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Abstract.
Background: Alzheimer’s disease (AD) cases are often characterized by the pathological accumulation of �-synuclein (�-
syn) in addition to amyloid-� (A�) and tau hallmarks. The role of �-syn has been extensively studied in synucleinopathy
disorders, but less so in AD. Recent studies have shown that �-syn may also play a role in AD and its downregulation may
be protective against the toxic effects of A� accumulation.
Objective: We hypothesized that selectively knocking down �-syn via RNA interference improves the neuropathological
and biochemical findings in AD mice.
Methods: Here we used amyloid precursor protein transgenic (APP-Tg) mice to model AD and explore pathologic and
behavioral phenotypes with knockdown of �-syn using RNA interference. We selectively reduced �-syn levels by stereotaxic
bilateral injection of either LV-shRNA �-syn or LV-shRNA-luc (control) into the hippocampus of AD mice.
Results: We found that downregulation of �-syn results in significant reduction in the number of A� plaques. In addition,
mice treated with LV-shRNA �-syn had amelioration of abnormal microglial activation (Iba1) and astrocytosis (GFAP)
phenotypes in AD mice.
Conclusion: Our data suggests a novel link between A� and �-syn pathology as well as a new therapeutic angle for targeting
AD.
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INTRODUCTION

Neurodegenerative disorders such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Lewy
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body disease (LBD) are characterized by the progres-
sive accumulation of protein aggregates that initially
trigger synaptic damage and network dysfunction and
eventually lead to loss of selected neuronal popula-
tions [1]. AD is characterized by the accumulation of
amyloid-� (A�) and phosphorylation of the micro-
tubule associate protein, tau [2]. In addition to A�
and tau, recent studies have shown �-syn (�-syn) may
also contribute to AD pathogenesis [3–6].
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Pathological comorbidity is common in neurode-
generative diseases. For example, the co-occurrence
of A� and �-syn at autopsy is found in over 50%
of patients diagnosed with AD [7, 8]. Co-morbid
patients show an increased rate of cognitive decline
and shorter life span compared to classic AD, sug-
gesting that accumulation of these two proteins
together is synergistic in contributing to neuronal
degeneration and pathology. In addition, studies
demonstrate that cortical A� plaque load correlates
with �-syn load and overall Lewy body quantity in
the cortex and is associated with cognitive decline
[9]. Similarly, patients with autosomal dominant APP
mutations show �-syn accumulations in Lewy bod-
ies without having mutations in any known PD or
associated genes [10, 11]. Peripherally, �-syn and
A� have been found together in blood cells of nor-
mal patients [12, 13] and in exosomes of Lewy body
disease patients [14], suggesting that �-syn and A�
co-aggregate outside of the CNS. These data sug-
gest that �-syn can have a significant effect on the
aggregation and accumulation of A�. �-syn has been
extensively studied in the context of PD and dementia
with Lewy bodies (DLB) where it accumulates as dis-
crete neuropathological structures (Lewy bodies and
Lewy neurites) that are directly linked to neuronal
degeneration [15]. In AD and APP transgenic models,
�-syn interacts with both A� and tau and accumu-
lates in selected regions of the limbic system [16].
A� promotes �-syn aggregation [17] and toxicity
and levels of soluble �-syn are elevated in cere-
brospinal fluid (CSF) in patients with AD [18–21],
whereas in PD and DLB patients, CSF �-syn is not
altered compared to control patients [21]. However,
aggregated forms of �-syn are indeed elevated in
patients suffering from synucleinopathies, as shown
by RT-QuIC assays which are currently some of the
most promising methods for amplification of aggre-
gates from in vivo samples and thereby diagnosis of
disease [22–25]. Moreover, studies demonstrate that
�-syn administration enhances synaptic degeneration
in APP-Tg mice [26].

Our laboratory recently reported that enhanced
expression of �-syn in AD mice led to increased
degeneration of cholinergic neurons in the nucleus
basalis and hippocampal glutamatergic neurons [27].
We have expanded these studies and showed that
genetic ablation of �-syn (by crossing with an �-syn
knockout mouse) prevents loss of cholinergic neurons
and ameliorates the functional memory deficits in an
APP-Tg mouse [27]. Thus, reducing �-syn expres-
sion may be a disease-modifying therapeutic strategy

for AD, though this hypothesis needs further elucida-
tion. Here we show, for the first time, that specifically
targeting �-syn in vivo in an AD model can be
a successful strategy in ameliorating neuropatho-
logical lesions and rescuing learning and memory
deficits.

While many studies are focused only on target-
ing A�, tau or inflammation, we are targeting the
concept of co-morbidity in AD. To this end we uti-
lize shRNA molecules to downregulate �-syn in vivo.
shRNAs can bind specifically to target RNAs and
deliver them for degradation and this approach has
shown promising results clinically for spinal muscu-
lar atrophy and amyotrophic lateral sclerosis [28, 29].
Here we followed the concepts of such studies and
applied this gene therapy principle to AD in a non-
conventional way, i.e., by targeting �-syn in order to
investigate the neuropathological link between these
two neurodegenerative diseases.

MATERIALS AND METHODS

Ethical statement

All experimental studies involving animals were
approved by the Institutional Animal Care and Use
Committee of University of California San Diego
and performed in accordance with relevant guidelines
and regulations established by NIH Guide for the
Care and Use of Laboratory Animals under protocol
#S02221.

Mouse line APP-Tg

In this study we used the PSAPP mouse line
as an AD transgenic model (APP-Tg). APP-
Tg mice are double transgenic, expressing a
chimeric mouse/human amyloid precursor protein
(Mo/HuAPP695swe) and a mutant human presenilin
1 (PS1-dE9), both directed to CNS neurons [30]. Both
mutations are associated with early-onset AD [31].
These mice begin to accumulate A� at a young age
and develop large numbers of fibrillar A� deposits
in the cerebral cortex and hippocampus at about six
months of age [32–34]. Plaque pathology is not only
accelerated, but enhanced, with A� deposits even-
tually occupying a large area of the neocortex and
hippocampus by 16 months. In parallel, there is a sub-
stantial increase in plaque-associated astrocytes and
microglia, suggesting an overall increase in neuroin-
flammation between the ages of six and 16 months of
age. In summary, these mice display early A� depo-
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sition, behavioral deficits, and degeneration of the
limbic and cholinergic systems [35].

Stereotaxic delivery to the hippocampus

Mice were sterotaxically injected with 3 �l of
the lentiviral preparations (2.5 × 107 TU) into the
temporal cortex and hippocampus (using a 5 �l
Hamilton syringe). Briefly, as previously described,
mice were placed under anesthesia on a Koft stereo-
taxic apparatus and coordinates (hippocampus: AP
–2.0 mm, lateral 1.5 mm, depth 1.3 mm and cortex:
AP –0.5 mm, lateral 1.5 mm, depth 1.0 mm) were
determined as per the Franklin and Paxinos Atlas
[36]. The lentiviral vectors were delivered using a
Hamilton syringe connected to a hydraulic system to
inject the solution at a rate of 1 �l every 2 min. To
allow diffusion of the solution into the brain tissue,
the needle was left for an additional 5 min after the
completion of the injection. As an additional con-
trol for LV injection, age-matched littermates were
injected with LV-shLuc.

Construction and packaging of lentivirus vector

The sh�-syn (5’GAC UUU CAA AGG CCA AGG
A) corresponding to nucleotides 168–186 of �-syn
was chosen because we have previously shown this
targets both mouse and human �-syn [27]. As a
control we used the control shRNA lentivector (LV-
shLuc) contains an shRNA directed against firefly
luciferase. Lentiviruses were prepared by transient
transfection in 293T cells as previously described
[37].

Tissue preparation

Following National Institutes of Health guidelines
for the humane treatment of animals, mice were
anesthetized with isoflurane and flush-perfused tran-
scardially with 0.9% saline. Brains were removed and
divided in sagittal sections. The right hemibrain was
postfixed in phosphate-buffered 4% PFA, pH 7.4, at
4◦C for 48 h for neuropathological analysis and the
left hemibrain was snap-frozen and stored at –70◦C
for subsequent protein analysis.

Immunohistochemical analysis

Analysis was performed using free floating,
40 �m-thick, vibratome-cut, blind-coded sections,
as described previously [38]. Briefly, sections

were incubated overnight at 4◦C with antibodies
against total �-syn (1:500, affinity-purified mouse
monoclonal syn211, Millipore [18]), phosphory-
lated �-syn (1:1000, rabbit monoclonal, abcam
ab51253), A� (82E1, mouse monoclonal; BioLe-
gend), ChAT (1:100, rabbit monoclonal, Invitrogen),
NeuN (1:500, affinity-purified monoclonal; Milli-
pore), GFAP (1:500, affinity purified monoclonal;
Millipore), Iba1 (1:500, mouse monoclonal, Ther-
moFisher) followed by biotin-tagged anti-rabbit or
anti-mouse IgG1 (1:100; Vector Laboratories) sec-
ondary antibodies, avidin D-HRP (1:200, ABC
Elite; Vector Laboratories), and visualized with
diaminobenzidine (DAB). For detection of the
injected lentivirus construct in tissue, two different
strategies were used: 1) we used an anti-copGFP
antibody (AB501, Evrogen), followed by goat
anti-rabbit-AF488 secondary antibody (Invitrogen
cat11008) and 2) we did nickel enhancement of
anti-copGFP DAB stained sections. We then con-
trolled for �-syn reduction in these tissues by staining
for phosphorylated �-syn (1:500, phospho S129,
affinity-purified rabbit monoclonal, EP1536Y). Sec-
tions were scanned with a NanoZoomer S60 Digital
slide scanner C13210-01 and images were analyzed
using ImageJ [39] for quantification of optical den-
sities and cell counts, by correcting for background
staining.

Immunoblot analysis

The levels of �-syn in hippocampus and cor-
tex from mouse brains were analyzed using lysates
that were extracted and fractioned into membrane
and cytosolic fractions by ultracentrifugation. Briefly,
previously frozen hemibrains were sub-dissected to
obtain the cortex and the hippocampus for fur-
ther analysis. Tissues were homogenized in RIPA
(lysis buffer, Thermofisher) buffer with the addition
of protease inhibitor cocktails (HaltTM and PMSF
– Thermofisher) followed by ultracentrifugation at
30,000 rpm after each step. Protein (20 �g/lane) was
loaded onto 4 –12% SDS/PAGE gels and blot-
ted onto PVDF membranes and incubated with
total �-syn antibody (1:500, affinity-purified mouse
monoclonal syn211, Millipore16), followed by HRP-
tagged secondary antibodies (1:5000; Santa Cruz
Biotechnology). Bands were visualized by enhanced
chemiluminescence (PerkinElmer) and analyzed
with a quantitative Chemidoc MP imaging apparatus
(Bio-Rad). �-actin (1:3000) was the loading control.
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Statistical analysis

All analyses were performed using GraphPad
Prism (version 9.0) software. Differences among
means were assessed by one-way ANOVA with Dun-
nett’s post hoc test when comparing treated versus
non-treated and transgenic versus WT mice.

RESULTS

Delivery of shα-syn via intracranial injection of
a lentiviral vector reduces the accumulation of
α-syn in mouse brains

In our previous work we demonstrated that treat-
ment of neuronal cells with shRNA constructs is an
effective strategy to lower �-syn levels in vitro. In
this study, we went a step further and confirmed
whether we could selectively reduce �-syn levels in
neuronal tissue in vivo. We administered bilateral
stereotaxic injections of either the lentiviral vector
expressing sh�-syn or the control vector (shCtrl)
expressing an shRNA against firefly luciferase into
the hippocampus of mice, as previously described
[36]. The lentivirus construct was built such that
it expressed copGFP, to facilitate later detection in
the tissues tested. This is shown in Fig. 1B, where
both the LV-sh�syn- and LV-shScr-injected mice had
copGFP-positive signal in and around the hippocam-
pus. This is also visible by DAB and Ni+ staining,
in Fig. 1B, with more representative images in Sup-
plementary Figure 1. Furthermore, we quantified the
effect of our construct to lower alpha-syn levels in
Fig. 1C using Western blot. In this way we were able
to ascertain that �-syn levels are significantly reduced
in the hippocampus, but the difference was not signifi-
cant in the cortex and striatum regions. To understand
whether RNA interference of �-syn is an effective
strategy for reducing �-syn-associated pathology in
an AD model. We hypothesized that a highly effec-
tive shRNA would be sufficient in reducing �-syn
pathology.

Bilateral stereotaxic intracranial injections in both
hippocampi were performed at 6 months of age,
a timepoint where APP-Tg mice start to develop
pathological plaques (Fig. 1A). Mice were sacrificed
after 3 months and immunohistochemistry for �-syn
was performed using two antibodies: Syn211 (Invit-
rogen), which cross-reacts with both total human
and mouse �-syn; and PSyn, which cross-reacts
with human and mouse �-syn phosphorylated at the
S129 residue, a post-translational modification that

is associated with pathological protein aggregation
[40]. Quantification of Psyn immunostaining indi-
cated a significant reduction in phosphorylated �-syn
in the hippocampus in mice injected with LV-sh�-
syn compared to the control LV-shLuc (Fig. 1D).
No significant reduction in immunostaining was
observed in the cortex or striatum, attesting to
the efficacy of injections and the LV delivery
method.

Delivery of an α-syn shRNA to APP-Tg mice
reduces the pathological accumulation of Aβ

Having successfully established a method for the
knockdown of �-syn levels in vivo, we then tested
our hypothesis that, by reducing �-syn, we would be
able to diminish pathological accumulations of A�
in the brains of APP-Tg mice. As stated above, mice
received bilaterally injections in the hippocampus
with either a LV-sh�-syn or LV-shLuc at 6 months
of age. Three months later, mice were sacrificed
and the number of A� plaques was counted in
the hippocampus, cortex, and striatum. Immuno-
histochemistry using the anti-human monoclonal
antibody 82E1 against the N-terminus of human A�
showed, as expected, the formation of A� plaques
in APP-Tg mice (Fig. 2). Importantly, a significant
reduction in the number of plaques was observed in
mice that were injected with the LV-sh�-syn. This
reduction occurred only within the hippocampus
with no changes observed in the cortex or striatum
of these mice (Fig. 2B–D). These results suggest
that �-syn and A� co-exist and co-accumulate
in specific brain regions under pathological
conditions.

Immunohistochemical analysis of pan-neuronal
(NeuN) and cholinergic (ChAT) systems upon
reduction of α-syn

Next, we analyzed the effects of reducing �-syn
levels on the degeneration of specific neuronal pop-
ulations in the hippocampus and cortex. At 9 months
of age, we did not find significant neuronal loss
in APP-Tg mice as compared to non-Tg, based on
immunohistochemistry against pan-neuronal popula-
tions using NeuN antibody (Fig. 3). We observed that
LV-sh�-syn treatment showed a lower NeuN stain-
ing in CA3 in APP-Tg mice, which might suggest an
effect of the method itself, since injections targeted
this area (Fig. 3B, C).
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Fig. 1. Validation of in vivo knockdown of �-syn using a lentiviral vector to deliver sh�-syn intracranially. A) Line PSAPP (APP-Tg) was
intracranially injected with LV-sh�Syn or LV-shLuc at 6 months of age. At 9 months of age, brains were harvested. B) Representative
high magnification images of brain slices from LV-sh�Syn- or PBS-injected mice, immunostained for copGFP (upper panel) and double
immunostained for copGFP-Ni/Psyn (bottom panels). C) Hemibrains from APP-Tg were processed using punches collected from each
sub-region of the hippocampus and homogenized for quantification of total �-syn by Western blotting, using Syn211antibody. Quantification
of band intensities, normalized for �-actin control. One-way Anova with post-hoc Dunnett’s comparisons test revealed for hippocampus
regions p = 0.0253. D) Brain slices from APP-Tg mice injected with LV-sh-scr, LV-sh�-syn, and PBS were stained for phosphorylated �-syn
(S129) – DAB staining. Rows reflect zoomed in panels of each hippocampal region (CA1, CA3, and DG). ∗p < 0.05. Scale bars, 200 �m in
low-power images and 40 �m in high-power images.

Previous studies have reported that �-syn can
interact and aggravate A� pathology leading to
cholinergic-specific neurodegeneration. For this rea-
son, we next investigated whether reducing �-syn
might protect selective neuronal populations from
the neurotoxic effects of A�. Consistent with pre-
vious studies, analysis of the cholinergic system
with an antibody against ChAT showed that, com-
pared with non-Tg mice, APP-Tg mice displayed a
reduction in the number of cholinergic neurons in
the basal forebrain (Fig. 3D–F). Importantly, APP-
Tg mice that were treated with LV-sh�-syn at 6
months of age showed similar number of ChAT-
positive neurons as the non-Tg group, supporting
the efficacy of this treatment in preventing the early
loss of cholinergic neurons in AD. Finally, given that
�-syn has been reported to accelerate neurodegen-

eration of the dopaminergic system [41], we also
performed immunohistochemistry using an antibody
against tyrosine hydroxylase, however we did not find
differences between APP-Tg and non-tg mice at 9
months, nor between treated and untreated groups
following delivery of the LV-sh�-syn to the hip-
pocampus (data not shown).

Downregulation of α-syn prevents glial-mediated
neuroinflammatory phenotypes in AD

The role of glial cells in the pathogenesis of sev-
eral neurodegenerative diseases has been extensively
studied [42–45]. Astrocytes in particular have been
demonstrated to associate closely with A� plaques,
and reactive astrocytes are increased both in human
AD patient brains and AD mouse models [46, 47].
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Fig. 2. Knockdown of �-syn via LV-sh�-syn intracranial injection reveals significant reduction of A� plaques in APP-Tg mice. A) Immuno-
histochemistry using 82E1 antibody that detects human A�. B–D) Quantification of A� plaques in hippocampus, cortex, and neuropil
staining in striatum using 82E1 antibody. ∗∗∗p < 0.001 One-way ANOVA with post-hoc Dunnett’s multiple comparisons test. Scale bars,
100 �m in low-power images and 40 �m in high-power images.

Fig. 3. Reduction of �-syn by lentivirus delivery to the hippocampus of APP-Tg mice results in increased cholinergic neuronal populations
while not affecting pan neuronal cell populations. Vibratome sections were immunostained with an antibody against NeuN and ChAT. A)
Representative low- and high-magnification photomicrographs of the frontal cortex, CA3, and CA1 regions of the hippocampus from non-Tg
and APP-Tg, mice immunoreacted with anti-NeuN. B, C) Quantification of adjusted optical density in the hippocampus (CA3) and cell
counts per 103 in the cortex revealed lower number of NeuN-positive cells in LV-sh�-syn-treated mice. D) Representative photomicrographs
of ChAT immunoreactivity in the basal forebrain and striatum at high magnification. E, F) APP-Tg Mice treated with LV-sh�-syn showed a
higher number of ChAT-positive cells in the basal forebrain as compared to LV-shCtrl-treated mice. Statistical analysis was conducted using
one-way ANOVA post hoc Dunnett’s test ∗p < 0.05, ∗∗p < 0.005. For analysis, 10 mice (5M, 5F) 6 months of age were used. Scale bars,
100 �m in low-power images and 40 �m in high-power images.



A.D.G. Leitão et al. / Reduction of �-Synuclein Prevents Neuropathology in AD 355



356 A.D.G. Leitão et al. / Reduction of �-Synuclein Prevents Neuropathology in AD

We hypothesized that by alleviating A� burden via
reduction of �-syn, we could also provide a means to
reduce neuroinflammation in the brains of AD mice.
Our results show that both Iba1 (Fig. 4A) and GFAP
(Fig. 4D) are increased in APP-Tg mouse brains (cor-
tex), when compared to non-Tg mice. Remarkably,
when APP-Tg mice receive the treatment with LV-
sh�-syn, this difference is significantly abrogated for
both Iba1 and GFAP, demonstrating the potential for
the downregulation of �-syn in preventing inflamma-
tory responses in mouse models of AD.

Thus, the aggregate of these experiments shows
that reduction of �-syn by lentivirus vector delivery to
the hippocampus has the effect of reducing the accu-
mulation of A�, reducing cholinergic neuron loss and
reducing cortical inflammation in a mouse model of
AD.

DISCUSSION

This work describes the use of shRNAs to reduce
levels of �-syn in vivo in different mouse models
of neurodegenerative diseases. Our main goal was
to explore the involvement of �-syn in the selective
vulnerability triggered by A� in AD mouse mod-
els, given the extensive evidence in literature on
comorbidities caused by both proteins in these mice
[48–50]. To that end, we manipulated the expression
of �-syn in AD mice and asked the question whether
the neuropathological of AD would be ameliorated.

Pathological interactions between Aβ and α-syn

Our work shows that in vivo (intracranial) deliv-
ery of sh�-syn using a lentiviral vector successfully
clears A� plaques in APP-Tg mice. These findings
support the notion that �-syn and A� are inter-related
in their neuropathological accumulation. This is sup-
ported by the fact that treatment with sh�-syn also led
to a significantly lower loss of cholinergic neurons in
the basal forebrain in our study, a neuropathological
finding that has been shown to be the main correlat-
ing factor to cognitive and memory deficits in AD
[51, 52].

In line with this, an increasing body of evidence
suggests that �-syn increases the aggregation and
toxicity of A� [4]. In vitro and computer simula-
tions have shown �-syn may interact with A� through
the repeat lysine domains in the �-syn ‘KTKEGV’
domain [17, 53]. Additionally, inter-aggregations
between �-syn and A� may occur through hydropho-
bic domains in the NAC domain of �-syn and the
core domain of A�42 [17, 53, 54]. These inter-
protein interactions have been shown to promote
cross-aggregation and toxicity in neuronal cells [55],
and this may explain why Lewy bodies are present in
many AD patients and why lowering the expression
levels of one protein could prevent the aggregation
of the other. This has been tested before, as mice
transgenic for �-syn and APP developed more severe
neuronal degeneration and learning deficits than mice
singly transgenic for either gene alone [18]. Double
�-syn/APP transgenic mice have also been shown
to accumulate �-syn to a greater extent than singly
�-syn transgenic mice [27]. Interestingly, increased
�-syn expression has also been shown to promote
A�PP expression as well as �- and �-secretase pro-
cessing of A�PP to increase A� production [55].
Therefore, higher levels of �-syn may increase A�
which may be promoting at least some of the aggrega-
tion of A� into plaques that we observe under normal
levels of �-syn expression.

Inflammatory responses to α-syn

We observed less A� plaques in mice treated
with LV-sh�-syn. Importantly, these results correlate
with an amelioration of glial-mediated neuroinflam-
mation, as shown by the rescue of immunostaining
against Iba1 (activated microglia) and astrocytes
(GFAP) to wild-type (non-transgenic) levels. Inter-
estingly, we observed this reduction in the cortex, a
region outside of the injection region (Fig. 4). Previ-
ous studies have shown that in AD, resident microglia
undergo proinflammatory activation, resulting in an
increased capacity to convert resting astrocytes to
reactive astrocytes [56, 57]. Therefore, microglia
are a major therapeutic target for AD and blocking

Fig. 4. Immunohistochemical analysis of changes in microglial (Iba1) and astrocytic activation (GFAP) in non-Tg and APP-Tg mice treated
with LV-sh�-syn as compared to LV-shCtrl. A, D) Representative low- and high-magnification photomicrographs of the frontal cortex, CA3,
and CA1 regions of the hippocampus – Iba1 and GFAP immunostains respectively. B, C) Quantification of anti-Iba1 immunostains for cell
counts/103 mm in the hippocampus (CA3), cortex and striatum, showing a statistically significant lower number of Iba1-positive cells in the
cortex of APP-Tg mice treated with LV-sh�-syn as compared with LV-shCtrl. E, F) Quantification of GFAP-positive signal using adjusted
optical density in the CA3 and cell counts per 103 mm in the cortex and striatum. Statistical analysis was conducted using one-way ANOVA
post hoc Dunnett’s test ∗p < 0.05, ∗∗∗p < 0.001. Scale bars, 100 �m in low-power images and 40 �m in high-power images.
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microglia-astrocyte activation has provided promis-
ing results in limiting neurodegeneration in AD
[56]. Recent studies supporting this idea have shown
that �-syn accumulation in microglia induces selec-
tive neuronal degeneration by promoting phagocytic
exhaustion, an excessively toxic environment and
the selective recruitment of peripheral immune cells
[58]. This inflammatory state creates a molecu-
lar feed-forward vicious cycle between microglia
and IFN�-secreting immune cells infiltrating the
brain parenchyma [57, 58]. Our results are promis-
ing insofar as we postulate that targeting �-syn
could represent a proxy to an anti-neuroinflammatory
treatment by blocking this detrimental microglia-
astrocyte activation in AD.

It is still unclear whether A� plaques originate
from neuroinflammation, or mostly contribute to it
[57, 59]. Other cells in the brain may also play a
role in spreading pathology. Astrocytes are recruited
to the vicinity of plaques, engulf them and eventu-
ally are lysed, contributing to the dispersal of A�42,
leading to the deposition of GFAP-rich plaques in
the cortex, as we observed in our study [59, 60].
Microglia, congregate within plaques to try and clear
these accumulations [59, 60].

Study limitations

Our study is limited by the lack of behavior analysis
and the shRNA delivery method. While A� plaques
and neurofibrillary tangles define an AD diagnosis,
cognitive impairment impacts the everyday lives of
AD patients. Removal of the �-syn gene improved
behavioral performance of APP-Tg mice [27]. How-
ever, the observed behavioral results from these mice
may arise from developmental compensations physi-
ologically irrelevant to the human disease. To further
understand the consequences of hippocampal �-syn-
mediated plaque reduction on cognitive impairment,
future studies should focus on measuring both motor
ability and memory.

Selective reduction of �-syn was mediated through
lentiviral delivery to ensure stable expression of sh�-
syn in mouse brain. Lentiviral gene delivery involves
the integration of the virus into the host genome,
but aberrant chromosome positioning may result in
gene suppression [61, 62]. The modest reduction in
�-syn protein observed in LV-sh�-syn treated mice
may be due to inappropriate gene integration which
led to stunted shRNA expression (Fig. 1). The low
viral viral titer delivered in our study (2.5 × 107

TU) could contribute to the variating results. Addi-

tionally, lentiviral transduction localizes to the site
of injection [63], which may add variability when
injecting a large brain region such as the hippocam-
pus. However, delivery of high viral titers resulted
in reduced gene expression and cell density [64].
A modest reduction in Iba1+ cells in the cortex
of LV-sh�-syn injected mice suggests that localized
changes in the hippocampus may impact the state
of other cells in neighboring regions (Fig. 4). Mea-
suring transcript production, whether it be shRNA
transcript or even �-syn, may indicate the success
of gene transduction and further support our con-
clusions. While lentiviral gene delivery allows for
robust expression, the limits of the technique influ-
ence overall expression, and may not be a suitable
vehicle for shRNA-mediated therapeutics for AD.
Alternative methods to shRNA delivery, such as
protein-mediated gene delivery may increase the suc-
cess of delivery without the potential side effects
[27].

Although the reduction of �-syn levels was
achieved in this study as shown by immunocytochem-
istry and immunoblotting, it was relatively modest.
However, perhaps the most interesting finding of
this study is that, despite this hippocampal reduc-
tion being subtle, the reduction in the number of A�
plaques in this region is noticeable. It should be men-
tioned that we were not able to confirm this reduction
via immunoblotting using different A� antibodies,
due to the overall unchanged levels of A� in tissue
(Supplementary Figure 2). Further studies should be
performed to confirm that the presence of insolu-
ble A� (plaques) is lowered when �-syn levels are
reduced.

Our study highlights the potential pathogenic
relationship between A� and �-syn rather than sug-
gest a therapeutic method of targeting A� plaques.
These data build upon studies by demonstrating
that local reduction of endogenous �-syn through
shRNA sufficiently altered overall hippocampal AD
pathogenesis in a mouse line overexpressing sev-
eral AD-associated. To further investigate the role
of co-morbid expression in AD pathogenesis, future
studies should focus on �-syn interactions with other
proteins involved in AD such as tau. Interactions
between �-syn and the C-terminus of tau resulted
in accelerated toxic aggregates and increased spread
in vitro and in vivo [65–69]. Understanding how the
modulation of either �-syn or tau alters pathological
spread or behavioral symptoms would open addi-
tional therapeutic paths to treating aggregate protein
neurodegenerative diseases.
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In this work we present a strategy to therapeutically
target �-syn in AD, a protein which is traditionally
not associated with this disease. Neurodegeneration
is increasingly regarded as a multifactorial phe-
nomenon, where several proteins co-accumulate in
the brain and lead to functional deficits. Here we
show that �-syn can be detrimental in the initiation
and/or progression of AD and that its reduction leads
to improvement in neuropathological phenotypes.
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