Journal of Parkinson’s Disease 14 (2024) 1077-1094 1077
DOI 10.3233/JPD-240207
10S Press

Review

The AAV-a-Synuclein Model of
Parkinson’s Disease: An Update

Anders Bjorklund* and Bengt Mattsson
Developmental and Regenerative Neurobiology, Department of Experimental Medical Science, Wallenberg
Neuroscience Center, Lund University, Lund, Sweden

Accepted 24 June 2024
Pre-press 19 July 2024
Published 3 September 2024

Abstract. Targeted delivery of a-synuclein using AAV vectors has over the two decades since its introduction developed into
a versatile tool for modeling different aspects of synucleinopathy, mimicking those seen in Parkinson’s disease and related
Lewy body disorders. The viral vector approach to disease modeling is attractive in that the expression of a-synuclein,
wild-type or mutated, can be confined to defined anatomical structures and targeted to selected cell populations using either
cell-type specific promoter constructs or different natural or engineered AAV serotypes. AAV-a-synuclein was initially used
to model progressive a-synuclein pathology in nigral dopamine neurons, and, like the standard 6-OHDA model, it has
most commonly been applied unilaterally, using the non-injected side as a reference and control. In recent years, however,
the AAV-a-synuclein model has become more widely used to induce Parkinson-like synuclein pathology in other relevant
neuronal systems, such as the brainstem noradrenergic and serotonergic neurons, the vagal motor neurons, as well as in
oligodendrocytes, the prime target relevant to the pathology seen in multiple system atrophy. The purpose of this review is
to give an overview of the progress made in the use of the AAV-a-synuclein model over the last two decades and summarize
the state-of-the art in the use of the AAV-a-synuclein model for disease modeling in rats and mice.

Plain Language Summary

Misfolding of the neuronal protein a-synuclein is central to the cellular processes that underlie the development of Parkinson’s
disease and related disorders, such as dementia with Lewy bodies and multiple system atrophy. Targeted delivery of a-
synuclein using adeno-associated virus, AAV, has become a standard tool to model the disease process in animals. This
AAV-a-synuclein model of Parkinson’s disease was introduced two decades ago and over the ensuing decades it has become
a widely used standard tool for experimental studies in animals. The usefulness of the AAV-a-synuclein model is largely
due to its flexibility and versatility as an experimental tool. In this review the authors summarize the state-of-the art in this
field and review the range of applications that has been developed using AAV-a-synuclein alone, in single hit models, or in
combinations with other interacting risk factors, in double hit models.
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Summary of AAV-a-synuclein based rodent models discussed in this review. In these models, vector driven synuclein pathology is aimed at
different cellular targets with the goal to replicate different aspects of PD-like pathology using the AAV-a-synuclein vector alone (“Single
hit models”) in A, or in combination with a second, interacting risk factor (“Double hit models™) in B

A Single hit AAV-a-synuclein models

Anatomical target Cellular target

Disease modeling Representative

references
Substantia nigra Dopamine neurons Pre symptomatic/advanced PD 4,5,6,17
Locus coeruleus Noradrenaline neurons Prodromal non-motor symptoms 52,53
Midbrain raphe nuclei Serotonin neurons Prodromal non-motor symptoms 54,55
Basal forebrain nuclei Cholinergic neurons Acetylcholine dependent cognitive 54,56
impairment
Dorsal motor nucleus Cholinergic motor Mediator of spread of synuclein 57, 58, 60
of Vagus neurons pathology
Striatum Oligodendrocytes Modeling pathology seen in Multiple 62, 65,70
System Atrophy
B Double hit AAV-a-synuclein models
Combination Added risk factor Impact Representative
references
AAV-a-synuclein + Mitochondrial Conversion of pre-symptomatic to 73,74
Rotenone dysfunction symptomatic PD
AAV-a-synuclein + Lysosomal dysfunction Conversion of pre-symptomatic to 79, 82
impaired GBA1 symptomatic PD
AAV-a-synuclein + Increased a-syn Conversion of pre-symptomatic to 92,93
LRRK2 mutation aggregation symptomatic PD

with Lewy bodies (DLB) and multiple system atrophy
(MSA). Modeling of different forms of synucle-
inopathy in rodents has been developed using either
transgenic technology, viral vector mediated gene
transfer, or inoculation with pre-formed fibril (PFF)
seeds.!™ These models are largely complementary
as experimental tools. The adeno-associated virus
(AAV) model was developed 20 years ago as a tool
to overexpress wild-type (WT) or mutant forms of -
synuclein (a-syn) in nigral dopamine (DA) neurons,
initially in rats,A'_6 and later also in mice and non-
human primates.”~'! While the transgenic and PFF
models are particularly useful in mice, the AAV-a-
syn model has become a standard tool for studies in
rats, and increasingly so also in mice.

Although the use of the AAV-a-syn model
demands some basic skills in stereotaxic surgery
and handling of AAV vectors, it is experimentally
attractive in that it makes it possible to express
wild-type (WT) or mutated a-syn locally in selected
targets. It was initially developed to model progres-
sive a-syn pathology in nigral DA neurons, and like
the standard 6-OHDA model it has typically been
applied unilaterally, using the non-injected side as
a reference. In recent years, however, the AAV-a-
syn model has become a more widely used tool to
induce and model PD-like synuclein pathology in
other targets. Not only in neurons, such as the brain-
stem noradrenergic and serotonergic neurons,'? but

also in oligodendrocytes, the prime target relevant
for the synucleinopathy seen in MSA.!3 The use
of different AAV serotypes, and different cell type-
specific promoters to drive the a-syn transgene, offers
experimental flexibility and interesting opportuni-
ties for wider application of the AAV-a-syn model
(Table 1).

The purpose of this review is to summarize the
progress made in the use of the AAV-a-syn model
over the last two decades and discuss the relevance of
the a-syn overexpression as a model of the pathology
seen in PD and other synucleinopathies. In human
PD increased expression of a-syn, as seen in patients
carrying duplications or triplications of the a-syn
gene, can be causative, and in sporadic PD elevated
a-syn levels is likely to be a susceptibility or risk
factor for the development of the disease. Although
the AAV-a-syn overexpression model can be said to
mimic the condition seen in patients carrying dupli-
cations or triplications of the a-syn gene, it should be
noted that profound motor impairments in the AAV-
a-syn model require expression levels in the order
of 4-6 times above normal, which is well above the
level of a-syn seen in duplication and triplication
patients, which is estimated at 1.5- to 2-fold above
normal.!% 13 This difference may be explained by the
time-course of the degenerative changes that develops
over decades in humans and over weeks and months
in the AAV-a-syn model.
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INDUCTION OF PROGRESSIVE PD-LIKE
PATHOLOGY IN NIGRAL DA NEURONS

The synucleinopathy induced by AAV-a-syn
injected into the substantia nigra is remarkably selec-
tive for the DA-containing neurons. Thus, despite that
AAV-derived a-syn is expressed broadly in both DA
and non-DA neurons, the degenerative changes—the
a-syn aggregates, dystrophic neurites, and cell
death—develop only in the DA neurons.*!%17 This
vulnerability is in line with studies showing that
o-syn toxicity in DA neurons is mediated by an
interaction with cytosolic DA'8720 and mitochondrial
oxidant stress.?! Increased cellular a-syn levels, as
achieved in the AAV model, may thus interact with
other interacting factors, such as cytosolic DA and
DA-related oxidative stress, to initiate and drive a
toxic process in those neuron systems which are prone
to develop the classic signs of PD toxicity, i.e., Lewy
bodies and Lewy neurites.?!-%2

The toxic impact of a-syn overexpression in nigral
DA neurons is clearly dose dependent. As is the
case in patients with duplication or triplication of the
a-syn gene higher a-syn expression levels are asso-
ciated with earlier disease onset and more severe and
rapidly progressing disease.!>?3 An attractive fea-
ture of the AAV model, therefore, is that the vector
dose can be adjusted so as to obtain a-syn expression
levels compatible with either advanced, symptomatic
disease (seen at high vector titers) or early stage/pre-
symptomatic disease (seen at moderate vector titers).

Modelling advanced stage PD using high o-syn
expression levels

The development of the AAV-a-syn model was
initially focused on its use in rats, administered uni-
laterally into the substantia nigra, and from the outset
efforts were made to maximize the toxic impact of the
vector in order to model the structural and functional
impairments seen in of advanced PD, characterized
by major DA neuron loss and manifest impairments
in standard motor tests. This turned out to be pos-
sible by shifting from the use of the (then standard)
AAV?2/2 serotype to more efficient alternatives, such
as AAV2/52% 2/6,5 2/7,'7 and 2/9%5%6 with opti-
mized promoter and enhancer constructs, and used
at high viral titers. The AAV-a-syn model is appli-
cable also in mice (AAV2/2;%7 AAV2/7;8 AAV2/9;%
AAV2/6;28 AAV1/2;? AAV2/5%), although the vec-
tor types and titers that work well in rats tend to be less
potent in mice, with more limited TH+ cell loss and

behavioral impairments. (See!3? for comprehensive
reviews of studies performed in rats and mice until
2021).

The vectors used in these studies express human
WT or A53T mutant a-syn, driven by strong promot-
ers, such as CMV, CBA/CMV hybrid, Synapsin-1,
or CBAie-enhanced Synapsin-1, in some cases also
including a WPRE enhancer element. Use of human
a-syn has become a common standard in the field.
The use of human o-syn has the advantage that
the delivered a-syn can be visualized and quantified
using antibodies specific for the human version. Com-
parisons made between the WT and AS53T versions
suggest that they are fairly similar in their potency
to induce a-syn pathology in DA neurons (see, e.g.,
4,8)-

In the rat studies quoted above the AAV-a-syn
vectors have been used in working titers spanning
two orders of magnitude, in the range of 10'2-10'#
genome copies (gc)/ml. In one case,!” the selected
working titer was as low as 3 x 10'! gc¢/ml. The in
vivo efficiency of the AAV-a-syn vectors used varies a
lot due to a number of factors, including the serotype,
the promoters and enhancers, and the production and
purification methods used. Vector titer is commonly
expressed as gc/ml, determined by DNA dot blot or
gPCR. This measure, however, is a poor predictor
of the efficiency of transduction, i.e., the number of
infectious particles. Despite efforts to optimize the
vector constructs and standardize the vector produc-
tion, therefore, the impact, i.e., the magnitude of cell
loss and the extent of motor impairment, is quite vari-
able, not only between different vector constructs and
different laboratories, but also from batch to batch
generated by the same procedure. This is, at least in
part, due to the difficulty to standardize the purity and
infectivity of the vector batches. There are methods
for determination of the infectious titer, but they are
seldom used, and since they are performed on cells in
culture with the equivalent vector expressing a fluo-
rescent reporter they provide only an indirect measure
of the efficiency displayed by the a-syn expressing
vector on DA neurons in vivo.

As a more realistic and relevant alternative, there-
fore, it is recommended to perform an in vivo pilot test
to select the working titer for each new batch. In our
laboratory we have selected the working titer for each
new vector batch in a test where we inject the vector
unilaterally into the substantia nigra at three different
dilutions, spanning from around 10'? to around 10'3
gc/ml, with 3 animals/dose. As illustrated in Fig. 1,
we select the working dose based on the magnitude
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Fig. 1. Selection of vector dose for the pre-symptomatic and advanced, symptomatic versions of the intranigral AAV-a-synuclein model,
induced by a single, unilateral injection into the substantia nigra (A). A high vector dose is required to induce neurodegenerative pathology
associated with a significant impairment in paw use and amphetamine-induced turning, as determined in this case at 7 weeks post-injection
(B,C). At this dose the vector-derived human a-synuclein is expressed at a high level throughout substantia nigra (SN), along the axons in
the nigrostriatal pathway (NSP) and in the terminals in the caudate-putamen (CPu) (D), and it induces already at 3-4 weeks a loss of at least
25-30% of the TH+ nigral neurons, and a corresponding loss of TH+ innervation in the striatum (E). At the moderate, 3-fold lower dose,
TH+ cell number and TH+ striatal innervation is unaffected, or at most marginally reduced (at most 20-25%) when assessed at 3 weeks
post-injection (G). TH+ cell loss may develop at longer survival times, 12-24 weeks, but the animals remain essentially non-symptomatic
at shorter survival times (B,C). Importantly, to match the requirements for a prodromal level of synuclein pathology the vector-derived
a-synuclein should cover a large part of the substantia nigra and be expressed at high level in the striatal terminals, most importantly in the
motor-related dorsolateral part of the head of the caudate-putamen (F). Dashed line in C represents the threshold rate, 3 turns/min, commonly
used to signify a significant motor impairment in the amphetamine rotation test. (Own original data).

of TH+ cell loss in the substantia nigra and loss of Based on available datas’24’25’31 the selected dose

TH+ innervation in striatum assessed at 3-4 weeks should result in a TH+ cell loss of at least 25-30%
post-injection, as determined by TH immunostaining. at 3-4 weeks, combined with a similar loss of TH+
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innervation in parts of the striatum (Fig. 1E) and
significant impairment in paw use and amphetamine-
induced rotation when tested at longer time points
(Fig. 1B,C). In addition, we use h-a-syn immunos-
taining to secure that the vector derived human a-syn
is expressed in the terminals of the nigrostriatal pro-
jection throughout the ipsilateral caudate-putamen,
the dorso-lateral part of the head of the caudate-
putamen in particular, the part most closely linked to
the motor symptoms (Fig. 1D). At the selected high
doses a-syn will be expressed on the contralateral
side but, as illustrated in Fig. 1D, the nigral DA neu-
rons will not be transduced to a level needed to induce
a-Syn expression in nigro-striatal axons projecting to
the contralateral striatum.

This test has a three-fold purpose: to make sure
(i) that the infectivity of the selected titer is high
enough to induce the level of DA neuron cell loss
and axonopathy compatible with advanced stage PD,
(ii) that the h-a-syn transgene is expressed in the vast
majority of the nigral A9 neurons, and (iii) to avoid
using the vector at excess titer, i.e., at a titer where
toxicity unrelated to a-syn expression can kick-in.
The use of very high titers of AAV-a-syn vectors car-
ries the risk of overdosing, i.e., toxicity unrelated to
a-syn expression. Control vectors expressing GFP is
commonly used to control for this factor. At non-
toxic levels this control vector will cause minimal or
no damage, but there are examples in the literature
where significant cell loss has been induced by the
GFP control vector (see, e. g.,26’32). In such cases the
results obtained with the matching a-syn vector may
be difficult to interpret.

Time-course of degenerative changes seen at
high vector titers

The impact of a-syn overexpression on DA neu-
ron integrity and function is progressive. It hits
the axons and terminals first and progresses over
time to involve also the cell bodies. At high
expression levels, in the range of 4-6-fold above
the endogenous a-syn level,>>17:20-33 the retrograde
progression of neurodegeneration resembles that
described in human PD,3* although the degenera-
tive changes seen in the AAV-a-syn model happen
much faster than in the human disease. The time-
course of changes, however, is spread out in time
which makes it possible to distinguish stages that
matches pre-symptomatic, early symptomatic, and
advanced stages of the disease, allowing studies
of stage-specific interventions and identification of

targets for neuroprotective or disease-modifying
interventions:

A pre-symptomatic stage, which spans over the
first 2-3 weeks after vector injection, is characterized
by an a-syn positive axonopathy that involves the
appearance of axonal swellings that stain positively
for phosphorylated form of a-synuclein (pSer129a-
syn; p-syn), loss of TH+ terminals in striatum,
downregulation of the DA synaptic machinery (TH,
DAT and VMAT-2) and impaired synaptic DA
release.’> 37 The reduction in TH+ cell numbers seen
at this early stage is in part due to downregulation of
the TH enzyme.

These early changes are followed by an early
symptomatic stage that evolves over the following
2-3 weeks, characterized by more extensive axonal
pathology and TH+ terminal loss, partial loss of TH
and VMAT-2 positive neurons and early signs of
impairment in standard motor tests.

An advanced symptomatic stage is reached at
about 68 weeks after vector injection. At this time-
point the degenerative changes have reached a level
when significant motor impairments and more sub-
stantial cell loss have developed. Part of the still
surviving a-syn expressing nigral DA neurons remain
in a dysfunctional state and the degenerative pro-
cess may continue to progress during the following
weeks,317,24,26

Amphetamine-induced rotation and forelimb use
in the cylinder or stepping tests are commonly used
to monitor motor impairment in unilaterally AAV-
o-syn treated rats. Since none of the tests, used
alone, can reliably identify well-lesioned animals in
an experimental group it is recommendable to use a
combination of at least two of them. Since these motor
asymmetry tests are less informative in mice, tests of
more general motor behavior, such as open field activ-
ity and rotarod and pole tests, are often included to
monitor the impact of a-syn overexpression in mice
with either unilateral or bilateral vector injections.

In contrast to the 6-OHDA lesion model where
motor impairment is a direct consequence of the
loss of DA neurons, the functional impairment in the
AAV-a-syn model reflects a combination of cell death
and dysfunction in still surviving dystrophic neurons.
Thus, the magnitude of impairment seen in the stan-
dard cylinder and stepping tests is poorly correlated
with the extent of DA neuron loss.>>*2% Significant
behavioral impairment can be seen with as little as
40-50% loss of TH+ cells in substantia nigra, while
similar extent of impairment in the 6-OHDA model
occurs only after more than 70-80% of the nigral neu-



1082 A. Bjorklund and B. Mattsson / The AAV-a-Synuclein Model of PD

rons are lost.333% In the neurotoxin model the spared
DA neurons remain functional and may even com-
pensate, to some extent, for the lost neurons, while
in the AAV-a-syn model spared neurons survive in
a dystrophic state with p-syn+ cytoplasmic inclu-
sions and swollen and distorted axons. Interestingly,
these spared nigral neurons survive long-term in this
pathological condition despite that the level of a-syn
(judged by immunostaining) remains high. This sug-
gests that the individual DA neurons may vary in their
vulnerability to a-syn overexpression, and that some
of the nigral A9 neurons, like the A10 neurons in
the VTA, are able to resist a-syn toxicity, perhaps
by more efficient handling and elimination of toxic
o-Syn species.

Modelling early-stage/pre-symptomatic PD
using moderate and more physiological a-syn
expression levels

Dose-response studies in rats?*3? and mice® indi-
cate that a moderate level of a-syn expression,
compatible with a non-symptomatic, early-stage DA
neuron pathology, as illustrated in Fig. 1EG, is
obtained with one-third to one-fourth of the genome
copy (gc) titers used to generate the high dose
advanced stage pathology described above.

The gc titer is a useful measure to standardize
the doses used in different experiments as long as
they are derived from the same batch. For each
new vector batch, however, it is advisable to select
the working titer based on an in vivo pilot test
as described above. In this case the selected dose
should transduce the entire A9 region of the substan-
tia nigra and express the vector-derived h-a-syn at
high level in the nigrostriatal terminals, as assessed
by human-a-syn immunostaining, most importantly
in the motor-related dorsolateral part of the head
of the caudate-putamen. The TH+ cell number and
the TH+ striatal innervation should be unaffected
or at most marginally reduced (less than 20-25%)
when assessed at 3-4 weeks post-injection. TH+
cell loss may develop at longer survival times,
12-24 weeks, but the animals remain essentially non-
symptomatic.> !¢ The early reduction in TH+ cell
number is, in part at least, due to downregulation of
TH in cells expressing pSer129-a-syn (p-syn). The
appearance of p-syn+ granular cytoplasmic aggre-
gates in the affected neurons is an additional feature
of sub-threshold a-syn pathology that appears early
and remains also at longer time-points.

The level of a-syn expression compatible with
pre-symptomatic DA neuron pathology has been esti-
mated to be 2-3-fold above the endogenous a-syn
level.’ At this level of expression, which is in the
range of those seen in patients carrying duplication
or triplication mutations of the a-syn gene,'* 1% a-syn
may act as a susceptibility factor that can interact with
other genetic or environmental risk factors to drive
the development of a disease-causing degenerative
process.”!:?> The use of this sub-threshold AAV-a-
syn model in such “double-hit” combinations (see
Table 1) will be discussed further below.

Combination of AAV-a-synuclein with preformed
fibril (PFF) seeds

The level of a-syn overexpression needed to induce
nigral DA neuron cell death of a magnitude suf-
ficient to induce significant motor impairments is
well above what may occur in human PD. This
raises the question whether the toxicity and pathol-
ogy associated with such high a-syn expression levels
is relevant as a model for the clinical condition.
One way to circumvent this limitation is to com-
bine AAV-mediated a-synuclein overexpression with
preformed fibril (PFF) seeds, delivered into the sub-
stantia nigra either mixed in a single injection,**#! or
as two separate injections.'® PFFs are known to act as
seeds for the recruitment of monomeric a-synuclein
into toxic fibrillar aggregates, and the speed by which
this happens is dependent on the level of a-synuclein
present in the cell.*>*3 The seeding is most efficient if
PFFs and monomeric a-synuclein are from the same
species.*

In the combined AAV-PFF (SynFib) model* the
AAV vector expressing human WT a-synuclein is
used at the moderate dose level used to induce early-
stage, non-symptomatic DA neuron pathology, as
described above, and combined with a dose of human
PFFs that, by itself, is not able to induce signifi-
cant DA neuron loss at short survival times. Rats
or mice receiving this combination exhibit enhanced
and accelerated development of pathology with p-
syn+ inclusions appearing in cell bodies, axons and
dendrites, accompanied by a prominent inflamma-
tory response that develops already within the first
month.'®41:4 Ag illustrated in Fig. 2, the magnitude
of these early changes far exceeds those seen in ani-
mals treated with the AAV-a-syn vector alone, both at
the level of the cell bodies in the nigra (Fig. 2B-E) and
at the level of the axonal in the striatum (Fig. 2G-I).
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Fig. 2. In the SynFib model where the AAV-a-synuclein vector is used in combination with pre-formed fibrils (PFFs) the PFFs act as seeds
to accelerate and amplify the formation of toxic a-synuclein aggregates. The vector is used at a moderate dose level to induce early-stage,
non-symptomatic DA neuron pathology when the vector is used alone, as illustrated in panels D and E in Fig. 1, combined with a dose of
human PFFs that, by itself, is not able to induce DA neuron loss at shorter survival times (B,G). The development of pS129-a-synuclein
(p-syn) pathology and microglial activation (A,F) is enhanced and accelerated, both in nigra (D,E) and striatum (H,I) and is observed already

at 4 weeks post-injection. (Own original data).

In the Hoban et al. study,*' motor impairment
(assessed in the stepping and cylinder tests) and sig-
nificant loss of nigral TH+ neurons were observed
already at 4 weeks post-injection. Notably, at this
early time-point most of the p-syn expressing nigral
neurons stained negatively for TH, indicating that the
reduction in the TH+ cell number, which amounted to
about 50-60% at 4 weeks, reflected a combination of
cell loss and TH downregulation in still surviving p-
syn expressing neurons. At the longer time-point, 16
weeks, these p-syn positive/TH negative nigral neu-
rons were gone, indicating a progressive loss of the
p-syn expressing DA neurons over time. Thus, part

of the affected DA neurons initially remains intact
but in dysfunctional state linked to axonopathy and
impaired DA neurotransmission, which is followed
by a progressive loss of the p-syn expressing neurons
that takes place over the subsequent weeks.

The SynFib model shares features with the 6-
OHDA lesion model in that it is applied unilaterally in
a single dose, and that the toxic impact is sufficient to
induce significant impairments in both spontaneous
and drug-induced motor behavior in a high percent-
age of the treated animals. In the studies conducted so
far, the long-term nigral TH+ cell loss has been con-
sistently above 50% provided that the injections have



1084 A. Bjorklund and B. Mattsson / The AAV-a-Synuclein Model of PD

been correctly placed. Similar levels of nigral cell
loss can be obtained in the AAV-a-syn only model
but only at very high a-syn expression levels. As
described in detail elsewhere® the magnitude of cell
loss obtained in the SynFib model, and the speed by
which it happens, makes it possible to use simple
behavioral tests to monitor the extent and progress
of DA neuron pathology and degeneration over time.
The early changes in the rotation and paw use tests
seen at 4 weeks post-injection may be used as a pre-
dictor of the long-term loss of nigral TH+ neurons
and the loss of TH+ innervation in the striatum. An
amphetamine rotation score of >3 turns/min or, alter-
natively, a score of <35% contralateral touches, in %
of total touches, in the cylinder test, recorded at 4
weeks, have been proposed to be used as a selection
criterion to identify rats with more than 60% loss of
nigral TH+ neurons recorded at longer timepoints.*>

AAV-a-SYN INDUCED
SYNUCLEINOPATHY IN
NORADRENERGIC, SEROTONERGIC
AND CHOLINERGIC NEURONS

The dorsal motor nucleus of the vagus (DMYV),
the locus coeruleus (LC) and the midbrain raphe
nuclei (mRN) are among the first structures in the
brain to be hit by synuclein pathology. DMV, in
particular, develops a-syn inclusions early and is
likely to play a role in the caudal-to-rostral spread
of synuclein pathology.*® Dysfunction of the nora-
drenergic neurons in the LC and the serotonergic
neurons in the mRN may contribute to the prodromal
non-motor symptoms that precede the DA-related
motoric impairments, such as anxiety, depression,
anhedonia and disrupted sleep behavior.*”*® Like
the nigral DA neurons, these neuronal systems have
extensive and widely spread axonal networks and that
may make them particularly vulnerable due to the
excessive metabolic demand linked to the mainte-
nance of activity in a highly branched axonal network,
and similar to the nigral DA neurons these neurons
exhibit the kind of autonomous peacemaking activ-
ity that is associated with calcium entry and high
metabolic demands.?>* The selective vulnerability
of LC neurons may also be explained by their con-
tent of noradrenaline, a catecholamine that possesses
latent toxic oxidative properties similar to those of
DA.

AAV-mediated expression of a-synuclein offers a
flexible tool to induce synucleinopathy selectively

in these neuronal populations. Although the small
size of these structures is challenging and demands
precise stereotaxic surgery, AAV-mediated a-syn
transfer offers interesting possibilities to target and
adapt the vector construct to each neuron type selec-
tively.

AAV-a-syn targeting the LC has been explored in
mice in Wolfgang Oertel’s lab using an AAV1/2 vec-
tor expressing the A53T-a-synuclein mutant under
the CBA promoter.>’3! The cellular changes repli-
cate some of the features of a-syn pathology seen
in the LC in PD patients: aggregation of phosphory-
lated a-syn with signs of proteasomal and lysosomal
dysfunction, gradual development of signs of pathol-
ogy including dystrophic axons and dendrites, a
prominent microglial and astroglial response, and
a progressive loss of the TH+ noradrenergic neu-
rons. The progression of degenerative changes, in
fact, is quite similar to that seen in AAV-a-syn trans-
duced nigral DA neurons (see above), with cell loss
starting at around 3 weeks and reaching about 60%
at the longest timepoint studied, 9 weeks. Notably,
the a-syn overexpression obtained with this vector,
driven by the non-selective CBA promoter, was not
confined to the noradrenergic neurons but included
also neurons in adjacent structures. Nevertheless, it
seems that a-syn pathology developed selectively in
LC neurons, which is in line with the idea that the
presence of noradrenaline in the cells confers vul-
nerability to a-syn induced toxicity. The impact of
a-syn overexpression on neuronal firing properties
was explored electrophysiologically,! but since the
vector injection was applied unilaterally the impact
on LC-dependent behaviors was not pursued in this
experiment.

AAV-a-syn targeting the midbrain raphe nuclei has
been explored in two studies using either an AAV
2/6 vector expressing WT human a-syn driven by
the cell-specific tryptophan hydroxylase promoter,
performed in rats,’> or an AAV2/5 vector express-
ing human WT a-syn under the non-selective CBA
promoter, performed in mice.’>> The a-syn pathol-
ogy obtained in these two studies was relatively mild,
characterized by a-syn and p-syn positive inclusions
and swollen and distorted a-syn+ axons and den-
drites that developed over the first 4-6 weeks. The
number of tryptophan hydroxylase positive cell bod-
ies remained unchanged, up to 8 weeks in the mouse
study and up to 20 weeks in the rat study. The den-
sity of SERT positive fibers in cortical and limbic
forebrain regions was reduced, by about 50% at 8
weeks in the mouse study. It remained unchanged



A. Bjorklund and B. Mattsson / The AAV-a-Synuclein Model of PD 1085

at up to 12 weeks in the rat study, followed by a
loss of about 40% seen at 20 weeks post-injection.
5-HT tissue levels in cortical and limbic forebrain
areas, however, remained unchanged in both cases.
Anxiety-like behavior, as assessed in the elevated
plus maze or the dark/light box test, was unaffected
in both studies, while depressive-like behavior in
the forced swim test was significantly enhanced in
the mouse study but remained unaffected in the rat
study. This difference may be due to the expression
of a-syn in non-serotonergic neurons linked to the
non-selectivity of the CBA-driven AAV vector used
in the mouse study.

Considering the relatively moderate level of a-
syn protein expression obtained in these studies it is
not surprising that the resulting degenerative changes
were quite modest. More severe pathology and sero-
tonergic cell loss may be obtained using higher vector
titers, or alternatively using a mixture of AAV-a-syn
and pre-formed fibrils (PFFs), as in the SynFib model
described above, allowing the added PFFs to act as
seeds for the generation of toxic a-syn aggregates.

The cholinergic basal forebrain cholinergic neu-
rons located in the medial septum /diagonal band area
and the nucleus basalis of Meynert are affected later in
the disease. The synucleinopathy that develops over
time in these neurons is accompanied by degenera-
tive changes, axonopathy and cell loss that correlate
with the development of cognitive impairments.3*3
AAV-a-syn targeting the basal forebrain cholinergic
neurons has been explored in rats in two studies,
using either an AAV2/5 vector® or an AAV2/6 vec-
tor expressing human WT a-synuclein driven by the
synapsin-1 promoter.”? In both cases the vector was
injected bilaterally and targeted on the medial sep-
tum/diagonal band area, in some of the animals in
combination with an injection of the same vector in
the ventral tegmental area (VTA)® or an injection
of the TPH-driven vector (see above) in the mid-
brain raphe nuclei.’? Following a series of behavioral
tests, the animals were processed for histological
analysis at 24 weeks post-injection. The patholog-
ical changes seen at this long-term timepoint were
confined to an extensive axonal pathology character-
ized by axonal swellings and proteinase-K resistant
a-syn aggregates, without any cholinergic cell loss.
The number of ChAT-expressing septal/DB neurons
was reduced by 40-50% due to downregulation of
the enzyme in surviving neurons. The functional tests
performed in the Wan et al. study>? did not show
any impairments in either place learning in the water-
maze test, anxiety-like behavior in the elevated plus

maze, or depressive-like behavior in the forced swim
test.

Although limited and preliminary, these studies
suggest that the basal forebrain cholinergic neurons
are less vulnerable to elevated a-syn levels than
nigral DA neurons and noradrenergic LC neurons,
but somewhat similar to the more resistant DA neu-
rons in the VTA.%® An experimentally useful model
of basal forebrain cholinergic synucleinopathy will
require a more efficient vector tool, or most likely, a
double-hit approach, such as the combination of an
AAV vector with synclein PFFs.

A method for AAV-a-syn targeting the dorsal motor
nucleus of the vagus (DMV) has been developed
by Donato Di Monte and colleagues,*® applied to
either rats>’>% or mice.>® %0 In this method an AAV-
o-syn vector of the 2/6 serotype, expressing human
WT a-syn and driven by the synapsin-1 promoter, is
injected unilaterally into the vagal nerve using either
a thin 60 wm glass capillary fitted to a 5 pl Hamilton
syringe (in rats®’) or a thin 36 gauge metal needle
fitted to a 10 wl NanoFil syringe (in mice®). The
AAVs are transported from the injection site retro-
gradely to the cholinergic motor neurons located in
the DMV, and anterogradely to the neurons in the
sensory vagal ganglia, resulting within 1-2 weeks
in widespread expression of human o-syn in the
DMV neurons and their axonal and dendritic pro-
jections, as well as in the vagal afferents innervating
the dorsal medulla oblongata, the solitary nucleus in
particular.

The h-a-syn protein was expressed in 30-40%
of the DMV cholinergic neurons, exclusively on
the injected side. Their number declined over time,
by 30% at 3 months, 85% at 6 months and 95%
at 12 months, indicating a progressive degenerative
process induced by the elevated a-syn level.® The
h-a-syn was largely cytoplasmic, in the absence of
h-a-syn+ inclusions or aggregates, but with signs
of oxidative stress, indicated by elevated ROS lev-
els. Interestingly, a further 1.5-fold increase in ROS
levels, induced by systemic treatment with the ROS-
generating agent paraquat, reduced the number of
surviving h-a-syn expressing neurons by 25%. This
was accompanied by an increase in the oxidized or
nitrated form of a-syn, seen as granular inclusions
in the affected neurons, and an increased aggregation
of oligomeric forms of the protein.® Thus, similar
to what has been shown to occur in nigral DA neu-
rons, the toxic impact of oxidative stress and h-a-syn
overexpression act in synergy to induce degenerative
changes in the DMV neurons.
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The Di Monte lab has used the vagal model to
study the role of DMV in the caudal-to-rostral spread
of a-synuclein pathology.*®-37-38 In support of this
idea, they observe a gradual spread of vector-derived
h-a-syn in axons distributed in areas of the pons
and midbrain, including the coeruleus-subcoeruleus
region and dorsal raphe nuclei, suggesting transfer
of h-a-syn to afferents terminating on the transduced
DMV neurons. This spread is dependent on the con-
tinuous supply of h-a-syn from the transduced DMV
neurons, but independent of any seeding mechanism
involving endogenous a-syn. It expands over the
first 3 months, when it reaches its maximum, and
declined during the following months. a-Syn toxic-
ity is observed in the form of axonal pathology and
partial loss of neurons in the LC, amounting to 15%
at 1 year, accompanied by microglial activation that
was evident already by 3 months.

Although experimentally valuable, the clinical rel-
evance of the intra-vagal AAV-a-syn model is limited
by the lack of a-syn accumulation or aggregates
in neuronal cell bodies beyond the DMV, and the
absence of h-a-syn spreading and pathology in the
substantia nigra. This is in contrast to the gut-to-
brain model where a-syn PFFs are injected into the
gut, and where the spread to the brain is mediated
by seeding and transfer of endogenous a-syn. In this
case neuronal a-syn pathology, in the form of p-syn+
inclusions and overt nigral DA neuron loss is evident
(see, e.g.,.o).

AAV-a-SYN INDUCED
SYNUCLEINOPATHY IN
OLIGODENDROCYTES AS A MODEL OF
MULTIPLE SYSTEM ATROPHY

Unlike PD and DLB, where the a-syn inclusions
are confined to neurons, the inclusions formed in
patients with MSA are predominantly located in the
cytoplasm of oligodendroglia. These glial cytoplas-
mic inclusions (GCI) contain a-syn filaments that
are structurally different from those in PD or DLB.
The neuropathological features of MSA include
demyelination, axonal damage and neurodegenera-
tion combined with microglial activation, astrogliosis
and T-cell infiltration.®?> The accumulation of a-syn
containing GClIs, which occurs early in the disease,
seems to drive the neurodegenerative changes and
is also well correlated with the extent of neuronal
loss and demyelination.®3% Based on pathology
and symptoms one distinguishes two major types: a

parkinsonian variant, MSA-P, with prominent nigros-
triatal degeneration and parkinsonian features, and a
cerebellar variant, MSA-C, with olivopontocerebel-
lar atrophy and ataxia.

The viral vector models of MSA are based on the
use of AAV vectors that allow expression of h-a-syn
with high selectivity, and at high levels, in oligoden-
drocytes. The oligo selective AAV vector constructs
developed so far are of two types. In one version selec-
tivity is obtained by including a promoter sequence
that drives the expression of human WT a-syn effi-
ciently in oligodendrocytes, using either the promoter
for myelin basic protein, MBP,%> or the promoter
for myelin associated glycoprotein, MAG,%%%7 In
another version selectivity is obtained by using a syn-
thetic capsid, called Olig001, that contains a chimeric
mixture of elements from AAV1,2,6,8 and 9 that pro-
vides the vector with a high affinity for transduction
of oligodendrocytes.®? %870 In both cases the vectors
are injected into the striatum in order to mimic the
striato-nigral pathology of the parkinsonian variant,
MSA-P.

In the study of Bassil et al.,% the AAV1/2-MBP-
ha-syn vector was injected bilaterally in rat striatum
at a titer of 2.33 x 10'3 gc/ml, and the rats were per-
fused for analysis at 3- and 6-months post-op. a-Syn
was preferentially expressed in oligos (84%) and to a
minor extent in neurons (11%), in part in an insoluble,
proteinase-K resistant form. The a-syn expressing
oligodendrocytes covered around 60% of the stri-
atal volume and they occurred also outside striatum,
in corpus callosum, motor cortex, globus pallidus
and substantia nigra, suggesting spread of either vec-
tor derived a-syn, or the vector itself, along known
anatomical pathways. As illustrated in Fig. 3A-F,
the AAV1/2-MBP-ha-syn injected rats developed a
progressive L-dopa-resistant motor deficit that was
detectable at 2 months and became prominent at
6 months, accompanied by a progressive loss of
neurons in both striatum (-23% at 6 months) and
substantia nigra (-42% at 3 months and —-67% at 6
months). Myelin damage and immune/inflammatory
changes were not investigated in this study.

In the studies using the Olig001-ha-syn vector,
the vector was delivered bilaterally in the striatum
in rats at two different doses, 2.4 x 10!2 gc/ml and
2.3 x 10'? gc/ml,’® and unilaterally in mice at a dose
of 1.0 x 1013 gc/m1.9? The vector was highly effi-
cient: over 95% of the transduced cells are oligos,
with little or no expression in neurons or astrocytes.®

The pathology induced by intrastriatal delivery
of the Olig001-ha-syn vector shares key features
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A-F: MSA model using the AAV-MBP-a-syn vector (Bassil et al. 2017)
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Fig. 3. Features of the MSA-like neurodegenerative changes induced by overexpression of human a-synuclein in oligodendrocytes, obtained
by intrastriatal injection of an AAV1/2 vector driven by the promoter for myelin basic protein, MBP (A-F),% or intrastriatal injection of
a chimeric AAV-a-synuclein vector, Olig001, with high affinity for oligodendrocytes (G-J).”% In the Bassil et al. study,®> a-synuclein was
selectively expressed in oligodendrocytes and covered a large part of the striatum (A,B). The rats developed motor impairments over time
(C), associated with a progressive loss of TH+ and Nissl-stained neurons in the nigra (D,E) and NeuN+ neurons in the striatum (F). In the
Marmion et al. study,’” the Olig001 vector was efficient in inducing widespread pS129-a-syn positive and proteinase K resistant cytoplasmic
inclusions selectively in oligodendrocytes (A,B), accompanied by a dose-dependent loss of TH+ neurons in the nigra and NeuN+ neurons
in the striatum, most pronounced at high titer (HT) of the vector (LJ). (Data compiled from® and’).

with human MSA of the parkinsonian type: wide-
spread appearance of insoluble GCl-like a-syn+
inclusions in oligodendrocytes, myelin damage, and
neuronal cell loss in both striatum and substantia
nigra.”® (Fig. 3G-J). The distribution of pSer129-
a-syn+ inclusions outside the striatum, in globus

pallidus, thalamus and substantia nigra, suggests
transfer of oligo-derived a-syn along anatomical
pathways. These changes were dose-dependent and
fully expressed only at the highest dose.

In the Williams et al. study in mice®? the
wide-spread appearance of p-syn+ inclusions in
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oligodendrocytes, seen at 4 weeks in the striatum
and corpus callosum, was accompanied by signs of
demyelination, microglial activation and infiltration
of CD4+ and CD8+ T-cells, closely associated with
the area of demyelination and the p-syn expressing
oligodendrocytes, similar to what have been observed
in MSA patients. No neuronal cell loss was observed
at this early time-point which is consistent with
the idea that the accumulation of p-syn+ inclusions
precede neuronal degeneration. Together with the
associated T-cell response, these GCI-like inclusions
may be driving the progression of pathology in this
MSA model.

Compared to the transgenic mouse models where
a-syn is constitutively expressed under the control of
oligodendrocyte-specific promoters, these AAV vec-
tor models offer advantages in that the insult can be
targeted to MSA-specific brain regions with a-syn
expression levels high enough to induce more promi-
nent neuropathology, neuronal cell death and motor
deficits. And they are applicable not only in rats and
mice, but also in non-human primates.5>-%-70

USE OF AAV-a-SYN IN DOUBLE HIT
MODELS

Increased cellular levels of a-syn, as obtained with
AAV-a-syn vectors, can be toxic to neurons at high
doses. At more physiological levels, however, a-syn
can be viewed as a vulnerability factor that interacts
with other risk factors to trigger the characteris-
tic pathogenic process seen in symptomatic PD and
DLB. As discussed above, this opens possibilities to
use AAV-syn at pre-symptomatic moderate doses in
combination with other insults to drive the kind of
interactive pathogenic mechanisms seen in so-called
double hit models. In this section we will discuss
three such examples where AAV-induced a-syn over-
expression is combined with either mitochondrial
dysfunction (Rotenone treatment) or mutations in
the GBA1 or LRRK2 genes, three major risk fac-
tors that interact with a-syn in the pathogenesis of
the disease.?!-"!

AAV-a-syn combined with rotenone

Mitochondrial dysfunction, and deficits in com-
plex I of the respiratory chain in particular, is an
integral part of PD pathology. In human DA neurons
elevated mitochondrial oxidative stress can trigger
a toxic cascade leading to lysosomal dysfunction
and a-syn accumulation, suggesting that oxidative

stress resulting from mitochondrial impairment can
increase the toxicity induced by elevated levels of
a-syn.2"7! Thus, moderate overexpression levels of
a-syn may become toxic if they are combined with
complex I inhibition.

This double hit approach has been explored in rats
by Eilis Dowd and her collaborators using intrani-
gral AAV-a-syn in combination with the complex
I inhibitor rotenone, given either systemically’? or
locally in the substantia nigra’> or striatum.”* In
their design rotenone was administered 3 months
after AAV-a-syn, i.e., at a time-point when the vector
derived a-syn has reached a stable level and the ini-
tial impact has subsided. Rotenone was administered
either as a single intracerebral injection, or subcuta-
neously over 4 weeks using an osmotic minipump.

In all three cases the sequential administration of
these two risk factors resulted in more pronounced
pathology and motor impairments, at a level that was
significantly greater than that seen after either insult
alone. The most interesting results were obtained
in the Naughton et al. study’* where rotenone
was injected into the striatum in combination with
intranigral AAV-a-syn given at a moderate, pre-
symptomatic dose. Neither insult alone was sufficient
to induce significant motor impairment as assessed in
the stepping, corridor and whisker tests, while the rats
with combined insults developed marked and signif-
icant impairments in all three tests, as well as a high,
ipsilateral turning rate, 4—6 turns/min, in response
to amphetamine. The motor impairment, observed
on the side contralateral to the injections, appeared
within 1 week after rotenone injection and remained
stable for the following 4 weeks. TH immunohisto-
chemistry, performed at this timepoint, showed an
additive effect of the two insults on TH+ cell loss
in the ipsilateral substantia nigra: around 30% in the
AAV only and rotenone only groups, and around 60%
in the combined group. As discussed above, the mag-
nitude of cell loss obtained in the combined group,
in combination with extensive axonopathy, is well
within the range needed to induce significant motor
impairment in animals given high doses of AAV-a-
syn.

The results obtained in this study support the idea
that a-syn, at the moderately elevated cellular levels
seen in patients with sporadic PD, makes the affected
nigral DA neurons vulnerable to a subsequent mito-
chondrial insult. The combination of the two insults,
as used by Naughton et al.,”* thus provides an inter-
esting example of a double hit AAV model where
the development of pathology and motor impairment
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akin to symptomatic PD can be triggered in ani-
mals primed with moderate, pre-symptomatic doses
of AAV-a-syn.

AAV-a-syn combined with impaired GBA 1
function

Mutations in the GBA1 gene is a prevalent genetic
risk factor for PD.”> GBA1 encodes for a lysoso-
mal enzyme, glucocerebrosidase (GCas). GCas level
and activity is reduced, not only in GBA patients but
also in PD patients without GBA1 mutation.”®77 It
is estimated that 10-30% of individuals with GBA1
mutations will develop PD by the age of 80, sug-
gesting that GBA1 mutations alone is not sufficient
to cause PD pathology, but that an additional factor
such as increased expression of a-syn is required.
This is the same in GBA1 knock-out mice or L444P
knock-in mice where brain GCas level and activity is
reduced by 50-80%.

Transgenic knock-out or knock-in mice show pro-
gressive accumulation of a-syn, but no overt a-syn
pathology or DA neuron cell loss.”780 In a-syn over-
expressing transgenic mice, by contrast, expression
of mutant GBA1 compromises lysosomal function
and causes accumulation of toxic a-syn oligiomeres,
loss of nigral DA neurons and motor impairments.
Enhanced a-syn mediated toxicity, induced by par-
tial depletion of GCas, are observed also in cellular
a-syn overexpression models.”®3!

These data show that reduced GCas activity alone
is not sufficient to cause PD like pathology and that
additional factors, such as increase in the cellular
a-syn level, are required for overt PD-like pathol-
ogy to develop. This suggests a possible double-hit
model where AAV-vector induced a-syn, expressed
at a pre-symptomatic level, is combined with reduced
expression of GCas. Schapira and collaborators’® and
Stefanis and collaborators®? have explored this pos-
sibility in studies where AAV-a-syn was delivered
unilaterally using a moderate dose of the AAV vector,
either in GCas deficient mice or in combination with
an AAV vector expressing a GCas-downregulating
microRNA. In both versions, overexpression of a-syn
in the presence of reduced levels of GCas resulted in
increased accumulation of a-syn in nigra and stria-
tum, and a 30-50% loss of TH+ and Nissl-stained
neurons in the ipsilateral substantia nigra. In the
Polissidis et al. study3? this was accompanied by a
50% reduction in striatal DA levels and a significant
impairment in paw use the cylinder test.

These findings point to a role of GCas as a regu-
lator of a-syn toxicity, which is further supported by
studies showing that increased expression of GBA1
prevents the development of a-syn pathology and
cell death in the AAV-a-syn rat model.’3* The
concept underlying this combined double-hit AAV-
o-syn/GCas model is compelling and deserves to be
explored further, e.g., by extending the survival time
beyond 2 months in order to give more time for the
full impact to develop, and/or by using transgenic
mice with more prominent reduction in GCas activ-
ity. The absence of p-syn positive inclusions and signs
of lysosomal dysfunction in the Migdalska-Richards
et al. study’® suggests that the impact of the com-
bined AAV-a-syn/GCas insult in this case was rather
mild. As discussed by the authors, this may be due
to the relatively modest reduction in GCas activity,
30-40%, obtained in the transgenic mouse lines used
in this study.

AAV-a-syn combined with mutations in the
LRRK?2 gene

Although mutations in the LRRK2 gene is a
common genetic risk factor many mutation carriers
will never develop PD, even at very old age. The
lifetime penetrance of the most common mutation,
G2019S, for example, varies widely among differ-
ent populations, from 17 to 80%, implying that other
contributing factors are needed to convert the LRRK2
induced prodromal state into symptomatic PD.3>

Increased cellular levels of a-syn may be one such
factor. In many, but not all, human cases increased
LRRK?2 activity is linked to increased a-syn aggre-
gation and Lewy body formation, and studies in
cellular and transgenic mouse models have shown
that the G2019S-LRRK?2 mutation increases a-syn
aggregation and DA neuron degeneration caused by
delivery of a-syn PFFs.80:87 Notably, in transgenic
mice and rats the G2019S-LRRK2 mutation is by
itself not sufficient to generate a neurodegenerative
PD phenotype.38—0

These data suggest that LRRK2 and a-syn inter-
act in the disease process, and that the toxicity of
increased cellular levels of a-syn is amplified in the
presence of increased LRRK2 activity. Conversely,
increased cellular levels of a-syn achieved by mod-
erate, pre-symptomatic doses of AAV-a-syn should
be possible to use to convert a LRRK2 induced pro-
dromal state3®-°! into symptomatic PD.

This possibility has so far been investigated in two
studies.?>%3 In the Daher et al. study,92 G2019S-
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LRRK?2 transgenic rats and WT controls received a
unilateral injection of AAV1/2-a-syn into the sub-
stantia nigra, given at a moderate dose. In the WT
mice, this resulted in a minor, 20%, TH+ cell loss
with a low level of microglial activation and CD68+
myeloid cell infiltration, as assessed 2 and 4 weeks
after injection. By contrast, both TH+ cell loss,
microgliosis, and CD68+ myeloid cell infiltration
was markedly increased in the AAV-a-syn treated
G2019S-LRRK?2 transgenics. This effect could be
reversed by daily injections of a LRRK2 kinase
inhibitor. Longer time-points, and changes in motor
function, were not investigated in this study. The
magnitude of DA neuron cell loss, however, around
40-50% at 4 weeks, should be sufficient to induce
motor impairments at longer survival times.

In the Novello et al. study,” young (3 months old)
and middle aged (18 months old) G2019S-LRRK?2
knock-in mice, and age-matched WT controls,
received a bilateral intranigral injection of an AAV
2/9 vector overexpressing human mutant AS3T o-
syn. In this study AAV-a-syn was given at a dose
that, by itself, caused a 50% loss of TH+ nigral
neurons and a significant impairment in motor perfor-
mance in the stepping and rotarod tests. In the young
mice, the magnitude of cell loss, motor impairment
and p-syn aggregation was similar in the LRRK2
mutant and WT mice. In the middle-aged mice, an
increase TH+ cell loss (from 40 to 55%), and a 3-fold
increase in the level of p-syn positive aggregates, was
observed in the LRRK?2 mutants relative to the WT
controls, while motor impairment was similar in both
groups.

Although preliminary and limited in scope, the
results of these two studies suggest that the toxic
impact of a-syn overexpression is enhanced in the
presence of mutation-induced increase in LRRK2
activity. This is in line with findings in the a-syn-
PFF model showing increased a-syn aggregation and
PFF-induced DA neuron cell loss in G2019S-LRRK?2
knock-in mice compared to WT controls,3687 point-
ing to a role of LRRK2 as a regulator of a-syn
homeostasis and aggregation, although the underly-
ing mechanisms are unclear.”*

PERSPECTIVE

Targeted delivery of a-syn using AAV vectors has
over the two decades since its introduction devel-
oped into a useful and versatile tool for modeling
different aspects of synucleinopathy seen in PD, DLB

and MSA in rodents and non-human primates. The
viral vector approach to disease modeling is attrac-
tive in that a-syn delivery can be confined to selected
anatomical structures and the expression of a-syn,
WT or mutated, can be targeted to selected cell
populations using either cell-type specific promoter
constructs or different natural or engineered AAV
serotypes.

AAVa-syn delivered unilaterally to the substan-
tia nigra, alone or together with a-syn-PFFs, shares
attractive features with the standard 6-OHDA lesion
model: a single unilateral stereotaxic intervention;
pathology and cell loss developing over a short time
span; and the possibility to monitor the degenera-
tive changes using standard tests of motor behavior.
For labs familiar with the 6-OHDA lesion model,
the AAV-a-syn model is easy to adopt: the surgery
and injection technique are the same, and the same
functional tests are applicable in both models. The
two methods are clearly complementary in that they
replicate different aspects of the pathogenesis of
human PD: ROS-dependent neurodegeneration in the
6-OHDA model, and progressive synuclein pathol-
ogy, neuroinflammation, axonopathy and DA neuron
loss in the AAV-a-syn model.

The progressive nature of the vector-induced synu-
cleinopathy and the possibility to vary the strength
of the toxic impact by the vector dose are inter-
esting features of the AAV-a-syn model, making it
ideally suited for studies aimed at disease modifica-
tion and neuroprotection. An interesting possibility
is to use the AAV-a-syn vector in combination with
a second AAV vector, mixed in the same injection.
This second vector can, for instance, be designed
to modulate the expression of components of the
autophagy-lysosomal pathway (ALP) with the goal
to increase the resistance of the nigral DA neurons
to a-syn aggregation and toxicity. Good examples
of this mixed vector approach are studies aimed
to modulate the expression of either GCas or the
ALP-regulating transcription factor EB (TFEB). In
the study of Rocha et al.,33 the AAV-a-syn vector
was mixed with an AAV vector expressing GBA-
1 to obtain protection against a-syn overexpression,
and in a second study, Polissides et al.82 mixed the
AAV-a-syn vector with a vector expressing a GBA-
1 downregulating microRNA in order to exacerbate
o-syn toxicity. Similarly, co-injecting the AAV-a-syn
vector with an AAV vector expressing TFEB has been
shown to efficiently prevent the build-up of a-syn
aggregates and block a-syn toxicity and DA neuron
death.%3-%6
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In conclusion, the usefulness of the AAV-a-syn
model is largely due to its flexibility and versatility as
an experimental tool. The AAV vector can be targeted
on selected structures and neuronal cell groups and
used at different levels of toxicity; it can be applied
unilaterally to allow the unaffected side to serve as a
control; it can be designed to achieve selectivity for
specific neuronal and glial cell types; and it can be
used in both rodents and non-human primates. Fur-
ther refinement of vector technology, such as the use
of regulatable vectors®’ and the development of vec-
tors that can pass across the blood-brain barrier, and
thus administered systemically,’® will add further to
the utility of this method.
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