatal and
nigrostriatal projections, respectively. Therefore, these two subcortical
structures were the ones that concentrated most of the transduced
neurons with a-Syn in subcortical territories. Obtained labeling at
these levels was abundant enough to allow a proper definition of their
boundaries (Figure 5). Sparser labeling was also found in the
amygdaloid complex and in the dorsal raphe nucleus, two additional
sources of weaker putaminal afferents (Figures 2-5).

Preserved nigrostriatal system

For any study intended to induce a widespread synucleinopathy
in NHPs, additional attention should be placed in analyzing the
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potential impact of a-Syn expression within nigrostriatal projections,
both at origin (e.g., number of TH+ neurons in the substantia nigra
pars compacta) as well at destination (e.g., density of TH+ terminals
in the putamen). In the left substantia nigra pars compacta, the ratios
between number of a-Syn +neurons and TH+ neurons were similar
in both animals (54.49% in MF04 and 56.26% in MF05). Although
roughly half of the dopaminergic neurons became transduced with
AAV9-SynA53T, the obtained quantification of TH+ neurons in the
left and right substantia nigra revealed the lack of dopaminergic cell
degeneration in both animals. The same applies to the analysis of
optical densities for TH+ terminals in the left and right putamen
(Figure 8). In other words, although transduction levels were
substantial enough, nigrostriatal damage was not observed.

Discussion

In this study, the performance and biodistribution of the
retrogradely-spreading AAV9-SynA53T vector was evaluated in the
NHP brain. Conducted intraparenchymal deliveries of viral
suspensions in the left putamen gave rise to a disseminated
synucleinopathy in a circuit-specific basis. In other words, since the
expression of mutate alpha-synuclein was driven by the retrograde
spread of AAVY, therefore projection neurons innervating the
putamen (cortical and subcortical ROIs) are the only cellular
phenotypes expressing alpha-synuclein. Moreover, it is also worth
noting that most of the available animal models of Parkinson’s disease
based on AAV-mediated expression of alpha-synuclein (reviewed in
Marmion and Kordower, 2018) are intended to recapitulate early
-even prodromal- disease stages, in order to generate a time window
large enough to accommodate disease-modifying therapeutics (either
gene therapy-related or unrelated). Here the initial aim was to develop
a model mimicking late stages of Parkinson’s disease and dementia
with Lewy bodies, where the presence of a widespread cortical
synucleinopathy represents the main neuropathological hallmark.

Technical considerations
Notes on the study design

The relatively low number of animals used in this study (n=2)
may be viewed as a potential limitation for the conducted study,
however reflecting the current worldwide shortage of NHP supplies
(Janssen et al., 2023). In this context, the need for reduction should
also be taken into consideration (e.g., using the lowest possible
number of animals) and indeed it is worth noting that obtained results
were fully comparable in both animals, with minimal -if any-
differences in terms of total number of neurons, rostrocaudal
distribution and location of transduced cells.

Retrogradely-spreading AAV capsid
variants
The field of AAV capsid design and engineering is constantly

evolving at a breath-taking speed, with new arrivals being made
available and tested in a wide range of different animal species,
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Macaque No. MF04: Injection of of AAV9-SynA53T (1 x 10E13) into the left post-commissural putamen
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Macaque No. MF05: Injection of of AAV9-SynA53T (1 x 10E13) into the left post-commissural putamen
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FIGURE 4

Rostrocaudal distribution of a-Syn + neurons across pre-defined ROls. Schematic representation of the rostrocaudal distribution of transduced neurons
within each selected cortical and subcortical territories. Several cortical areas contained a-Syn + neurons throughout their full rostrocaudal extent, as
observed in the cingulate gyri (anterior and posterior), superior, middle and inferior frontal gyri, precentral and postcentral gyri, the insular gyrus, as well
as in subcortical territories such as the centromedian-parafascicular thalamic complex and the substantia nigra pars compacta. Besides representing
the rostrocaudal distribution, dots of different sizes were here used to illustrate the relative number of transduced neurons. Obtained results were very
similar in animals MFO4 and MFO5, with minimal variations.
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FIGURE 5

Location of a-Syn + neurons. Schematic representation of the accurate location of a-Syn + neurons in the two animals of the study [(A—C) are gathered
from animal MF04; (D—F) belong to animal MFO5]. Within each animal, up to three coronal levels are illustrated (ac +4 mm; ac +0 mm and ac =9 mm).
The location of the caudate and putamen nuclei were delineated for reference purposes. Each dot corresponds to a single a-Syn + neuron.
Furthermore, the extent of the transduced area at ac level of +0 mm was also highlighted as a gray area (B,E). At the cortical level, most of the

a-Syn + neurons were located in deep cortical layers (layer V), with only very few neurons being found in cortical layers other than layer V. Furthermore,
the density of a-Syn + neurons at the level of the caudal intralaminar nuclei and the substantia nigra pars compacta are high enough to elucidate the
boundaries of these territories. Scale bar is 5mm in (A,D), and 10 mm in (B,C,E,F).

including NHPs (Campos et al., 2023). Pathway-specific retrograde
transduction of neurons innervating any given AAV-injected CNS
territory collectively represents an appealing scenario for both basic
neuroscience as well as for therapeutic interventions. While several
different retrogradely-spreading AAV capsids are currently available,
selection of the most appropriate one for a given study still represents
a difficult choice, which is further confounded by the choice of
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surrogate animal model for clinical species. An ideal retrograde-
propagating AAV capsid should fulfill at least two golden rules,
namely (i) accurate and predictable spread through well-characterized
brain circuits, further enabling the retrograde transduction of all
neurons innervating the injected structure regardless the strength of
these efferent systems, while avoiding non-specific retrograde
transduction, the latter represented by either AAV uptake through
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FIGURE 6

ACgG left

ACgG right

SFG right

SMG left

a-Syn + neurons in animal MFO4. Photomicrographs showing the readout of the conducted immunoperoxidase stains with antibodies against alpha-
synuclein. Images were taken from the left and right hemispheres to better illustrate observed inter-hemispheric differences in terms of total number
of a-Syn + neurons (anterior cingulate gyrus, superior frontal gyrus, supramarginal gyrus and precentral gyrus). According to conducted quantification,
ipsilateral corticostriatal projections accounted for 68.70% of the total number of projection neurons, whereas the contralateral corticostriatal
projections represented up to 18.91% of the total striatal afferent systems. Scale bar is 125 pm in and 500 pm in all the remaining panels. ACgG, anterior

cingulate gyrus; SFG, superior frontal gyrus; PrG; precentral gyrus.

fibers of passage or by the presence of transduced neurons in CNS
territories not connected with the injection site and (ii) comparative
inter-species performance, with similar transduction efficiency
regardless the chosen experimental animal. Furthermore, emphasis
should be placed of stereotaxic expertise, with injection sites and
transduced areas remaining restricted within the boundaries of the
targeted structures without spreading beyond to either neighboring
structures or surrounding white matter fiber tracts. In summary, same
considerations overall than those applying to stereotaxic deliveries of
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more traditional retrograde neuroanatomical tracers (Lanciego and
Wouterlood, 2011, 2020).

From the available technical arsenal, the AAV capsid variant
firstly introduced for retrograde spread was the so-called AAV2-retro
(Tervo etal., 2016). Although this capsid exhibits a good performance
for the transduction of corticostriatal projections in both rodents and
NHPs, its ability to transduce subcortical striatal afferent systems
(thalamostriatal and nigrostriatal) is more questionable and indeed
notable inter-species differences were reported for AAV2-retro
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FIGURE 7

marginal gyrus; PoG, postcentral gyrus.

a-Syn + neurons in animal MFO5. Photomicrographs showing the readout of the conducted immunoperoxidase stains with antibodies against alpha-
synuclein. Images were taken from the left and right hemispheres to better illustrate observed inter-hemispheric differences in terms of total number
of a-Syn + neurons (anterior cingulate gyrus, superior frontal gyrus, supramarginal gyrus, precentral gyrus, and postcentral gyrus). At high
magnification, Golgi-like labeling of projection neurons can be sometimes observed, with a-Syn expression comprising the cell somata, basal and
apical dendrites According to conducted quantification, ipsilateral corticostriatal projections accounted for 75.55% of the total number of projection
neurons, whereas the contralateral corticostriatal projections represented up to 18.99% of the total striatal afferent systems. Scale bar is 250 pm in,
62.5pm in and 500 pm in all the remaining panels. ACgG, anterior cingulate gyrus; SFG, superior frontal gyrus; PrG, precentral gyrus; SMG, superior

(Albaugh et al., 2020; Cushnie et al., 2020; Weiss et al., 2020). A
potential replacement for AAV2-retro is AAV2-HBKO, a viral capsid
obtained through mutation of the heparin sulfate proteoglycan
binding pocket in AAV2 (Naidoo et al., 2018). Upon MRI-guided
deliveries of AAV2-HBKO into the thalamus of NHPs, retrogradely-
transduced neurons were found in several territories of the cerebral
cortex as well as in subcortical locations such as the caudate and
putamen nuclei, globus pallidus and substantia nigra pars reticulata
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and compacta (Naidoo et al., 2018). Besides AAV2-retro and AAV2-
HBKO, several novel AAV capsid variants enabling retrograde
transduction have been made available recently, these comprising
AAV-MNMO004 and AAV-MNMO008 (Davidsson et al, 2019),
AAV-TT (Tordo et al.,, 2018) and AAV2i8 (Kondratov et al., 2021).
According to available data, AAV2i8 performs nicely in NHPs,
whereas AAV-MNMO004, AAV-MNMO008 and AAV-TT have not been
tested yet in NHPs to the very best of our knowledge.
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FIGURE 8
Nigrostriatal system: Photomicrographs and histograms illustrating the conducted analyses at the level of the nigrostriatal system. The optical density
of TH+ terminals was compared between the left and right putamen across 26 equally-spaced sections. (A) Shows a coronal section immunostained
for TH at the level of the midline decussation of the anterior commissure (animal MFO5). Arrow in (A) indicates the injection site of AAV9-SynA53T. (B) Is
a histogram showing obtained quantifications for optical densities in both animals. The right hemisphere is represented by a gray bar, whereas purple
and green bars represent the left putamen (animals MFO4 and MFO5, respectively). Optical densities of TH+ terminals were similar when comparing the
left and right putamen nuclei in both animals. (C) Is a low-power photomicrograph taken from a coronal section through the substantia nigra in animal
MFO05, immunostained for TH. As indicated in the histogram shown in (D), the number of TH+ neurons remain the same when comparing left vs. right
substantia nigra [color-coded the same was as in (B)]. Panel (E) and inset (F) illustrates the immunoperoxidase detection of a-Syn counterstained with
toluidine blue (Nissl stain) in a coronal section through the substantia nigra in animal MFO4. Although roughly half of the dopaminergic neurons
became transduced with a-Syn (54.94% in MFO4 and 56.26% in animal MF05), any evident sign of nigrostriatal damage was observed. Scale bar is
6.5mm in (A), 3.5mm in (B), 1,750 pm in (E) and 175 pm in (F).

That said and given the well-known good performance of the ~Comparisons with existing AAV-based
native AAV9 capsid for retrograde spread through brain circuits ~maodels of syn ucleinopathy in NHPs
(Green et al., 2016; Sucunza et al., 2021), AAV9 still is regarded as a

very good alternative to engineered capsids and indeed often Upon the identification that alpha-synuclein is the main
represents the standard choice for CNS applications. component of Lewy bodies in idiopathic cases of PD and DLB
12 frontiersin.org
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(Spillantini et al., 1997), the field of PD modeling in NHPs quickly
moved to approaches based on the use of either AAVs coding for
different forms of the SNCA gene or preformed, synthetic alpha-
synuclein fibrils (reviewed in Koprich et al, 2017; Marmion and
Kordower, 2018). Initial studies were performed in marmosets by Kirik
et al. (2003) by performing intranigral AAVs deliveries coding for
either mutated or wild-type forms of alpha-synuclein. After a follow-up
period of 16weeks, a significant reduction in the density of TH+
striatal terminals was noticed, together with 30-60% of TH+ cells in
the substantia nigra. Later on, roughly similar results were reported by
Eslamboli et al. (2007) in marmosets after intranigral deliveries of
AAV2/5 (wild-type and mutated alpha-synuclein) and with a longer
follow-up period ranging from 33 to 52 weeks. More recently, another
study in marmosets (Bourdenx et al., 2015) used an AAV9 coding for
mutated A53T synuclein, injected in the substantia nigra and
comprising both young and aged marmosets. Obtained results revealed
lower percentages of TH+ cell loss, ranging from 13% in young animals
to 20% in aged animals. Regarding macaques, unilateral deliveries in
the substantia nigra with a lentiviral vector coding for mutated A53T
synuclein in Macaca mulatta revealed non-quantified levels of TH cell
loss in the substantia nigra (Yang et al.,, 2015). More recently, the
intranigral delivery of AAV1/2 in Macaca fasicularis resulted in 50% of
TH+ cell loss 17 weeks after AAV deliveries (Koprich et al., 2016). Next
and in our own experience, deliveries of AAV9-SynA53T in the
substantia nigra of Macaca fascicularis lead to 55% of dopaminergic cell
loss 12 weeks after viral injections (Sucunza et al., 2021). Finally, a
different approach was recently implemented in Macaca fascicularis
upon the intranigral delivery of an AAV coding for the human
tyrosinase gene (the rate-limiting enzyme for neuromelanin synthesis).
This strategy lead to a time-dependent enhanced accumulation of
neuromelanin, later triggering an endogenous synucleinopathy in the
form of Lewy bodies (Chocarro et al., 2023).

Obtained results here did not observed any noticeable
dopaminergic cell loss in the substantia nigra, and the same holds
true when analyzing optical densities of TH+ terminals in the
of
synucleinopathy based on AAVs, two main considerations may arise:

putamen. When compared to existing NHP models
firstly, intranigral and intraputaminal deliveries of viral vectors can
hardly be compared together, bearing in mind that intranigral
deliveries maximize transgene concentration into the targeted area,
whereas a retrograde spread from the putamen toward the substantia
nigra is required for achieving dopaminergic cell transduction.
Secondly and most importantly, huge differences apply when
comparing the range of survival times. Sacrifices were performed
here 4 weeks upon intraputaminal deliveries, whereas much longer
survival times were used in studies directly targeting the substantia
nigra. In other words, although 4weeks post-delivery of AAV9-
SynA53T is an interval good enough to induce a-Syn transduction,
longer follow-up times will be likely required to further induce
neurodegeneration as well as any noticeable motor/behavioral
readouts. Moreover, different AAV serotypes, viral titration and inter-
species differences may also account for the observed differences.
However, it is worth noting that the obtained transduction of TH+
cells upon intraputaminal deliveries has its own added value, since by
going this way the identity of @-Syn + neurons in the substantia nigra
can be disclosed (e.g., transduced neurons are all of them projecting
to the putamen), a fact that cannot be properly addressed upon
intranigral deliveries (e.g., projection patterns for transduced neurons
remained unknown).
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Conclusion

Here a novel NHP model of disseminated synucleinopathy was
introduced by taking advantage of the retrograde spread of AAV9-
SynA53T upon intraparenchymal putaminal deliveries. This model
likely represents a good standard for the pre-clinical development of
new drugs intended to induce alpha-synuclein clearance for the
treatment of unmet medical conditions such as PDD and DLB. That
said, we recognize the fact further studies with longer survival times
with be required to take proper advantage of this model toward
clinical translation.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author. Further information and request for
resources and reagents should be directed to and will be fulfilled by
the corresponding author, JL (jlanciego@unav.es).

Ethics statement

Animal handling was conducted in accordance to the European
Council Directive 2010/63/UE as well as in full keeping with the
Spanish legislation (RD53/2013). The experimental design was
approved by the Ethical Committee for Animal Testing of the
University of Navarra (ref: CEEA095/21) as well as by the Department
of Animal Welfare of the Government of Navarra (ref: 222E/2021).

Author contributions

AR: Funding acquisition, Supervision, Writing - original
draft, Formal analysis, Investigation, Methodology. AC: Formal
analysis, Investigation, Methodology, Data curation, Validation,
Writing - review & editing. JC: Data curation, Formal analysis,
Investigation, Validation, Software, Writing - review & editing.
GA: Data curation, Formal analysis, Investigation, Validation,
Methodology, Writing - review & editing. ER: Data curation,
Methodology, Validation,
Supervision, Writing - review & editing. AH: Data curation,

Formal analysis, Investigation,
Formal analysis, Investigation, Methodology, Validation, Writing
- review & editing. PA: Data curation, Formal analysis,
Investigation, Methodology, Validation, Writing - review &
editing. JL: Validation, Conceptualization, Funding acquisition,
Project administration, Resources, Supervision, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was funded in whole or in part by Aligning Science Across Parkinson’s
(Grant No. ASAP-020505) through the Michael J. Fox Foundation for
Parkinson’s Research (MJFF). For the purpose of open access, the
author has applied a CC-BY 4.0 public copyright license to all Author

frontiersin.org


https://doi.org/10.3389/fnana.2024.1355940
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
mailto:jlanciego@unav.es

Rico et al.

Accepted Manuscripts arising from this submission. Conducted work
was also funded by MCIN/AIE/10.12039/5011000011033 (Grant No.
PID2020-120308RB) and by CiberNed Intramural Collaborative
Projects (Grant No. P12020/09).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

References

Albaugh, D. L., Smith, Y, and Galvan, A. (2020). Comparative analyses of transgene
expression patterns after intra-striatal injections of rAAV2-retro in rats and rhesus
monkeys: a light and electron microscopic study. Eur. J. Neurosci. 52, 4824-4839. doi:
10.1111/ejn.15027

Borra, E., Rizzo, M., Gerbella, M., Rozzi, S., and Luppino, G. (2022). Laminar origin
of corticostriatal projections to the motor putamen in the macaque brain. J. Neurosci.
41, 1455-1469. doi: 10.1523/JNEUROSCI.1475-20.2020

Bourdenx, M., Dovero, S., Engeln, M., Bido, S., Bastide, M. E, Dutheil, N, et al. (2015).
Lack of additive role of ageing in nigrostriatal neurodegeneration triggered by
a-synuclein overexpression. Acta Neuropathol. Commun. 3:46. doi: 10.1186/
540478-015-0222-2

Campos, L. J., Arokiaraj, C. M., Chuapoco, M. R., Chen, X., Goeden, N., Gradinaru, V.,
et al. (2023). Advances in AAV technology for delivering genetically encoded cargo to
the nonhuman primate nervous system. Curr. Res. Neurobiol. 4:100086. doi: 10.1016/j.
crneur.2023.100086

Chocarro, J., Rico, A. J., Ariznabarreta, G., Roda, E., Honrubia, A., Collantes, M., et al.
(2023). Neuromelanin accumulation drives endogenous synucleinopathy in non-human
primates. Brain 146, 5000-5014. doi: 10.1093/brain/awad331

Cushnie, A. K., el-Nahal, H. G., Bohlen, M. O., May, P. ]., Basso, M. A., Grimaldji, P.,
et al. (2020). Using rAAV2-retro in rhesus macaques: promise and caveats for circuit
manipulation. J. Neurosci. Methods 345:108859. doi: 10.1016/j.jneumeth.2020.108859

Davidsson, M., Wang, G., Aldrin-Kirk, P,, Cardoso, T., Nolbrant, S., Hartnor, M., et al.
(2019). A systemic capsid evolution approach performed in vivo for the design of AAV
vectors with tailored properties and tropism. Proc. Natl. Acad. Sci. USA 116,
27053-27062. doi: 10.1073/pnas.1910061116

DeLong, M. R. (1990). Primate models of movement disorders of basal ganglia origin.
Trends Neurosci. 13, 281-285. doi: 10.1016/0166-2236(90)90110-v

Eslamboli, A., Romero-Ramos, M., Burger, C., Bjorklund, T., Muzyczka, N.,
Mandel, R. ], et al. (2007). Long-term consequences of human alpha-synuclein
overexpression in the primate ventral midbrain. Brain 130, 799-815. doi: 10.1093/brain/
awl382

Gerits, A., Vancraeyenest, P., Vreysen, S., Laramée, M.-E., Michiels, A., Gijsbers, R.,
et al. (2015). Serotype-dependent transduction efficiencies of recombinant adeno-
associated viral vectors in monkey neocortex. Neurophotonics 2:031209. doi: 10.1117/1.
NPh.2.3.031209

Green, F, Samaranch, L., Zhang, H. S., Mannin-Bog, A., Meyer, K., Forsayeth, J., et al.
(2016). Axonal transport of AAV9 in nonhuman primate brain. Gene Ther. 23, 520-526.
doi: 10.1038/gt.2016.24

Janssen, P, Isa, T., Lanciego, J. L., Leech, K., Logothetis, N., Poo, M.-M,, et al. (2023).
Visualizing advances in the future of primate neuroscience research. Curr. Res.
Neurobiol. 4:100064. doi: 10.1016/j.crneur.2022.100064

Jellinger, K. A. (2022). Are there morphological differences between Parkinson’s
disease-dementia and dementia with Lewy bodies? Parkinsonism Relat. Dis. 100, 24-32.
doi: 10.1016/j.parkreldis.2022.05.024

Jellinger, K. A., and Korczyn, A. D. (2018). Are dementia with Lewy bodies and
Parkinsons disease dementia the same disease? BMC Med. 16:34. doi: 10.1186/
s12916-018-1016-8

Kirik, D., Annett, L. E., Burger, C., Muzyczka, N., Mandel, R. ., and Bjorklund, A.
(2003). Nigrostriatal alpha-synucleinopathy induced by viral vector-mediated
overexpression of human alpha-synuclein: a new primate model of Parkinson’s disease.
Proc. Natl. Acad. Sci. USA 100, 2884-2889. doi: 10.1073/pnas.0536383100

Frontiers in Neuroanatomy

14

10.3389/fnana.2024.1355940

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnana.2024.1355940/
full#supplementary-material

Kondratov, O., Kondratova, L., Mandel, R. J., Coleman, K. Savage, M. A.,
Gray-Edwards, H. L., et al. (2021). A comprehensive study of a 29-capsid library in a
non-human primate central nervous system. Mol. Ther. 29, 2806-2820. doi: 10.1016/j.
ymthe.2021.07.010

Koprich, J. B., Johnston, T. H., Reyes, G., Omana, V., and Brotchie, J. M. (2016).
Towards a non-human primate model of alpha-synucleinopathy for development of
therapeutics for Parkinson’s disease: optimization of AAV1/2 delivery parameters to
drive sustained expression of alpha synuclein and dopaminergic degeneration in
macaque. PLoS One 11:€0167235. doi: 10.1371/journal.pone.0167235

Koprich, J. B., Kalia, L. V,, and Brotchie, J. M. (2017). Animal models of
a-synucleinopathy for Parkinson disease drug development. Nat. Rev. Neurosci. 18,
515-529. doi: 10.1038/nrn.2017.75

Lanciego, J. L., Luquin, N., and Obeso, J. A. (2012). Functional neuroanatomy of the
basal ganglia. Cold Spring Harb. Perspect. Med. 2:a009621. doi: 10.1101/cshperspect.
2009621

Lanciego, J. L., and Vazquez, A. (2012). The basal ganglia and thalamus of the long-
tailed macaque in stereotaxic coordinates. A template atlas based on coronal, sagittal
and horizontal brain sections. Brain Struct. Funct. 217, 613-666. doi: 10.1007/
s00429-011-0370-5

Lanciego, J. L., and Wouterlood, F. G. (2011). A half century of experimental
neuroanatomical tracing. J. Chem. Neuroanat. 42, 157-183. doi: 10.1016/j.
jchemneu.2011.07.001

Lanciego, J. L., and Wouterlood, F G. (2020). Neuroanatomical tract-tracing
techniques that did go viral. Brain Struct. Funct. 225, 1193-1224. doi: 10.1007/
500429-020-02041-6

Lépez, J. C. (2010). The Herrenhausen symposium on neurodegeneration. Editorial
foreword. Nat. Med. 16:1200. doi: 10.1038/nn.2631

Luquin, M. R,, Laguna, J., Herrero, M. T, and Obeso, J. A. (1993). Behavioral tolerance
to repeated apomorphine administration in parkinsonian monkeys. J. Neurol. Sci. 114,
40-44. doi: 10.1016/0022-510x(93)90046-2

Marmion, D. J., and Kordower, J. H. (2018). a-Synuclein non-human primate models
of Parkinson’s disease. J. Neural Transm. (Vienna) 125, 385-400. doi: 10.1007/
500702-017-1720-0

Martin, R. E, and Bowden, D. M. (1996). A stereotaxic template atlas of the macaque
brain for digital imaging and quantitative neuroanatomy. Neurolmage 4, 119-150. doi:
10.1006/nimg.1996.0036

Martin, W. R. W, Younce, J. R., Campbell, M. C., Racette, B. A., Norris, S. A., Ushe, M.,
etal. (2023). Neocortical Lewy body pathology parallels Parkinson’s dementia, but not
always. Ann. Neurol. 93, 184-195. doi: 10.1002/ana.26542

Masamizu, Y., Okada, T., Kawasaki, K., Ishibashi, H., Yuasa, S., Takeda, I., et al. (2011).
Local and retrograde gene transfer into primate neuronal pathways via adeno-associated

virus serotype 8 and 9. Neuroscience 193, 249-258. doi: 10.1016/j.
neuroscience.2011.06.080

Naidoo, J., Stanek, L. M., Ohno, K., Trewman, S., Samaranch, L., Hadaczek, P, et al.
(2018). Extensive transduction and enhanced spread of a modified AAV2 capsid in the
non-human primate CNS. Mol. Ther. 26, 2418-2430. doi: 10.1016/j.ymthe.2018.07.008

Paxinos, G., Huang, X. E, Petrides, M., and Toda, A.W. (2009). The Rhesus monkey
brain in stereotaxic coordinates. Academic Press — Elsevier, Oxford.

Penttinen, A.-M., Parkkinen, I., Blom, S., Kopra, J., Andressoo, J.-A., Pitkdnen, K.,
et al. (2018). Implementation of deep neural networks to count dopamine neurons in
substantia nigra. Eur. J. Neurosci. 48, 2354-2361. doi: 10.1111/ejn.14129

frontiersin.org


https://doi.org/10.3389/fnana.2024.1355940
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnana.2024.1355940/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnana.2024.1355940/full#supplementary-material
https://doi.org/10.1111/ejn.15027
https://doi.org/10.1523/JNEUROSCI.1475-20.2020
https://doi.org/10.1186/s40478-015-0222-2
https://doi.org/10.1186/s40478-015-0222-2
https://doi.org/10.1016/j.crneur.2023.100086
https://doi.org/10.1016/j.crneur.2023.100086
https://doi.org/10.1093/brain/awad331
https://doi.org/10.1016/j.jneumeth.2020.108859
https://doi.org/10.1073/pnas.1910061116
https://doi.org/10.1016/0166-2236(90)90110-v
https://doi.org/10.1093/brain/awl382
https://doi.org/10.1093/brain/awl382
https://doi.org/10.1117/1.NPh.2.3.031209
https://doi.org/10.1117/1.NPh.2.3.031209
https://doi.org/10.1038/gt.2016.24
https://doi.org/10.1016/j.crneur.2022.100064
https://doi.org/10.1016/j.parkreldis.2022.05.024
https://doi.org/10.1186/s12916-018-1016-8
https://doi.org/10.1186/s12916-018-1016-8
https://doi.org/10.1073/pnas.0536383100
https://doi.org/10.1016/j.ymthe.2021.07.010
https://doi.org/10.1016/j.ymthe.2021.07.010
https://doi.org/10.1371/journal.pone.0167235
https://doi.org/10.1038/nrn.2017.75
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1007/s00429-011-0370-5
https://doi.org/10.1007/s00429-011-0370-5
https://doi.org/10.1016/j.jchemneu.2011.07.001
https://doi.org/10.1016/j.jchemneu.2011.07.001
https://doi.org/10.1007/s00429-020-02041-6
https://doi.org/10.1007/s00429-020-02041-6
https://doi.org/10.1038/nn.2631
https://doi.org/10.1016/0022-510x(93)90046-2
https://doi.org/10.1007/s00702-017-1720-0
https://doi.org/10.1007/s00702-017-1720-0
https://doi.org/10.1006/nimg.1996.0036
https://doi.org/10.1002/ana.26542
https://doi.org/10.1016/j.neuroscience.2011.06.080
https://doi.org/10.1016/j.neuroscience.2011.06.080
https://doi.org/10.1016/j.ymthe.2018.07.008
https://doi.org/10.1111/ejn.14129

Rico et al.

Rosenow, J. M., Mogilnert, A. Y., Ahmed, A., and Rezai, A. R. (2004). Deep brain
stimulation for movement disorders. Neurol. Res. 26, 9-20. doi:
10.1179/016164104773026480

Ruifrok, A. C., and Johnston, D. A. (2001). Quantification of histochemical staining
by color deconvolution. Anal. Quant. Cytol. Histol. 23,291-299.

Saleem, K. S., and Logothetis, N. K. (2007). Atlas of the Rhesus monkey brain in
stereotaxic coordinates. Academic Press; Elsevier, San Diego, CA.

San Sebastian, W, Samaranch, L., Heller, G., Kells, A. P,, Bringas, J., Pivirotto, P,, et al.
(2013). Adeno-associated virus type 6 is retrogradely transported in the non-human
primate brain. Gene Ther. 20, 1178-1183. doi: 10.1038/gt.2013.48

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R., and
Goedert, M. (1997). Alpha-synuclein in Lewy bodies. Nature 388, 839-840. doi:
10.1038/42166

Sucunza, D., Rico, A. J,, Roda, E., Collantes, M., Gonzélez-Aseguinolaza, G.,
Rodriguez-Pérez, A. I, et al. (2021). Glucocerebrosidase gene therapy induces alpha-
synuclein clearance and neuroprotection of midbrain dopaminergic neurons in mice
and macaques. Int. J. Mol. Sci. 22:4825. doi: 10.3390/ijms22094825

Frontiers in Neuroanatomy

15

10.3389/fnana.2024.1355940

Tervo, D. G. R., Hwang, B.-Y,, Viswanathan, S., Gaj, T, Lavzin, M., Ritola, K. D., et al.
(2016). A designer AAV variant permits efficient retrograde access to projection
neurons. Neuron 92, 372-382. doi: 10.1016/j.neuron.2016.09.021

Tordo, J., O’'Leary, C., Antunes, A. S. L., Palomar, N., Aldrin-Kirk, P, Basche, M., et al.
(2018). A novel adeno-associated virus capsid with enhanced neurotropism corrects a
lysosomal transmembrane enzyme deficiency. Brain 141, 2014-2031. doi: 10.1093/brain/
awyl26

Visanji, N. P,, Brotchie, J. M., Kalia, L. V., Koprich, J. B., Tandon, A., Watts, J. C., et al.

(2016). a-Synuclein-based animal models of Parkinsons disease: challenges and
opportunities in a new era. Trends Neurosci. 39, 750-762. doi: 10.1016/j.tins.2016.09.003

Weiss, A. R., Liguore, W. A., Domire, J. S., Button, D., and McBride, J. L. (2020). Intra-
striatal AAV2.Retro administration leads to extensive retrograde transport in the rhesus
macaque brain: implications for disease modeling and therapeutic development. Sci.
Rep. 10:6970. doi: 10.1038/s41598-020-63559-7

Yang, W,, Wang, G., Wang, C.-E., Guo, X,, Yin, P, Gao, ], et al. (2015). Mutant alpha-
synuclein causes age-dependent neuropathology in monkey brain. J. Neurosci. 35,
8345-8358. doi: 10.1523/JNEUROSCL.0772-15.2015

frontiersin.org


https://doi.org/10.3389/fnana.2024.1355940
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1179/016164104773026480
https://doi.org/10.1038/gt.2013.48
https://doi.org/10.1038/42166
https://doi.org/10.3390/ijms22094825
https://doi.org/10.1016/j.neuron.2016.09.021
https://doi.org/10.1093/brain/awy126
https://doi.org/10.1093/brain/awy126
https://doi.org/10.1016/j.tins.2016.09.003
https://doi.org/10.1038/s41598-020-63559-7
https://doi.org/10.1523/JNEUROSCI.0772-15.2015

	Development and characterization of a non-human primate model of disseminated synucleinopathy
	Introduction
	Materials and methods
	Study design
	Notes on the chosen nomenclature
	Experimental animals
	Viral vector production
	Stereotaxic surgery for AAV deliveries
	Necropsy, tissue processing, and data analysis
	Quantification of neurons expressing α-Syn
	Quantification of the nigrostriatal system

	Results
	Injection sites and transduced putaminal areas with AAV9-SynA53T
	Number of α-Syn+ neurons across pre-defined ROIs
	Rostrocaudal distribution of α-Syn+ neurons within pre-defined ROIs
	Location of α-Syn+ neurons
	Subcortical labeling
	Preserved nigrostriatal system

	Discussion
	Technical considerations
	Notes on the study design
	Retrogradely-spreading AAV capsid variants
	Comparisons with existing AAV-based models of synucleinopathy in NHPs

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

