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Neurobiology of Disease

Reducing Endogenous �-Synuclein Mitigates the
Degeneration of Selective Neuronal Populations in an
Alzheimer’s Disease Transgenic Mouse Model

X Brian Spencer,1 Paula A. Desplats,1,2 Cassia R. Overk,1 Elvira Valera-Martin,1 Robert A. Rissman,1 Chengbiao Wu,1

Michael Mante,1 Anthony Adame,1 Jazmin Florio,1 Edward Rockenstein,1 and Eliezer Masliah1,2

1Department of Neurosciences and 2Department of Pathology, University of California–San Diego, La Jolla, California 92093

Alzheimer’s disease (AD) is characterized by the progressive accumulation of amyloid � (A�) and microtubule associate protein tau,
leading to the selective degeneration of neurons in the neocortex, limbic system, and nucleus basalis, among others. Recent studies have
shown that �-synuclein (�-syn) also accumulates in the brains of patients with AD and interacts with A� and tau, forming toxic
hetero-oligomers. Although the involvement of �-syn has been investigated extensively in Lewy body disease, less is known about the role
of this synaptic protein in AD. Here, we found that reducing endogenous �-syn in an APP transgenic mouse model of AD prevented the
degeneration of cholinergic neurons, ameliorated corresponding deficits, and recovered the levels of Rab3a and Rab5 proteins involved
in intracellular transport and sorting of nerve growth factor and brain-derived neurotrophic factor. Together, these results suggest that
�-syn might participate in mechanisms of vulnerability of selected neuronal populations in AD and that reducing �-syn might be a
potential approach to protecting these populations from the toxic effects of A�.

Key words: �-synuclein; Alzheimer’s disease; amyloid � oligomer; cholinergic neuron; selective vulnerability; transgenic animal
model

Introduction
Alzheimer’s disease (AD) is an heterogeneous neurodegenerative
disorder (Schellenberg, 1995; Komarova and Thalhauser, 2011;
Lam et al., 2013) that affects �5 million in the United States alone
(Alzheimer’s Association, 2015) and is characterized by the pro-
gressive accumulation of amyloid � (A�) and microtubule asso-
ciated protein tau (Tau), leading to the selective degeneration of
neurons in the neocortex, limbic system, and nucleus basalis,

among others (Morrison and Hof, 2002; Saxena and Caroni,
2011; Mattsson et al., 2016). In addition to A� and Tau, recent
studies have shown that �-synuclein (�-syn) (Hansen et al., 1990;
McKeith, 2006; Lippa et al., 2007; Larson et al., 2012; Winslow et
al., 2014; Walker et al., 2015) and TAR DNA-binding protein
(TDP)-43 (Wilson et al., 2011; Colom-Cadena et al., 2013;
Borchelt et al., 2014) might also contribute to the pathogenesis of
AD. The mechanisms leading to the accumulation of multiple
proteins in AD are not completely understood, but defective pro-
tein clearance, including alterations in autophagy (Lucin and
Wyss-Coray, 2013; Nixon, 2013; Peric and Annaert, 2015; Zare-
Shahabadi et al., 2015) and proteolysis of aggregates (Borchelt et
al., 2014), might be centrally involved.

�-syn has been investigated extensively in other neurodegen-
erative disorders such as Parkinson’s disease (PD) and dementia
with Lewy bodies (DLB) (Takeda et al., 1998; Piao et al., 2000;
Spillantini and Goedert, 2016); however, less is known about its
role as a synaptic protein in AD. Previous studies have shown that
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Significance Statement

Reducing endogenous �-synuclein (�-syn) in an APP transgenic mouse model of Alzheimer’s disease (AD) prevented the degen-
eration of cholinergic neurons, ameliorated corresponding deficits, and recovered the levels of Rab3a and Rab5 proteins involved
in intracellular transport and sorting of nerve growth factor and brain-derived neurotrophic factor. These results suggest that
�-syn might participate in mechanisms of vulnerability of selected neuronal populations in AD and that reducing �-syn might be
a potential approach to protecting these populations from the toxic effects of amyloid �.
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the pathology of AD and PD overlap (Hansen et al., 1990; McK-
eith, 2006; Lippa et al., 2007; Winslow et al., 2014; Walker et al.,
2015). In AD and in APP transgenic (Tg) models, �-syn interacts
with A� (Tsigelny et al., 2008) and Tau (Giasson et al., 2003;
Esposito et al., 2007; Clinton et al., 2010) and accumulates in
selected regions of the limbic system in patients with AD (Swirski
et al., 2014), including dystrophic neurites and synapses around
the A� plaques (Masliah et al., 1996). A� promotes �-syn aggre-
gation and toxicity (Masliah et al., 2001), and they have synergis-
tic effects leading to synaptic dysfunction (Wang et al., 2015). In
patients with AD, levels of soluble �-syn are elevated in brain and
fluids, which differs from PD (Larson et al., 2012; Tateno et al.,
2012). Moreover, recent studies showed that, in APP Tg mice,
�-syn infusion reduces A� plaque formation but enhances syn-
aptic degeneration (Bachhuber et al., 2015) and that A� and
�-syn cooperated to block SNARE-vesicle fusion (Choi et al.,
2015). This is of interest given the role of �-syn in regulating
intracellular vesicle trafficking via interactions with Rab3 and
Rab8 (Cooper et al., 2006).

Furthermore, we have shown that coexpression of human
�-syn in APP Tg mice results in enhanced degeneration of cho-
linergic neurons in the nucleus basalis (Masliah et al., 2001) and
glutamatergic neurons in the CA3 region of the hippocampus
(Overk et al., 2014). Here, we found that reducing endogenous
�-syn levels in an APP mouse model of AD prevented the degen-
eration of cholinergic neurons, ameliorated functional deficits,
and normalized levels of Rab3a and Rab5 proteins involved in
intracellular transport and sorting of nerve growth factor (NGF)
and brain-derived neurotrophic factor (BDNF). These findings
also support the notion that �-syn is an important contributor to
AD pathogenesis and that regulating �-syn might be of therapeu-
tic value in AD.

Materials and Methods
Crosses between mThy1-APP Tg mice and �-syn knock-out (KO) mice. The
University of California at San Diego Institutional Animal Care and Use
Committee approved all animal experiments. For these experiments,
mice expressing human APP751 cDNA containing the London (V717I)
and Swedish (K670M/N671L) mutations under the regulatory control of
the murine (m)Thy-1 gene (mThy1-hAPP751; line 41) on a C57BL/6
background were used (Rockenstein et al., 2001). These mice display
early A� deposition, behavioral deficits, and degeneration of the limbic
and cholinergic systems (Havas et al., 2011). These APP Tg mice were
then crossbred with homozygous �-syn �/� mice (129X1/SvJ strain of
origin) obtained from The Jackson Laboratory (ID:003692). �-syn KO
mice containing a PGK neocassette in place of the �-syn exons 3–7 have
been described previously (Abeliovich et al., 2000).

Tissue preparation. Following National Institutes of Health guidelines
for the humane treatment of animals, mice were anesthetized with chlo-
ral hydrate and flush-perfused transcardially 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 RNA and protein analysis.

Water maze testing. To evaluate the functional effects of ablating �-syn,
groups of male and female APP Tg, �-syn KO, APP Tg/�-syn KO, and
non-Tg animals were tested in the water maze, as described previously
(Rockenstein et al., 2005). For this purpose, a pool (diameter 180 cm) was
filled with opaque water (24°C) and mice were first trained to locate a
visible platform (days 1–3) and then a submerged hidden platform (days
4 –7) in 3 daily trials 2–3 min apart. Mice that failed to find the hidden
platform within 90 s were directed to the platform and allowed to remain
there for 30 s. The same platform location was used for all sessions. The
starting point at which each mouse was placed into the water was
changed randomly between two alternative entry points located at a sim-
ilar distance from the platform. Time to reach the platform (latency) and

entrances into target quadrant were recorded with a Noldus Instruments
EthoVision video tracking system set to analyze two samples per second.
All experimental conditions were the same for the probe test except the
platform was removed and the amount of time spent in the quadrant that
previously contained the platform was recorded. For these experiments,
mice were 4 – 6 months old to avoid widespread amyloid deposition,
which occurs in older mice, as a compounding factor (n � 10 mice/
group, half male and half female).

Behavioral testing in the open field. The open field locomotor test was
used to determine basal activity levels of study subjects (total move time)
during a 15 min session. Spontaneous activity in an open field (25.5 �
25.5 cm) was monitored for 15 min using an automated system (Truscan
system for mice; Coulbourn Instruments). Animals were tested within
the first 2– 4 h of the dark cycle after being habituated to the testing room
for 15 min. The open field was illuminated with an anglepoise lamp
equipped with a 25 W red bulb. Animals were tested at 4 – 6 months of
age. Time spent in motion was automatically collected in 3 � 5 min time
bins using TruScan software. Data were analyzed for both the entire 15
min session and for each of the 5 min time blocks.

Quantitative PCR. Total RNAs were extracted from mice brains using
RNeasy Lipid mini kit (Qiagen) and reverse transcribed using Super-
Script VILO cDNA synthesis kit (Life Technologies), respectively, as de-
scribed previously (Kim et al., 2015). Quantitative real-time PCR was
performed using TaqMan Fast Advanced Master Mix (Life Technolo-
gies) according to the manufacturer’s instructions with gene specific
primers for Rab3. Amplification of DNA products was measured by the
StepOnePlus real-time PCR system (Applied Biosystems). Relative
mRNA levels were calculated according to the 2-exp (ddCt) method
(Kim et al., 2015). All dCT values were normalized to �-actin.

Immunohistochemical analysis. Analysis was performed using free-
floating, 40 �m-thick, vibratome-cut, blind-coded sections, as described
previously (Zwilling et al., 2011; Games et al., 2013). Briefly, sections
were incubated overnight at 4°C with antibodies against total �-syn (1:
500, affinity-purified rabbit polyclonal, Millipore; Masliah et al., 2000),
A� (6E10, mouse monoclonal; BioLegend), ChAT (1:500, affinity-
purified monoclonal; Millipore), parvalbumin (1:500, affinity-purified
monoclonal; Millipore), calbindin (1:500, polyclonal; Millipore), neuro-
peptide Y (NPY; 1:500, affinity-purified polyclonal; Millipore), NeuN
(1:500, affinity-purified monoclonal; Millipore), GFAP (1:500, affinity-
purified monoclonal; Millipore), Rab3a (1:500, polyclonal; Abcam),
Rab5 (1:500, polyclonal; Santa Cruz Biotechnology), Rab7 (1:500,
monoclonal; Abcam), Rab7 (1:500 monoclonal; Millipore), and Rab11
(1:500, polyclonal; Millipore), followed by biotin-tagged anti-rabbit or
anti-mouse IgG1 (1:100; Vector Laboratories) secondary antibodies, avi-
din D-HRP (1:200, ABC Elite; Vector Laboratories), and visualized with
diaminobenzidine (DAB). Sections were scanned with a digital Olympus
bright-field digital microscope (BX41).

Sections immunoreacted with antibodies against Rab3a and Rab5
were visualized with FITC-tagged secondary antibody or the Tyramide
Signal Amplification Direct (Red) system (1:100; NEN Life Sciences),
respectively, mounted under glass coverslips with anti-fading media
(Vector Laboratories), and imaged with a laser scanning confocal micro-
scope (LSCM) (MRC1024; Bio-Rad).

Image analysis and stereology. Sections immunostained with antibodies
against �-syn, APP/A�, GFAP, Rab7, and Rab11 were analyzed with a
digital Olympus bright-field digital microscope (BX41). For each case, a
total of three sections (four digital images per section at 400� magnifi-
cation) were obtained from the frontal cortex and hippocampus and
analyzed as described previously with ImageJ to obtain optical density,
with levels were corrected to background. The numbers of NeuN-
immunoreactive neurons were estimated using unbiased stereological
methods (Overk et al., 2009). Hemisections containing the neocortex,
hippocampus, and striatum were outlined using an Olympus BX51
microscope running StereoInvestigator 8.21.1 software (Micro-
BrightField). Grid sizes for the hippocampal CA3 and CA1 pyramidal
layers were as follows: 300 � 300 �m and the counting frames were and
50 � 50 �m, respectively. The average coefficient of error for each region
was 0.9. Sections were analyzed using a 100 � 1.4 PlanApo oil-immersion
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objective. A 5-�m-high dissector allowed for 2 �m top and bottom guard
zones.

Sections immunolabeled with antibodies against Rab3a and Rab5 were
serially imaged with the LSCM (MRC1024; Bio-Rad) and analyzed with
ImageJ, as described previously (Masliah et al., 2011). For each mouse, a
total of three sections were analyzed and, for each section, four fields in
the CA1 and CA3 of the hippocampus were examined. Results are ex-
pressed as pixel intensities.

Immunoblot analysis. The levels of �-syn, A�, APP, Rabs, pro-NGF/
NGF, and pro-BDNF/BDNF in hippocampus and cortex from mouse
brains were analyzed using lysates that were extracted and fractioned into
membrane and cytosolic fractions by ultracentrifugation (Masliah et al.,
2011). Protein (20 �g/lane) was loaded onto 4 –12% SDS/PAGE gels and
blotted onto PVDF membranes, and incubated with specific antibodies,
followed by HRP-tagged secondary antibodies (1:5000; Santa Cruz Bio-
technology). Bands were visualized by enhanced chemiluminescence
(PerkinElmer) and analyzed with a quantitative Versadoc XL imaging
apparatus (Bio-Rad). �-actin (1:3000) was the loading control.

Construction of lentivirus vectors. The sh�-syn (GAC TTT CAA AGG
CCA AGG A) was cloned into the pSI-H1-copGFP vector (SBI Vector)
containing the H1 promoter. The control shRNA lentivector (LV-sh-
Luc) contains an shRNA directed against firefly luciferase (SBI Vector).
The lentivirus plasmid-expressing mouse Rab3a (plenti6/CMV V5-
mCherry mouse Rab3a) was provided by CEDOC/ Universidade Nova
de Lisboa. Lentiviruses expressing Rab3, sh�-syn, sh-luciferase, or empty
vector (as controls) were prepared by transient transfection in 293T cells.
Lentivirus vectors were prepared by transient transfection of the three
packaging plasmids and the vector plasmid in 293T cells as described
previously (Tiscornia et al., 2006; Spencer et al., 2009) and titers were
obtained by ELISA.

Neuronal cell line treatments, lentiviral vectors, and analysis. The mouse
cholinergic cell line Neuro2A (N2A) was used for in vitro experiments
(Klebe and Ruddle, 1969). N2A cells were infected with LV-control, LV-
sh�-syn, or LV-Rab3a at a multiplicity of infection of 50 for 48 h and then
plated at 1 � 10 5 cells/well on poly-L-lysine-coated coverslips in DMEM
� 1% FBS for 5 d to allow for differentiation. Cells were treated with 5 nM

A� oligomers (American Peptide) for 24 h (Tsigelny et al., 2014) and
then fixed in 4% paraformaldehyde and analyzed by immunocytochem-
istry for the expression of �-syn (Millipore), Rab3a (polyclonal; Abcam),
Rab5 (monoclonal; Cell Signaling Technology), and ChAT (polyclonal;
Millipore), as described above. ChAT was detected with DAB and ana-
lyzed by bright-field microscopy. �-syn and Rab5 were detected with
Tyramide Red (NEN Life Sciences) and Rab3a with FITC and analyzed by
laser scanning confocal microscopy (Bio-Rad, MRC1024).

N2A cells were double immunolabeled with antibodies against tubulin
III (monoclonal; Millipore) and NGF (polyclonal Millipore). NGF was
detected with the Tyramide Red (NEN Life Sciences), whereas tubulin III
was detected with FITC-tagged antibodies (1:75; Vector Laboratories).
Coverslips were imaged with a Zeiss 63 � 1.4 objective on an Axiovert 35
microscope (Zeiss) with an attached MRC1024 LSCM system (Bio-Rad)
(Masliah et al., 2011) and analyzed with ImageJ to determine colocaliza-
tion (Nuber et al., 2014).

Statistical analysis. All analyses were performed using GraphPad Prism
(version 5.0) software. Differences among means were assessed by one-
way ANOVA with Dunnett’s post hoc test when compared with non-Tg
and by Tukey–Kramer when comparing Tg groups. Two-way ANOVA
with repeated measures followed by a Bonferroni multiple-comparisons
post hoc test was used for analyzing the interactions between groups and
time. Linear regression analysis with Pearson’s correlation coefficient
was performed for analyzing interactions between CA3 neurons, ChAT
immunoreactivity in the hippocampus, and behavioral data. The null
hypothesis was rejected at the 0.05 level.

Results
Reducing endogenous �-syn has no effects on APP expression
or A� deposition in APP Tg mice
To understand the contribution of �-syn to the pathogenesis of
AD, mThy-1 APP (line 41) mice were crossed with �-syn KO

mice (Fig. 1A). Immunoblot analysis showed comparable levels
of endogenous APP between the non-Tg and the �-syn KO mice.
The APP Tg mice, which over express hAPP in addition to en-
dogenous expression of APP, had similar levels of total APP and
A� compared with the APP Tg/�-syn KO mice (Fig. 1B–D),
which was significantly increased compared with non-Tg mice.
Compared with the non-Tg mice, the APP Tg mice showed a 30%
increase in �-syn (Fig. 1B,E); no endogenous �-syn was detected
in the �-syn KO and APP Tg/�-syn KO mice (Fig. 1B,E). Immu-
nocytochemical analysis for total APP (Fig. 1F,G) and total �-syn
(Fig. 1H, I) were in agreement with the immunoblot analysis
(Fig. 1B). Next, we analyzed levels of A� deposition and protei-
nase K (PK)-resistant �-syn aggregates with antibodies against
A� and �-syn, respectively. The APP Tg and the APP Tg/�-syn
KO mice displayed similar levels of A� deposition in the neocor-
tex and hippocampus (Fig. 2A,B). Compared with the non-Tg,
the APP Tg mice showed increased accumulation of PK-resistant
�-syn (Fig. 2C,D).

�-syn knock-down ameliorates the degeneration of
cholinergic fibers and hippocampal neurons in APP Tg mice
We have shown previously that �-syn interacts with A�, resulting
in the degeneration of cholinergic (Masliah et al., 2001) and hip-
pocampal neurons (Overk et al., 2014); moreover, �-syn reduc-
tion has been shown to protect dopaminergic neurons from
chemical insults (Drolet et al., 2004; Javed et al., 2015). For this
reason, we next investigated whether knocking down �-syn
might protect selective neuronal populations from the neuro-
toxic effects of A�. Analysis of the cholinergic system with an
antibody against ChAT showed that, compared with non-Tg and
�-syn KO mice, the APP Tg mice displayed a reduction in the
cholinergic innervation of the molecular layer of the dentate
gyrus of the hippocampus (Fig. 3A,B). In contrast, the APP Tg/
�-syn KO mice showed cholinergic fiber density in the hip-
pocampus that was significantly increased compared with APP
Tg mice (Fig. 3A,B). Compared with non-Tg controls, APP Tg
mice displayed a trend toward decreased cholinergic neurons in
the nucleus basalis; however, no significant differences were seen
among the groups (Fig. 3A,C). Given that �-syn participates in
the degeneration of the dopaminergic system and that, in APP Tg
mice, there is a mild increase in �-syn, we next investigated the
dopaminergic system with an antibody against tyrosine hydrox-
ylase. However, levels of dopaminergic fibers in the striatum (Fig.
3D,E) and numbers of cells in the midbrain (Fig. 3D,F) were
similar among the four groups.

Next, we analyzed the effects of knocking down �-syn in APP
mice on the degeneration of neuronal populations in the hip-
pocampus. Consistent with previous reports (Overk et al., 2014)
and compared with non-Tg controls, the APP Tg mice displayed
neuronal loss in the CA3 area of the hippocampus (Fig. 4A,B).
Remarkably, the APP Tg/�-syn KO mice showed neuronal den-
sity in the CA3 comparable to the non-Tg controls (Fig. 4A,B).
However, compared with non-Tg and �-syn KO mice, both APP
Tg and APP Tg/�-syn KO mice displayed increased astrogliosis in
the hippocampus (Fig. 4C,D).

Previous studies have shown that the network dysfunction
and degeneration in the hippocampus is accompanied by hyper-
innervation by NPY fibers (Palop et al., 2007). In agreement with
these studies and compared with non-Tg controls, the APP Tg
mice displayed increased innervation by NPY-positive fibers in
the molecular layer of dentate gyrus of the hippocampus (Fig.
5A,B). In contrast, in the �-syn KO background, the APP Tg
mice showed innervation by NPY positive fibers comparable to
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the non-Tg controls (Fig. 5A,B). The numbers of NPY-positive
cells in the CA3 of the hippocampus was unchanged among the
four groups (Fig. 5A,C). As part of this network, dysfunction and
degeneration of the hippocampus previous studies have shown
that calbindin neurons in the dentate gyrus are reduced in AD
and APP Tg mice (Palop et al., 2007). We found decreased levels
of calbindin in APP Tg mice, with no recovery detected in the
APP Tg/�-syn KO mice compared with non-Tg mice (Fig.
5D,E). Other populations of interneurons, including those iden-
tified with an antibody against parvalbumin, were unchanged
among the four groups of mice (Fig. 5D,F).

Together, these studies suggest that knocking down �-syn
ameliorates the degeneration of the cholinergic fibers and CA3
neurons in the hippocampus, but has no effect on preventing the
loss of calbindin neurons.

Lowering levels of endogenous �-syn ameliorates behavioral
deficits in APP Tg mice
To evaluate the functional effects of preventing the degeneration
of selective neuronal populations in APP Tg/�-syn KO mice,
behavioral analysis was performed in the water maze and open
field (Fig. 6). In the training portion of the test in the water maze
with the platform visible (days 1–3). all four groups of mice per-
formed similarly (Fig. 6A). In the hidden platform portion of the
test (days 4 –7), the APP Tg mice displayed deficient spatial learn-
ing compared with non-Tg and �-syn KO, whereas APP Tg/�-
syn KO mice performed comparable to controls (Fig. 6A). In the
probe portion of the test on day 8, compared with non-Tg and
�-syn KO, both the APP Tg and APP Tg/�-syn KO mice dis-
played deficits (Fig. 6B). No differences among the four groups of
animals were observed in the other three quadrants (Fig. 6C–E).

Figure 1. Generation and characterization of Tg mice expressing APP or APP under the mThy1 promoter in the absence of endogenous �-syn. A, Schematic representation of the APP single Tg
mice (line 41) and �-syn KO mice. B, Representative Western blot of total APP (doublet �110 kDa), A� (4 kDa), and total �-syn (monomer 14 kDa) in the membrane fraction in non-Tg, �-syn KO,
APP Tg, and APP Tg/�-syn KO mice. C, D, Computer-aided analysis of the immunoblot for total APP and A� showing that the levels of endogenous APP protein were comparable between non-Tg
and �-syn KO mice and between APP Tg and APP Tg/�-syn KO mice. E, Computer-aided analysis of the immunoblot for total �-syn showing that no endogenous �-syn was detected in either the
�-syn KO or APP Tg/�-syn KO mouse lines compared with non-Tg mice. APP Tg mice had a significant increase in the level of endogenous �-syn protein. F, Representative photomicrographs of the
hippocampus, frontal cortex, and magnified frontal cortex immunoreacted with an antibody against total APP in non-Tg, �-syn KO, APP Tg, and APP Tg /�-syn KO mice. G, Computer-aided image
analysis indicated that total APP was significantly increased in APP Tg and APP Tg/�-syn KO mice compared with non-Tg mice. H, Representative photomicrographs of the hippocampus, frontal
cortex, and magnified frontal cortex immunoreacted with an antibody against total �-syn in non-Tg, �-syn KO, APP Tg, and APP Tg /�-syn KO mice. Arrow indicates �-syn aggregate. I,
Computer-aided image analysis indicated that total �-syn was undetectable in �-syn KO and APP Tg/�-syn KO mice compared with non-Tg mice. APP Tg mice had a significant increase in total
�-syn compared with non-Tg mice. *p � 0.05 by one-way ANOVA and Dunnett’s post hoc analysis. For analysis, 10 mice 4 – 6 months of age were used. Scale bars, 200 �m in low-power images
and 40 �m in high-power images.
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In addition to the learning and memory deficits in the water
maze, the APP Tg mice showed hyperactivity in the open field
paradigm compared with non-Tg mice (Fig. 6F). Knocking down
�-syn in the APP mice normalized their total activity without
affecting rearing (Fig. 6F,G). Together, these results suggests that
reducing endogenous �-syn rescues hyperactivity and learning
deficits, but has less of an effect on memory retention.

To better understand the relationship between neurodegen-
eration of the cholinergic system and neurons in the hippocam-
pus with behavior, linear regression analysis was performed. A
significant inverse relationship was found between ChAT immu-
noreactivity in the hippocampus and total activity (Fig. 7A) and
between ChAT immunoreactivity in the hippocampus and the
probe test (Fig. 7B); no correlation was found with total rearing
(Fig. 7C). Total activity in the open field was correlated to a lesser
extent with neuronal counts in the CA3 (Fig. 7D), but a stronger
correlation was found between neurons in CA3 and the probe test
(Fig. 7E); no correlation was found with rearing (Fig. 7F). To-
gether, these results suggest that hyperactivity might be closely
related to ChAT immunoreactivity levels in the hippocampus
and memory acquisition in the probe test related with CA3 neu-
rons in the hippocampus.

Deleting endogenous �-syn modulates Rabs and
neurotrophic factors in APP Tg mice
We showed that reducing endogenous �-syn protects the cholin-
ergic system (Fig. 3) and glutamatergic neurons in the hippocam-

pus (Fig. 4). Survival of these neuronal populations is dependent
on NGF and BDNF transport to the target (Schliebs and Arendt,
2011) and sorting of NGF/BDNF to the target cells is dependent
on Rabs, including Rab3a, Rab5, Rab7, and Rab8 (Cui et al.,
2007). This suggests that alterations in Rabs in the APP Tg mice
could participate in the mechanisms of defective NGF/BDNF
transport, which could account for the selective degeneration of
cholinergic fibers and hippocampal neurons. We hypothesize
that these alterations can be reverted by ablating �-syn. In this
context, we performed immunoblot analysis and found that,
compared with the non-Tg group, the APP Tg mice displayed a
decrease in Rab3a and an increase in Rab5 and Rab11 protein
levels (Fig. 8A–C,E); however, no differences in the levels of Rab7
protein were observed among the four groups (Fig. 8A,D). In
contrast in the APP Tg/�-syn KO mice, protein levels of Rab3a
and Rab5 were normalized (Fig. 8A–C,E), whereas protein levels
of Rab11 remained elevated (Fig. 8A,E).

Immunocytochemical analysis with antibodies against Rab3a,
Rab5, Rab7, and Rab11 displayed a granular pattern of immuno-
staining in the cytoplasm and neuropil (Fig. 8F). Compared with
non-Tg mice, the APP Tg mice displayed reduced levels of Rab3a
(Fig. 8F,G) and increased Rab5 (Fig. 8F,H) and Rab11 (Fig.
8F, J). No differences in Rab7 were observed among the four
groups (Fig. 8F, I). In contrast, in the APP Tg/�-syn KO mice,
levels of Rab3a and Rab5, but not Rab11, were normalized (Fig.
8F–J). To determine whether these changes in Rabs were at a
transcriptional level, qPCR was performed for Rab3a. Whereas

Figure 2. Comparison of the patterns of A� and PK-resistant �-syn accumulation in the hippocampus of APP and APP Tg/�-syn KO. For these experiments, non-Tg, APP Tg, �-syn KO, and APP
Tg/�-syn KO mice were used. A, Representative low-magnification photomicrographs of the hippocampus and neocortex using vibratome sections immunostained with antibody against A� from
non-Tg, APP Tg, �-syn KO, and APP Tg/�-syn KO mice. Second row shows representative high-magnification photomicrographs of the hippocampus. B, Corrected optical densitometry analysis of
the hippocampal CA3 region revealed that A� aggregates were comparable between APP Tg and APP Tg/�-syn KO mice. A� protein aggregates were not detected in the non-Tg and �-syn KO
mouse lines. C, Representative low-magnification photomicrographs of the CA3 and CA1 regions of the hippocampus using vibratome sections pretreated with PK and immunostained with rabbit
polyclonal antibody against full-length total �-syn (Millipore) from non-Tg, APP Tg, �-syn KO, and APP Tg/�-syn KO mice. Second row shows high-magnification photomicrographs from the
hippocampus. Endogenous PK-resistant �-syn was observed in a punctate pattern in the neuropil of CA1 and CA3 in the non-Tg and was significantly increased in APP Tg mice. PK-resistant �-syn
was undetectable in the �-syn KO and APP Tg/�-syn KO mice. D, Corrected optical densitometry analysis of the hippocampal CA3 region revealed that PK-resistant �-syn was significantly enhanced
in the APP Tg mice compared with non-Tg mice �-syn and �-syn was undetectable in the �-syn KO and APP Tg/�-syn KO mouse lines. Statistical analysis was conducted using one-way ANOVA post
hoc Dunnett’s test for comparison with non-Tg mice (*). For analysis, 10 mice 4 – 6 months of age were used. Scale bars, 200 �m in low-power images and 40 �m in high-power images.
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there was a trend for APP Tg/ �syn KO mice toward increased
levels of Rab3a, it did not reach the level of statistical significance
(one-way ANOVA with Dunnett’s post hoc analysis; p � 0.0953).
The fold changes 	 SDs were as follows: non-Tg mice (1.0 	
0.40), APP Tg mice (0.91 	 0.35; 95% confidence interval �
�0.5444 to 0.7240), �-syn KO mice (0.76 	 0.49; 95% confi-
dence interval � �0.4654 to 0.9526), and APP Tg/ �-syn KO
mice (1.52 	 0.49; 95% confidence interval � �1.230 to 0.1883).
Next, we analyzed the levels of NGF and BDNF in the hippocam-
pus. We have shown previously that, in this APP Tg mouse line,
there is decreased maturation of neurotrophic factors (Ubhi et
al., 2013). Consistent with these reports, we observed increased
levels of pro-NGF and pro-BDNF in the APP mice compared
with the non-Tg mice (Fig. 9A–C), whereas, in the APP Tg/�-syn
KO mice, levels of pro-NGF and pro-BDNF were normalized and

similar to those in non-Tg mice (Fig. 9A–C). Likewise, compared
with the non-Tg mice, levels of mature NGF and BDNF were
reduced in the APP mice (Fig. 9D–F), whereas, in the APP Tg/�-
syn KO mice, levels of mature NGF and BDNF were comparable
to those in the non-Tg mice (Fig. 9D–F).

Rab3a overexpression and �-syn knock-down rescues the
degeneration of cholinergic neurons exposed to A�
�-syn plays an important role in regulating vesicle trafficking
from the Golgi via interactions with Rab3a and Rab8 (Cooper et
al., 2006). To further investigate the involvement of Rab3a in
mediating the neuroprotective effects in the �-syn knock-down
background, a cholinergic cell line N2A was exposed to A� oli-
gomers in the presence or absence of LV shRNA targeting �-syn
or LV overexpressing Rab3a. Under baseline conditions, the N2A

Figure 3. Immunocytochemical analysis of the cholinergic and dopaminergic systems in the APP Tg and APP Tg/�-syn KO mice. Vibratome sections were immunostained with an antibody
against ChAT or TH. A, Representative low-magnification photomicrographs of the frontal cortex, CA3, and CA1 regions of the hippocampus and representative high-magnification photomicro-
graphs of the molecular layer of the dentate gyrus and the nucleus basalis from non-Tg, APP Tg, �-syn KO, and APP Tg/�-syn KO mice immunoreacted with anti-ChAT. Endogenous ChAT was
observed in a neuritic fiber pattern in the neuropil of the molecular layer of the dentate gyrus of the hippocampus in each mouse line. B, Corrected optical densitometry of ChAT immunoreactivity
in the molecular layer of the dentate gyrus was significantly decreased in the APP Tg mice compared with non-Tg mice, whereas ChAT-immunoreactive levels were significantly increased in APP
Tg/�-syn KO mice compared with APP Tg mice. C, Corrected optical densitometry analysis of ChAT immunoreactivity in the nucleus basalis revealed no significant differences between the mouse
lines. D, Representative photomicrographs of TH immunoreactivity in the striatum at low and high magnification and the substantia nigra at high magnification. D, E, There was no significant
difference between mouse lines in the corrected optical density in the striatum (E) or cell counts in the substantia nigra (F ). Statistical analysis was conducted using one-way ANOVA post hoc
Dunnett’s test for comparison with non-Tg mice (*) and Tukey–Kramer post hoc analysis for comparison with �-syn Tg mice (#). For analysis, 10 mice 4 – 6 months of age were used. Scale bars,
200 �m in low-power images and 40 �m in high-power images.
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Figure 4. Immunocytochemical analysis of neuronal loss in the hippocampus of APP Tg and APP Tg/�-syn KO mice. A, Representative low- and high-magnification photomicrographs
of the hippocampal CA3 region of vibratome-cut sections immunoreacted with an antibody against NeuN. B, Stereological assessment of every 12 th section revealed a significant
decrease in the number of neurons in the CA3 in APP Tg mice compared with non-Tg mice. APP Tg/�-syn KO mice had a significant increase in the number of neurons in the CA3, which
was statistically indistinguishable from non-Tg mice. C, Representative low- and high-magnification photomicrographs of the hippocampal CA3 region using vibratome-cut sections
immunoreacted with an antibody against GFAP. D, Optical density assessment of GFAP immunoreactivity in the CA3 of the hippocampus indicated a statistically significant increase for
APP Tg and APP Tg/�-syn KO mice compared with non-Tg mice. Statistical analysis was conducted using one-way ANOVA post hoc Dunnett’s test for comparison with non-Tg mice (*p �
0.05) and Tukey–Kramer for comparison with APP Tg mice (#p � 0.05). For analysis, 10 mice 4 – 6 months of age were used from each mouse type. Scale bars, 200 �m in low-power
images and 40 �m in high-power images.

Figure 5. Immunocytochemical analysis of NPY-, calbindin-, and parvalbumin-positive neurons in APP Tg and APP Tg/�-syn KO mice. A, NPY immunocytochemical analysis was
performed in the molecular layer of the dentate gyrus and CA3 region of the hippocampus. Representative low- and high-magnification photomicrographs of NPY immunoreactivity in
the hippocampus are shown. B, In the molecular layer of the dentate gyrus, NPY-immunoreactive fibers were significantly increased in APP Tg mice compared with non-Tg mice and
significantly decreased in APP Tg/�-syn KO mice compared with APP Tg mice. C, Number of NPY-immunoreactive cells in the CA3 region of the hippocampus was unaffected by genotype.
D, Representative photomicrographs of calbindin- and parvalbumin immunoreactivity in the molecular layer of the hippocampus. E, Optical density analysis of calbindin immunoreac-
tivity revealed significant decreases in both APP Tg and APP Tg/�-syn KO mice compared with non-Tg mice. F, Number of parvalbumin-immunopositive cells was unaffected by mouse
line. Statistical analysis was conducted using one-way ANOVA post hoc Dunnett’s test for comparison with non-Tg mice (*p � 0.05) and Tukey–Kramer test for comparison with APP Tg
mice (#p � 0.05). For analysis, 10 mice 4 – 6 months of age were used from each mouse type. Scale bars, 200 �m in low-power images and 40 �m in high-power images.
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Figure 6. Morris water maze and open-field behavioral analysis in APP Tg and APP Tg/�-syn KO mice. A, Morris water maze test was performed in two phases. The first phase was the training portion
conducted on days 1–3 and the second phase was with the platform hidden on days 4 –7. During the hidden platform test, the APP Tg mice performed significantly worse in spatial learning portion of the test
for comparison with non-Tg mice; however, the APP Tg/�-syn KO mice were similar to non-Tg mice. B, Probe test (day 8) was performed without the platform and the amount of time spent in the quadrant that
used to contain the platform was analyzed. APP Tg and APP Tg/�-syn KO mice spent significantly less time in the target quadrant compared with non-Tg and �-syn KO mice. C–E, Time spent in nontarget
quadrants. F, Open field behavioral test indicated a statistically significant increase in total activity (hyperactivity) for APP Tg mice compared with non-Tg mice, but APP Tg/�-syn KO mice were statistically
decreased compared with APP Tg mice. G, Rearing was unaffected by mouse genotype. Statistical analysis was conducted using one-way ANOVA post hoc Dunnett’s test for comparison with non-Tg mice (*p�
0.05) and Tukey–Kramer test for comparison with APP Tg mice (#p � 0.05). For analysis, 10 mice 4 – 6 months of age were used from each mouse type.
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cells expressed �-syn (Fig. 10A,B), ChAT (Fig. 10A,C), Rab3a
(Fig. 10A,D), and Rab5 (Fig. 10A,E). After challenge with A�
alone, levels of �-syn immunostaining (Fig. 10A,B) and Rab5
were increased (Fig. 10A,E), whereas levels of ChAT (Fig. 10A,C)
and Rab3a (Fig. 10A,D) were decreased. Reducing levels of �-syn
with a LV-shRNA or enhanced expression of Rab3a with a LV
protected N2A cells from the toxic effects of exogenous A� oli-
gomers and rescued the expression levels of ChAT, Rab3a, and
Rab5 (Fig. 10A–E).

Next, after exposure of N2A cells to A� oligomers in the pres-
ence or absence of LV shRNA targeting �-syn or LV overexpres-
sion of Rab3a, we double immunolabeled the N2A cells with
antibodies against NGF and neurotubulin to analyze the distri-
bution of neurotrophic factors along the neuronal cell body and
neuritic processes (Fig. 11). Under baseline conditions, most of
the NGF was localized to the neuronal cell processes (Fig. 11A,B).
After A� challenge, NGF redistributed from the neurites to the
neuronal cell body (Fig. 11A,B). When N2A cells were infected
with the LV-shRNA �-syn or LV-Rab3a and treated with A�
oligomers, NGF localized both to the neuritic processes and neu-
ronal cell body (Fig. 11A,B). Together, these studies suggest that
A� oligomers might lead to degeneration of cholinergic cells by
interfering with Rab3a via �-syn, which in turn might result in
alterations in the intracellular trafficking of neurotrophic factors.

Discussion
The present study showed that deleting endogenous �-syn pre-
vented the degeneration of hippocampal CA3 neurons and the
cholinergic terminals in the hippocampus of APP Tg mice. This
was accompanied by improvements in behavioral performance
and recovery in levels of Rab3a and Rab5 proteins involved in
intracellular transport and sorting of NGF and BDNF. Likewise,
in vitro overexpression of Rab3a or �-syn knock-down with
shRNA protected cholinergic neurons from the toxic effects of
A� oligomers. Together, these results suggest that �-syn might
participate in mechanisms of vulnerability of selected neuro-

nal populations in AD and that reducing �-syn might be a
potential approach to protecting these populations from the
toxic effects of A�.

In agreement with the finding that �-syn ablation might be
neuroprotective, previous studies have shown that knocking
down �-syn protects experimental models from the toxic effects
of MPTP (Drolet et al., 2004; Javed et al., 2015), 3-nitropropionic
acid (Ubhi et al., 2010), and spinal cord injury (Wang et al.,
2016). The mechanisms through which reducing �-syn might
protect neuronal populations from selected injuries or toxins
such as A� oligomers are not completely understood. However,
given that �-syn has been proposed to play a role in intracellular
vesicular trafficking (Cooper et al., 2006), one possibility is that
reducing �-syn might attenuate the A�-triggered alterations in
vesicular trafficking. In AD, previous studies have shown abnor-
mal endocytic function with enlarged Rab5 endosomes and alter-
ations in Rab7 that might result in defective neurotrophic factor
(NTF) transport (Almeida et al., 2006; Wu et al., 2009; Ginsberg
et al., 2010; Li et al., 2012; Wang et al., 2014). It has been shown
that Rab1B and 6 are involved in the transport and processing of
APP, and Rab6 and Rab11 facilitate BACE1 and PS1 trafficking
(Wang et al., 2014). Moreover, previous studies have shown that,
of several synaptic and vesicular transport proteins investigated,
Rab3a and the postsynaptic protein synaptopodin were the most
downregulated (Reddy et al., 2005). In agreement with these
studies, we found that, in APP Tg mice, protein levels of Rab3a
were reduced, whereas levels of Rab5 and Rab11 were elevated.
Remarkably, ablation of �-syn in the APP Tg mice reversed the
alterations in Rab3a, Rab5, and Rab11, but had no effect on Rab7.
Likewise, �-syn knock-down or Rab3a overexpression protected
cholinergic neuronal cells from the toxic effects of A� oligomers.
This might be relevant to explaining mechanisms of selective
vulnerability because Rabs are involved in the transport of the
TrkA/B, NGF, and BDNF. More than 60 members of the Rab
family have been identified in mammals, with 11 homologs in

Figure 7. Linear regression analysis between markers of neurodegeneration and behavior. A, Correlation between ChAT immunoreactivity in the hippocampus and total activity. B, Correlation
between ChAT immunoreactivity in the hippocampus and the probe test. C, Correlation between total rearing and ChAT immunoreactivity in the hippocampus. D, Correlation between neurons in the
CA3 and total activity. E, Correlation between CA3 hippocampal neurons and the probe test. F, No correlation was found between total rearing and CA3 hippocampal neurons. For analysis, 10 mice
4 – 6 months of age were used from each mouse type.

Spencer et al. • Reducing �-Synuclein Improves AD Mouse Model J. Neurosci., July 27, 2016 • 36(30):7971–7984 • 7979



yeast (Cosker and Segal, 2014). For example, Rab5 and Rab7 are,
respectively, associated with the early and late endosomes in-
volved in regulating the trafficking of NTFs and receptor-
containing vesicles to the perinuclear region for cell survival
signals such as ERK, Akt, and CREB (Bucci et al., 2014), whereas
the secretory pathways use Rab11, among others, when involving
exosomes and Rab3a and Rab8 when involving the Golgi appa-
ratus (Huotari and Helenius, 2011; Colombo et al., 2014).

Yeast and murine studies have shown that �-syn has a role in
regulating vesicle trafficking from the Golgi via interactions with
Rab3a and Rab8 (Cooper et al., 2006). In contrast, previous stud-
ies in DLB and �-syn Tg models have shown that �-syn aggre-
gates disrupt endocytic and secretory pathways via abnormal
interactions with Rab3A, Rab5, and Rab8 (Eisbach and Outeiro,
2013; Wang et al., 2014). These alterations can be reversed by
overexpression of Rab1, Rab3a, and Rab11. Furthermore, exog-
enously added �-syn protofibrils interact with Rabs and interfere
with axonal transport and signaling of TrkB (Volpicelli-Daley et

al., 2014). Finally, mutations in Rab7L1 and VPS35 have been
associated with familial forms of parkinsonism (MacLeod et al.,
2013; Perrett et al., 2015) and, whereas the mechanisms are not
completely clear, a number of recent studies have indicated that
Rab7L1 and VPS35 mutations might lead to deficient intracellu-
lar �-syn transport and clearance, resulting in accumulation of
�-syn toxic species (Dhungel et al., 2015). In contrast, overex-
pression of wild-type VPS35 and Rab7L1 rescued the phenotypes
induced by �-syn and LRRK2 mutations, respectively (MacLeod
et al., 2013; Perrett et al., 2015). Together, these studies support
the possibility that, among other �-syn-affected mechanisms, A�
might disrupt intracellular trafficking, which is important for the
transport and signaling of NTFs relevant to neuronal populations
in the hippocampus and nucleus basalis.

APP Tg/�-syn KO mice showed selective protection against
the loss of hippocampal and cholinergic neurons, which may be
partially attributed to the levels of mGluR5. Subpopulations of
hippocampal (Overk et al., 2014) and cholinergic (Wu et al.,

Figure 8. Western blot and immunocytochemical analysis of Rab expression pattern in APP Tg and APP Tg/�-syn KO mice. A, Western blots were performed using with the membrane fractions
obtained from the hippocampus and cortex lysate and probed with antibodies against Rab 3 (25 kDa), 5 (24 kDa), 7 (23 kDa), and 11 (double band � 22 kDa). B, Computer-aided analysis of Rab3a
indicated a significant increase in �-syn KO and APP Tg/�-syn KO mice compared with non-Tg mice. In contrast, APP Tg mice displayed a significant reduction compared with non-Tg mice. Protein
levels in APP Tg/�-syn KO mice were significantly increased compared with �-syn KO mice and statistically equivalent to non-Tg mice. C, Rab5 protein levels were significantly increased in APP Tg
mice compared with non-Tg mice. �-syn ablation resulted in comparable levels of Rab5 in APP Tg/�-syn KO and �-syn KO mice. D, Rab7 protein levels were unchanged across mouse type. E, Rab11
protein levels were significantly increased in APP Tg and APP Tg/�-syn KO mice compared with non-Tg mice. F, Confocal image analysis of Rab3a and Rab5 and photomicrograph analysis of Rab7
and Rab11 expression in the hippocampus. G, Computer-aided image analysis indicated APP Tg mice had significantly decreased Rab3a immunoreactivity compared with non-Tg mice. APP Tg/�-syn
KO mice Rab3a immunoreactivity was significantly increased compared with APP Tg mice and statistically equivalent to non-Tg mice. H, Computer-aided image analysis indicated that APP Tg mice
had significantly increased Rab5 immunoreactivity compared with non-Tg mice. APP Tg/�-syn KO mice Rab5 immunoreactivity was significantly decreased compared with APP Tg mice and
statistically equivalent to non-Tg mice. I, Computer-aided image analysis of Rab7 indicated no difference between mouse types. J, Computer-aided image analysis of Rab 11 immunoreactivity
indicated a statistically significant increase in APP Tg mice compared with non-Tg mice. APP Tg/�-syn KO mice were statistically equivalent to non-Tg mice. Statistical analysis was conducted using
one-way ANOVA post hoc Dunnett’s test for comparison with non-Tg mice (*p � 0.05) and Tukey–Kramer test for comparison with APP Tg mice (#p � 0.05). For analysis, 10 mice 4 – 6 months of
age were used from each mouse type. Scale bar, 10 �m.
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2004) neurons are mGluR5 positive. We have shown in the pres-
ent study that the number of neurons in the CA3 pyramidal layer
was significantly decreased in APP Tg mice, as well as in �-syn Tg
and �-syn/APP double Tg mice (Overk et al., 2014), most likely
due to the presence of mGluR5. Eliminating �-syn (�-syn KO

mice) or silencing mGluR5 in the CA3 region of the hippocam-
pus (Overk et al., 2014) was neuroprotective, indicating that the
neuronal vulnerability associated with �-syn- and/or APP-
related neurodegeneration may be at least partially attributed to
mGluR5 levels in these brain regions. The mechanism might in-

Figure 9. Western blot analysis of pro-NGF, pro-BDNF, NGF, and BDNF. Brain lysates from the cortex and hippocampus were fractionated and the membrane fraction was used for immunoblot
analysis. A, Representative Western blot of pro-NGF (� 32 kDa, double band) and pro-BDNF (� 30 kDa, single band). B, C, Computer-aided analysis of immunoblot of Pro-NGF (B) and Pro-BDNF
signals normalized to actin signal (C) showing accumulation of the precursor growth factors in the APP Tg mice but normalization in the APP Tg/�-syn-KO mice. D, Representative Western blot of
NGF (� 14 kDa, double band) and BDNF (� 20 kDa, single band). E, F, Densitometry analysis of immunoblot of NGF (E) and BDNF signals normalized to actin (F ) showing decreased growth factors
in the APP Tg mice but normalization of the signal in the APP Tg/ �-syn-KO mice. Statistical analysis was conducted using one-way ANOVA post hoc Dunnett’s test for comparison with non-Tg mice
(*p � 0.05) and Tukey–Kramer test for comparison with APP Tg mice (#p � 0.05). For analysis, 10 mice 4 – 6 months of age were used from each mouse type.

Figure 10. Effects of LV-sh-�-syn and LV-Rab3a over expression on �-syn, ChAT, Rabs 3a and 5 immunoreactivity in the in vitro neuronal cholinergic cell line, N2A. Differentiated N2A neuronal
cells were exposed to A� oligomer (5 nM) or vehicle for 24 h in the presence or absence of �-syn shRNA (knock-down �-syn) or LV-overexpressing Rab3a. A, Cells were immunoreacted with
antibodies against �-syn (red), ChAT (DAB), Rab3a (green), or Rab5 (red). B, Coverslips were analyzed to determine levels of �-syn immunoreactivity expressed as pixel intensity. Computer-aided
image analysis of �-syn-immunopositive pixel intensity indicated a low baseline expression of �-syn, which was significantly increased in N2A cells exposed to A� oligomers. Compared with N2A
cells treated with A� oligomers, LV-sh-�-syn and LV-Rab3 both significantly reduced �-syn immunoreactivity. C, Coverslips were analyzed to by optical density to determine levels of ChAT.
Computer-aided analysis of optical density revealed that ChAT immunoreactivity was significantly decreased in N2A cells exposed to A� oligomers. Both LV-sh-�-syn and LV-Rab3 showed
significantly increased ChAT immunoreactivity in the presence of A� oligomers compared with A�-treated N2A cells. D, Coverslips were analyzed to determine levels of Rab3a immunoreactivity
expressed as pixel intensity. Computer-aided analysis of Rab3a pixel intensity indicated that N2A cells exposed to A� oligomers was significantly reduced compared with vehicle-treated N2A cells.
Both LV-sh-�-syn and LV-Rab3 significantly increased the Rab3a pixel intensity in N2A cells exposed to A� compared with A�-treated N2A cells alone. E, Computer-aided analysis of Rab5 pixel
intensity showed that N2A cells exposed to A� oligomer had a significant increase in pixel intensity compared with vehicle-treated N2A cells. Both LV-sh-�-syn and LV-Rab3 reduced Rab 5
immunoreactivity in A�-treated N2A cells to vehicle-treated levels. Statistical analysis was conducted using one-way ANOVA post hoc Dunnett’s test for comparison with vehicle-treated N2A control
cells (*p � 0.05) and Tukey–Kramer test for comparison with A� oligomer-treated N2A cells (#p � 0.05). For analysis, n � 3.
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volve �-syn aggregates reducing the recycling of mGluR5, so
higher levels of mGluR5 are present at the surface and make
neurons vulnerable to excitotoxicity. Because the loss of
calbindin-positive neurons occurred in the absence of �-syn (�-
syn KO and APP Tg/�-syn KO mice), it is possible that the loss of
calbindin-positive neurons may be attributed to other factors in
addition to the presence of mGluR5. Calbindin neurons might
express low levels of mGluR5 and, in our previous studies, we
have not observed upregulation of mGluR5 in granular cell neu-
rons. Similarly, in the hippocampal orein-alveus interneurons,
only some type IV interneurons expressed both mGluR5 and
calbindin (van Hooft et al., 2000). Moreover, neurodegeneration
of these populations of hippocampal cells have been associated
with alterations in other glutamate receptors such as NMDA
(Choi, 1988).

APP Tg mice showed deficits in learning and memory in the
Morris water maze similar to results we have described previously
(Rockenstein et al., 2005). The spatial learning deficits in the
hidden platform portion of the water maze test were ameliorated
by the deletion of the �-syn gene in the APP Tg/�-syn KO mice.
In the second stage of this test, mice were subjected to the same
water maze 24 h after the last testing date for a probe test to
determine whether they could remember the quadrant where the
platform had been placed. APP Tg mice spent little time in this
quadrant, as had been reported previously (Rockenstein et al.,
2005); however, surprisingly, the deletion of the �-syn gene had
no effect on preventing memory deficits in the probe test. This
apparent impediment to memory consolidation in the APP Tg/
�-syn KO mice could be related to the inability of the �-syn
ablation to rescue calbindin-positive neurons in the APP Tg
mice. In contrast, the rescue by �-syn ablation of the spatial
learning deficits in the APP Tg mice might be related to the rescue
of CA3 neurons and cholinergic fibers in the hippocampus. These
neuronal populations are dependent on NGF and BDNF, both of
which are involved in learning and memory consolidation
(Woolf et al., 2001; Bekinschtein et al., 2013; Bekinschtein et al.,

2014). In fact, the addition of NGF to N2A cholinergic cells has
been shown to induce Zif268, Arc, Nur77, and Rheb specifically,
all essential immediate early genes for long-term potentiation
and learning (Dickey et al., 2004). Therefore, the interaction be-
tween �-syn and A� might interfere with NGF and BDNF and
this effect is rescued by �-syn ablation.

In support of the notion that interactions between A� and
�-syn might have a role in the pathogenesis of AD, previous
studies in AD and in APP Tg models have shown that �-syn
interacts with A� (Tsigelny et al., 2008) and accumulates in se-
lected regions of the amygdala (Popescu et al., 2004; Lippa et al.,
2007) and hippocampus in AD (Swirski et al., 2014). A� pro-
motes �-syn aggregation and toxicity (Masliah et al., 2001) and
they both have synergistic effects leading to synaptic dysfunction
(Wang et al., 2015).

In summary, we show that ablation of endogenous �-syn pre-
vented hippocampal neurodegeneration, which was accompa-
nied by recovery of Rab3a and Rab5, as well as behavioral
performance. Therefore, these findings support the hypothesis
that �-syn is an important contributor to AD pathogenesis and
that regulating �-syn might also be of therapeutic value in AD.
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