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Abstract

Several degenerative brain disorders such as Alzheimer's disease (AD), 

Parkinson's disease (PD) and Dementia with Lewy bodies (DLB) are character-

ized by the simultaneous appearance of amyloid-β (Aβ) and α-synuclein (α-syn) 

pathologies and symptoms that are similar, making it difficult to differentiate 

between these diseases. Until now, an accurate diagnosis can only be made by 

postmortem analysis. Furthermore, the role of α-syn in Aβ aggregation and the 

arising characteristic olfactory impairments observed during the progression 

of these diseases is still not well understood. Therefore, we assessed Aβ load 

in olfactory bulbs of APP-transgenic mice expressing APP695KM670/671NL and 

PSEN1L166P under the control of the neuron-specific Thy-1 promoter (referred 

to here as APPPS1) and APPPS1 mice co-expressing SNCAA30P (referred to 

here as APPPS1 × [A30P]aSYN). Furthermore, the olfactory capacity of these 

mice was evaluated in the buried food and olfactory avoidance test. Our re-

sults demonstrate an age-dependent increase in Aβ load in the olfactory bulb 

of APP-transgenic mice that go along with exacerbated olfactory performance. 

Our study provides clear evidence that the presence of α-syn significantly di-

minished the endogenous and seed-induced Aβ deposits and significantly ame-

liorated olfactory dysfunction in APPPS1 × [A30P]aSYN mice.
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1  |   BACKGROU N D

Dementia with Lewy bodies (DLB) is the second most 
common type of dementia that involves the deposition 
of amyloid-β (Aβ) plaques and α-synuclein (α-syn)-
containing Lewy bodies as pathological hallmarks 
of Alzheimer's disease (AD) and Parkinson's disease 
(PD), respectively [1–5]. Despite being initially de-
scribed as two separate neurodegenerative disorders, 
several independent studies confirmed that clinical 
symptoms and pathologies of AD and PD can overlap 
[6, 7]. Interestingly, up to 50% of all AD cases display 
co-occurrence of α-syn in histopathological brain ex-
aminations [8–10] and about 40% of PD patients exhibit 
additionally Aβ pathology [11, 12]. Consequently, it was 
previously verified that these proteins can directly in-
teract and form complexes when isolated from human 
or mouse brains harbouring both pathologies [13–17]. 
As the identification of DLB in the context of dementia 
with an AD pattern is however still difficult and often 
leads to a misdiagnosis of AD or PD, biomarkers are 
necessary to improve identification of disease subtypes 
underlying dementia [18, 19].

A common feature of neurodegenerative diseases is 
the occurrence of olfactory dysfunctions at a very early 
stage of disease progression, even years before other 
clinical symptoms occur [20, 21]. While major progress 
has been made to decipher the role of the olfactory bulb 
for AD and PD, little is known about its impact on DLB. 
Therefore, studies of early pathological alterations in 
the olfactory bulb are of great interest in order to use 
olfactory deficits as a biomarker for early diagnoses and 
disease progression. The olfactory bulb is the entry site 
for the processing of odours and involves different types 
of cells such as mitral and granule cells that are essential 
for the processing of olfactory information.

Several studies implied a correlation between ol-
factory impairment and Aβ burden in mice [22–24]. 
Interestingly,individuals as well as mice with additional 
α-syn pathology appeared to have lowered Aβ pathology 
[25, 26]. In the present study, we therefore examined the 
effect of α-syn on the formation of Aβ aggregates spe-
cifically in the olfactory bulb and the potential arising 
impact on olfactory performance in a mouse model of 
Aβ and α-syn co-pathology. Here, we show that α-syn di-
minished the Aβ load in the olfactory bulb of these mice 
and that overlap of both pathologies led to a significant 
amelioration of olfactory performance.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Animals

All animal experiments were carried out in accordance 
with the policies of the state of Baden-Württemberg 
under license number G16-100, G18-136.

We used heterozygous APPPS1 transgenic mice co-
expressing human APP695KM670/671NL and PSEN1L166P 
under the control of the neuron-specific Thy-1 pro-
moter [27] and heterozygous Thy-1-SNCAA30P trans-
genic mice [28], referred to as aSYN mice. APPPS1 mice 
were crossed to heterozygous aSYN mice to generate 
APPPS1  ×  [A30P]aSYN double transgenic mice [22]. 
We used APPPS1, APPPS1  ×  [A30P]aSYN and non-
transgenic littermates (wild-type, WT). All mice were 
on the C57BL/6 background. For the present study, male 
mice were used as indicated in the text unless stated oth-
erwise. Mice were used at the age of 4, 8 and 12 months. 
Animals were group-housed under specific pathogen-
free conditions. All mice were kept under a 12-h light, 
12-h dark cycle with food and water ad libitum.

The precise number of mice used and analysed are 
displayed in Tables S1 and S2.

2.2  |  Olfaction test

For olfaction tests, 4- and 8-month-old male APPPS1, 
APPPS1  ×  [A30P]aSYN and WT mice were used. All 
experiments were done in the morning.

2.3  |  Buried food test

The buried food (cookie) test is based on the time it took 
a mouse to find a hidden buried cookie in the bedding, as 
described previously [29]. In brief, mice were exposed to 
the cookie for 2 days before the test. The day after, mice 
were fasted 12 h before the test and habituated to the test-
ing room for 1 h. The test began by placing the mouse in 
a clean cage (41 cm length × 26 cm width × 18 cm height) 
containing 3 cm deep bedding. Following 10 min of ha-
bituation, a cookie was placed 0.5 cm below the bedding. 
The latency to find the cookie was measured. The mouse 
was considered to have uncovered the cookie when it 
started to eat the cookie. If the mouse did not find the 
cookie within 15 min, the test was ended and the mouse 
was excluded from the experiment.

2.4  |  Olfactory avoidance test

An olfactory avoidance test was performed as described 
previously [30]. Mice were habituated to the testing room 
for at least 1 h. The test started by placing the mouse in a 
clean cage (33 cm length × 20 cm width × 12.5 cm height) 
containing 3 cm deep bedding. The test cage was divided 
optically into two equal areas. After 10 min of habitua-
tion to the test cage, a cotton swab scented with nTMT 
(2,4,5-Trimethylthiazole, Sigma–Aldrich, 1:100 diluted in 
water) was placed in one half of the test cage. Avoidance 
time was measured during a 60  s test time. ‘Avoidance 
time’ was defined as the time spent in the area without a 
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cotton swab scented with nTMT. Avoidance behaviour 
was represented by an avoidance index as follows: avoid-
ance index =  (P − 50)/50, where P is the percentage of 
avoidance time during a 60 s test period.

2.5  |  Histology

Mice were transcardially perfused with 10 ml of ice-cold 
phosphate-buffered saline (1×PBS) followed by 10 ml of 
ice-cold 4% paraformaldehyde in PBS. Brains were iso-
lated and post-fixed in 4% PFA (Roti®-Histofix, Roth) 
for 24  h, followed by incubation in 30% sucrose (in 
1XPBS, pH 7.5) for further 48 h. Frozen brains were cut 
into 25-µm-thick coronal sections on a sliding microtome 
(SM2000R, Leica Biosystems, Wetzlar, Germany) and 
collected in 15% Glycerol. Sections were incubated 
overnight at 4°C with the following antibodies diluted 
in 1XPBS containing 5% normal goat serum (NGS) and 
0.5% Triton X-100: anti-Aβ (mouse, 1:2000, Covance, 
6E10), anti-Iba1 (rabbit, 1:1000 WAKO, 019–19741), anti-
CD68 (rat, 1:500, BioRad, FA-11), anti-Lamp2 (rat, 1:500, 
Abcam, ab13524), anti-Reelin (mouse, 1:1000, Merck 
Millipore, MAB5364). Appropriate secondary antibod-
ies conjugated to Alexa 488 (Life Technologies A11029, 
A11008), Alexa 555/568 (Life Technologies A21422, 
A11011) or Alexa 647 (Life Technologies A21235) (1:1000) 
were used. Sections were counterstained with DAPI 
(Sigma, D9542, 1:10000) and mounted with fluorescence 
mounting medium (DAKO).

NeuroTrace 500/525 (green fluorescent Nissl stain, 
N21480, Thermo Fisher Scientific) staining was done ac-
cording to manufactural instructions.

Dense-core plaques were stained with Thiazine red 
(Sigma Aldrich, S570435). Staining was done according 
to standard protocols. In brief, sections were washed 
three times in 1×PBS and incubated in Thiazine red 
(0.01% solution in 1XPBS) for 5 min at RT followed by 
3 × 10 min washes in 1×PBS. Sections were counterstained 
with DAPI (Sigma, D9542, 1:10000) and mounted with 
fluorescence mounting medium (DAKO, S3023).

2.6  |  Assessment of Aβ and cell analysis

Fluorescence images of brain slices were taken using 
a Zeiss fluorescent microscope (Axio Imager M2M). 
Confocal images were taken with an Olympus confocal 
microscope (Fluoview FV 1000). For analysis every 10th 
brain section was immunostained. The area of the olfac-
tory bulb and the mitral cell layer was defined based on 
the mouse brain atlas [31]. The 25-µm-thick serial coro-
nal sections represented always the same layers in each 
animal, starting from Bregma 5.0 to Bregma 3.7.

Total Aβ load was determined by calculating the 
% areal fraction occupied by Aβ-positive staining in 
the olfactory bulb using the imaging software ImageJ 

(National Institutes of Health freeware, version 1.52a). 
Five to eight animals per group and 4–5 sections per an-
imal were analysed.

Cell number was quantified by counting the number 
of positive-labelled cells in the area of interest of the ani-
mals. Five animals per group and 4–5 sections per animal 
were analysed. Cell counting was done in the olfactory 
bulb and the area of the olfactory bulb was measured 
with the ImageJ software (version 1.52a). Cell counts 
were performed within a defined volume based on the re-
gion of interest and the thickness of the section (25 µm). 
All analyses were conducted in a blinded manner.

2.7  |  Immunoblot analysis of the 
olfactory bulb

Mouse olfactory bulb tissue was dissected on ice and ho-
mogenized in 10× volume RIPA buffer [50 mM HEPES 
pH  7.5, 150  mM NaCl, 1  mM EDTA, 10% Glycerin, 
1% Triton X-100, 10  mM Na4O7P2, protease inhibitor 
cocktail (cOmplete, EDTA free, Roche Diagnostics ref. 
1187358001)]. Samples were sonicated 3 × 5  s (30% am-
plitude, Digital Sonifier W-250D, Branson Ultrasonics) 
and centrifuged at 13,000 rpm for 5 min at 4°C. The su-
pernatant was stored at −80°C until use. Protein concen-
tration was determined by Pierce BCA Protein Assay 
Kit (Thermo Fisher Scientific). Samples were separated 
by 4–12% NuPAGE Bis-Tris gels using NuPAGE 4xLDS 
sample buffer, NuPAGE 10x sample reducing agent 
and NuPAGE MES SDS running buffer (Invitrogen). 
Proteins were transferred onto PVDF membranes 
(0.2  µm, Biorad) and visualized using Clarity Western 
ECL Substrate (Biorad) and ChemiDoc MP Imaging 
System (Biorad).

Antibodies against APP and CTFs (rabbit polyclonal 
antibody against the APP C-terminus [6687], 1:1000 
[32]), anti-Aβ (mouse, 1:3000, Covance, 6E10), anti 
BACE1 (rabbit, 1:1000, Cell Signalling, D10E5), anti-
insulin-degrading enzyme [IDE] (rabbit, 1:5000, abcam, 
ab109538), anti-neprilysin (rabbit, 1:2500, Abcam, 
ab79423), anti-β-actin-HRP (mouse, 1:5000, abcam, 
ab20272), anti-mouse IgG HRP-linked Antibody (1:3000, 
Cell Signalling, 7076S) and anti-rabbit IgG HRP-linked 
Antibody (1:3000, Abcam, ab16824) were used.

2.8  |  ELISA

For the quantification of Aβ40 and Aβ42  species in the 
soluble and insoluble olfactory bulb extracts, tissue 
of the olfactory bulb was homogenized (10% w/v) in 
1XPBS + protease inhibitor cocktail (cOmplete, EDTA 
free, Roche Diagnostics) and sequentially extracted in 
1XPBS (soluble fraction), 1XPBS +0.1% Triton X-100 
(membrane-bound fraction) and finally in 8  M guani-
dine hydrochloride solution. Protein concentration in 
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each fraction was measured with the Bradford reagent 
(Roti®-Quant, Roth) and enzyme-linked immunosorb-
ent assay (ELISA) was performed using Human Aβ40 
ELISA kit (Life Technologies, catalogue no. KHB3481) 
and Human Aβ42 ELISA kit (Life Technologies, cata-
logue no. KHB3441), according to the manufacturer's 
protocol.

2.9  |  In vivo amyloid-β phagocytosis assay

Mice were injected intraperitoneally with methoxy-
X04 (Tocris cat. no.4920) at 10  mg/kg bodyweight as 
described before [33]. Olfactory bulbs were isolated 
3 h after methoxy-X04 injection and homogenized into 
single-cell suspension with a glass potter. The solution 
was filtered through a cell strainer (70  μm) and sepa-
rated by 37% Percoll gradient centrifugation at 800  g 
for 30  min at 4°C. The cell suspension was collected 
and washed with 1XPBS. Fc receptor blocking antibody 
CD16/CD32 (1:200, clone 2.4G2, BD Bioscience) was 
applied to prevent unspecific binding, and dead cells 
were stained using the Fixable Viability Dye eFluor® 
780 (1:1000, eBioscience) at 4°C for 20  min. Cells were 
washed in FACS buffer containing 1XPBS, 2% heat-
inactivated FSC, 10  mM EDTA and then incubated 
with primary antibodies directed against CD11b (1:200, 
clone M1/70, Biolegend, cat. no. 101212), CD45 (1:200, 
clone 30-F11, Biolegend, cat. no. 103106), and a Dump 
gate was set to avoid contamination of peripheral my-
eloid and lymphoid cells by adding primary antibodies 
against anti-CD3 (1:300, clone 17A2, Biolegend, cat. no. 
100220), anti-CD19 (1:300, clone 6D5, Biolegend, cat. 
no. 115520), anti-CD45R (1:300, clone RA3-6B2, BD 
Bioscience; cat. no. 552772), Ly6C (1:300, clone AL-21, 
BD Bioscience, cat. no. 560593) and Ly6G (1:300, clone 
1A8, BD Bioscience, cat. no. 560601) for 20 min at 4°C. 
Percentage and mean fluorescent intensity of Dump 
methoxy-XO4+ CD11b+CD45low microglia were deter-
mined by flow cytometry using an FACS Canto II (BD 
Bioscience) and analysed with FlowJo software (Tree 
Star). WT mice injected with methoxy-X04 were used as 
negative controls to set the threshold of methoxy− cells. 
Corresponding isotype controls were used.

2.10  |  Preparation of brain homogenates for 
intracerebral injections

Mouse brain homogenates were derived from 
12-month-old plaque bearing heterozygous APPPS1 
transgenic mice and prepared as previously described 
[33–35]. Homogenate was obtained from the whole 
mouse brain. The brain tissue sample was freshly frozen 
and stored at −80°C until use. The sample was homoge-
nized in sterile 1XPBS at 10% (w/v) and sonicated 3 × 5 s 

(30% amplitude, Digital Sonifier W-250D, Branson 
Ultrasonics). The crude brain homogenate was centri-
fuged for 5 min (at 3000 × g, 4°C) and the supernatant 
was stored at −80°C until use.

2.11  |  Intracerebral stereotactic injections

Mice were anaesthetized via intraperitoneal injection 
of a mixture of ketamine (100 mg/kg body weight) and 
xylazine (5  mg/kg body weight) in saline. For bilateral 
stereotactic injections of brain homogenates, a Hamilton 
syringe was placed into the olfactory bulb (AP + 5.0 mm; 
L ± 1.0 mm; DV − 1.0 mm) of 8-week-old male APPPS1 
and APPPS1 × [A30P]aSYN mice. Mice were injected 
with APPPS1 transgenic brain homogenate (3  µl per 
hemisphere at an injection speed of 1 µl/min). After each 
injection, the needle was kept in place for an additional 
2 min before it was slowly withdrawn. The surgical site 
was cleaned with sterile saline and the incision sutured. 
Mice were monitored until recovery from anaesthesia 
and incubated for 12 weeks.

2.12  |  Preparation of cortical cell suspensions 
for intracerebral grafting

Primary cortical neurons were isolated from C57BL/6 WT 
mice at embryonic days 16–17. Cortical samples were iso-
lated and processed to single-cell solution on ice, trypsi-
nized for 10 min with 0.05% Trypsin-EDTA (Gibco) at 
37°C and washed three times in HBSS (Gibco). Cells 
were then triturated in DMEM (Gibco) by pipetting up 
and down until the suspension was homogenous and 
maintained on ice until further use for intracerebral in-
jection [22].

2.13  |  Intracerebral grafting

Mice were anaesthetized via intraperitoneal (i.p.) injec-
tion with a mixture of ketamine (100 mg/kg body weight) 
and xylazine (5 mg/kg body weight) dissolved in saline. 
For bilateral stereotactic transplantation of neuronal 
cell suspension, a Hamilton syringe was placed into 
the cortex (AP + 1.8 mm, L ± 1.5 mm, DV − 1.3 mm) of 
8-week-old transgenic APPPS1 and APPPS1 × [A30P]
aSYN animals. Mice were injected with a volume of 3 µl 
(approximately 20,000 cells) per hemisphere at an injec-
tion speed of 1 µl/min. After each injection, the needle 
was kept in place for an additional 1 min before it was 
slowly withdrawn. The surgical site was cleaned with 
sterile saline and the incision sutured. Mice were moni-
tored until recovery from anaesthesia and incubated for 
4 and 8 weeks. For intra-cerebral grafting experiments, 
only female mice were used.
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2.14  |  Statistical analysis

GraphPad Prism 7 (GraphPad Software, Inc.) was used 
for statistical analysis. All data sets were tested for nor-
mality with the D’Agostino-Pearson omnibus K2 nor-
mality test with a significance level set to p = 0.05 before 
the appropriate parametric or non-parametric statis-
tical comparison test was carried out. Student's t test 
or Mann–Whitney test was applied. Reported values 
are means ± SEM. Significance level α was set to 0.05. 
*p < 0.05, **p < 0.01, and ***p < 0.001.

3  |   RESU LTS

3.1  |  Similar plaque load in 4-month-old 
APPPS1 and APPPS1 × [A30P]aSYN mice

Based on our previous finding that hippocampal plaque 
load was reduced because of the presence of α-syn in 
APPPS1 × [A30P]aSYN mice [22], we first investigated 
the endogenous Aβ plaque load in the olfactory bulb 
of 4-month-old APPPS1, APPPS1 × [A30P]aSYN and 
WT mice (Figure 1A). As expected, no Aβ plaques were 
evident in WT mice (Figure 1A). By using the anti-Aβ-
specific antibody 6E10 to visualize Aβ, and Thiazine red 
that solely stains dense-core Aβ plaques, we could not 
observe any differences in Aβ load between APPPS1 and 
APPPS1 × [A30P]aSYN mice (Figure 1A–C). In accord-
ance with these data, we detected comparable soluble 
and insoluble Aβ40 and Aβ42 levels in both mouse mod-
els using ELISA measurements (Figure 1D,E). Further 
biochemical analyses by Western blot revealed no dif-
ferences in APP or CTF-fragment (CTF-α and CTF-β) 
levels as well as levels of BACE1 secretase (Figure 1F,G), 
suggesting that APP processing was not affected in those 
mice at 4  months of age. Finally, the analyses of IDE 
and Neprilysin enzymes, which are both involved in the 
degradation of Aβ, uncovered again similar levels in 
APPPS1 and APPPS1 × [A30P]aSYN mice (Figure 1G).

3.2  |  α-syn diminishes Aβ plaque load in 
8-month-old APPPS1 × [A30P]aSYN mice

In order to assess the potential effect of α-syn on Aβ 
plaque formation, we analysed Aβ plaque pathology in 
the olfactory bulb at a more advanced stage of the Aβ 
polymerization process, represented by 8-month-old 
APPPS1 and APPPS1 × [A30P]aSYN mice (Figure 2A). 
Indeed, olfactory bulb total and compact Aβ plaque 
burden in APPPS1  ×  [A30P]aSYN mice was reduced 
compared with that of APPPS1 transgenic animals 
based on immunofluorescent stainings (Figure 2B,C). 
In accordance with these results, we found significantly 
reduced soluble and insoluble Aβ40 and Aβ42 species in 
those mice (Figure 2D,E). In order to examine whether 

the reduced Aβ plaque load in APPPS1 × [A30P]aSYN 
mice is a consequence of decreased APP processing or 
increased Aβ degradation, we performed Western blot 
analyses. Likewise, we detected less Aβ in the presence 
of α-syn in APPPS1 × [A30P]aSYN mice by probing the 
membrane with a 6E10 antibody (Figure 2F). Moreover, 
the levels of the CTF fragments (CTF-α and CTF-β) were 
affected in a related manner, while full-length APP levels 
were similar in both groups, suggesting inhibition of Aβ 
peptide formation by α-syn. Additionally, BACE1 levels 
were slightly reduced in APPPS1 × [A30P]aSYN mice 
compared to APPPS1 mice (Figure 2G), implying a po-
tential suppression of BACE1 expression in these mice. 
Concurrently, we detected higher IDE levels in double-
transgenic mice, while Neprilysin was unchanged 
(Figure 2G), referring to an increased Aβ degradation 
in APPPS1 × [A30P]aSYN compared to APPPS1 mice 
which in turn correlated with decreased Aβ levels in 
these double-transgenic mice.

Next, we sought to study whether this effect endured 
over a prolonged period and analysed the Aβ plaque 
load in 12-month-old APPPS1 and APPPS1  ×  [A30P]
aSYN mice (Figure S1A). However, at this advanced age, 
no significant differences between neither the total or 
compact Aβ plaque burden were evident (Figure S1B,C) 
and we also found similar levels of soluble and insolu-
ble Aβ40 and Aβ42 species in these mice (Figure S1D,E). 
Furthermore, immunoblots probed with Aβ-specific an-
tibodies revealed again no differences in Aβ levels as well 
as APP processing between 12-month-old APPPS1 and 
APPPS1  ×  [A30P]aSYN mice (Figure S1F). Together, 
these findings demonstrate that the α-syn-mediated in-
hibitory effect becomes especially evident in 8-month-old 
mice but disappears with the higher age of the mice.

3.3  |  Presence of α-syn does not alter the 
phagocytic capacity of microglia

To investigate whether diminished Aβ pathology is 
a consequence of enhanced microglial phagocyto-
sis because of α-syn overexpression in 8-month-old 
APPPS1 × [A30P]aSYN mice, we analysed in vivo Aβ up-
take by microglial cells using methoxy-X04 staining and 
flow cytometry as previously described [33] (Figure 3A). 
FACS dot plots and respective histograms from APPPS1 
and APPPS1  ×  [A30P]aSYN mice revealed no sig-
nificant difference in Aβ phagocytosis (Figure 3B,C). 
Nevertheless, we noticed a slightly higher percentage of 
microglia containing methoxy-X04 in APPPS1 × [A30P]
aSYN mice, but this trend did not reach significance 
(Figure 3D). Next, we quantified the number of Aβ 
plaque-associated Iba1+ microglia cells and found again 
no difference in the number of plaque-associated micro-
glia cells in both groups (Figure 3E,F). Furthermore, 
quantitative assessment of CD68 immunoreactivity in 
APPPS1 and APPPS1 × [A30P]aSYN mice (Figure 3G) 
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F I G U R E  1   Similar Aβ plaque burden in the olfactory bulb of 4-month-old APPPS1 and APPPS1 × [A30P]aSYN mice. (A) Representative 
images of immunofluorescent staining of Aβ plaques (6E10, green and DAPI, blue) and compact Aβ plaque load [Thiazine red (TR), red 
and DAPI, blue] in olfactory bulbs of 4-month-old male APPPS1, APPPS1 × [A30P]aSYN and WT mice. Scale bar represents 200 μm. (B) 
Quantification of Aβ plaque load (as Aβ-positive area fraction based on 6E10 staining). (C) Quantification of compact Aβ plaque burden 
based on TR staining. Each symbol represents data from one mouse (APPPS1: n = 6, APPPS1 × [A30P]aSYN: n = 7). Data are presented as 
mean ± SEM. (D) Assessment of soluble and insoluble Aβ40 and (E) soluble and insoluble Aβ42 peptide fractions of olfactory bulb brain extracts 
from 4-month-old APPPS1 and APPPS1 × [A30P]aSYN mice by Enzyme-linked immunosorbent assays (ELISA). Each symbol represents data 
from one mouse (APPPS1: n = 6–7, APPPS1 × [A30P]aSYN: n = 5). Data are presented as mean ± SEM. Data were normalized to APPPS1. (F) 
Representative immunoblots of olfactory bulb brain extracts from 4-month-old male APPPS1 and APPPS1 × [A30P]aSYN mice. Immunoblots 
were probed with antibodies that recognize full-length APP, CTFβ and CTFα (6687), Aβ (6E10). (G) insulin-degrading enzyme (IDE), 
Neprilysin and β-secretase 1 (BACE1). β-Actin was used as a loading control
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confirmed the aforementioned results and revealed no 
difference between the two groups (Figure 3H).

Taken together, these findings argue against the pos-
sibility that decreased Aβ plaque load in 8-month-old 
APPPS1  ×  [A30P]aSYN compared to APPPS1  mice 
might be attributable to an increased phagocytic capac-
ity of microglial cells.

3.4  |  α-syn significantly reduces Aβ 
seeding and inhibits the formation of Aβ 
pathology in APPPS1 × [A30P]aSYN grafts

We previously demonstrated that α-syn acts as an inhibi-
tor for Aβ plaque formation in vivo in the hippocampus 
of APPPS1 mice co-expressing α-syn [22]. By applying 
the well-established Aβ seeding model to the olfactory 
bulb (Ziegler-Waldkirch et al., unpublished data) [36], 
we examined the effect of additional α-syn on seed-
induced Aβ plaque formation in the olfactory bulb of 
APPPS1 × [A30P]aSYN mice and analysed the Aβ seed-
ing pattern after 12 weeks of incubation (Figure 4A). In 
accordance with our previous results, Aβ seeding was 
mainly evident in the granular cell layer of the olfactory 
bulb (Figure 4B). Quantitative analysis of seed-induced 
Aβ deposits revealed a significant seeding area reduc-
tion of approximately 50% in APPPS1 × [A30P]aSYN 
(Figure 4C), supporting the attenuating effect of α-syn 
during Aβ formation in vivo [22].

In order to test the hypothesis with a different ap-
proach, we took advantage of embryonic WT neurons 
transplanted into either APPPS1 or APPPS1 × [A30P]
aSYN mice [22, 37] and examined the grafts for the pres-
ence of Aβ deposits after 4 and 8  weeks of incubation 
(Figure 4D,E). We already demonstrated earlier that 
grafts derived from aSYN mice incorporated no or less 
Aβ material than grafts originated from WT mice [22]. In 
this case, the presence of α-syn in the surrounding host 
tissue of APPPS1 × [A30P]aSYN mice seemed to have 
only an effect on the formation of Aβ plaques within 
the grafts 8  weeks after injection while after 4  weeks 
the plaques that formed within the grafts were alike 
(Figure 4F). However, after 8 weeks of WT neuron injec-
tions, a significant decrease of Aβ plaque numbers was 
evident in APPPS1 × [A30P]aSYN mice (Figure 4G).

Together, both findings confirm the suppressive role 
of α-syn for Aβ plaque formation in mice co-expressing 
both pathologies.

3.5  |  Presence of α-syn ameliorates olfactory 
deficits in APPPS1 × [A30P]aSYN mice

Next we moved on to assess olfactory behaviour and 
a possible correlation between the endogenous Aβ 
plaque load and olfactory function in APPPS1 and 
APPPS1  ×  [A30P]aSYN mice at the age of 4 and 

8  months. For this purpose, we performed the buried 
food and the olfactory avoidance test with APPPS1, 
APPPS1  ×  [A30P]aSYN and WT mice (Figure 5A–
C). In accordance with similar Aβ plaque burden in 
the olfactory bulb of 4-month-old mice (Figure 1B,C), 
we did not detect any differences in olfactory perfor-
mance of APPPS1 and APPPS1  ×  [A30P]aSYN mice 
(Figure 5B,C) that were comparable to those of WT 
mice at the same age. However, 8-month-old APPPS1 
mice needed significantly more time to find the buried 
food (Figure 5B) and spent significantly more time in the 
avoidance area compared to APPPS1  ×  [A30P]aSYN 
and WT mice (Figure 5C), implying olfactory deficits 
in APPPS1 mice at this age. Furthermore, compared to 
WT littermates, APPPS1 × [A30P]aSYN mice behaved 
significantly different in the buried food test but not in 
the olfactory avoidance test (Figure 5B,C). These results 
indicate that lowered Aβ burden in the olfactory bulb 
caused by the presence of α-syn, indeed, led to an im-
proved olfactory performance.

We hypothesized that olfactory deficits in 8-month-old 
mice may differ depending on the severity of plaque-
associated pathology. Therefore, the number of projec-
tion neurons in form of mitral cells was evaluated first. 
However, no significant difference between APPPS1 
and APPPS1 × [A30P]aSYN mice could be detected nei-
ther with the commonly used Reelin-specific antibody 
(Figures S2A,B) nor with NeuroTrace staining (green 
fluorescent Nissl stain) (Figure S2C,D).

Finally, we investigated plaque-associated toxic-
ity that is represented by surrounding dystrophic neu-
rites that are normally embedded within dense-core 
plaques or in their very close vicinity. Quantitative as-
sessment of Lamp2 immunoreactivity [38] revealed in-
deed a significant decrease of dystrophic structures in 
APPPS1  ×  [A30P]aSYN mice compared to APPPS1 
transgenic mice (Figure 5D,E), suggesting that the con-
comitance of Aβ and α-syn might extenuate local neural 
system destruction of the olfactory pathway in the gran-
ular cell layer.

4  |   DISCUSSION

Overlap between α-syn and Aβ pathologies was fre-
quently described as an important phenomenon occur-
ring in several neurodegenerative diseases [3, 8–12,], 
generating the problem of recognizing DLB as a distinct 
age-associated neurodegenerative dementia. Several in 
vitro and ex vivo studies suggested a direct interaction 
between both peptides [13–17] and an inhibitory effect 
of α-syn on Aβ plaque formation in the hippocampus 
of APPPS1 × [A30P]aSYN mice [22], while the conse-
quences of simultaneous α-syn and Aβ pathologies on 
the olfactory system are still unknown.

Here we first examined the effect of α-syn on Aβ 
burden and Aβ levels in the olfactory bulb of 4-, 8- and 
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F I G U R E  2   Decreased Aβ plaque load in the olfactory bulb of 8-month-old APPPS1 × [A30P]aSYN mice. (A) Immunofluorescent staining of 
Aβ plaques (6E10, green and DAPI, blue) and compact Aβ plaque load [Thiazine red (TR), red and DAPI, blue] in olfactory bulbs of 8-month-old male 
APPPS1, APPPS1 × [A30P]aSYN and WT animals. Scale bar represents 200 μm. (B) Quantification of 6E10 immunostaining as Aβ-positive area 
fraction. Each symbol represents data from one mouse. Data are presented as mean ± SEM. Significant differences were determined by the Mann–
Whitney test (p = 0.0499). (C) Quantification of TR staining. Each symbol represents data from one mouse. Data are presented as mean ± SEM. 
Significant differences were determined by the unpaired t test (p = 0.0464). (APPPS1: n = 8, APPPS1 × [A30P]aSYN: n = 8) (D) Enzyme-linked 
immunosorbent assay (ELISA) for soluble and insoluble Aβ40 and (E) soluble and insoluble Aβ42 peptide fractions of olfactory bulb brain extracts 
from 8-month-old APPPS1 and APPPS1 × [A30P]aSYN mice. Each symbol represents data from one mouse (APPPS1: n = 5–7, APPPS1 × [A30P]
aSYN: n = 4–6). Data were normalized to APPPS1. Data are presented as mean ± SEM. Significant differences were determined by the Mann–
Whitney test [p = 0.0159; p = 0.0221 (insoluble Aβ42)]. (F) Representative immunoblots of olfactory bulb brain extracts from 8-month-old male APPPS1 
and APPPS1 × [A30P]aSYN mice. Immunoblots were probed with antibodies that recognize full-length APP, CTFβ and CTFα (6687), Aβ (6E10), 
(G) insulin-degrading enzyme (IDE), Neprilysin and β-secretase 1 (BACE1). β-Actin was used as a loading control
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12-month-old APPPS1 and APPPS1  ×  [A30P]aSYN 
mice. As a result of high variation in 4-month-old mice, 
no significant differences were observed implicating 
that this age represents an early event in the elongation 
phase of the nucleation-dependent Aβ polymerization 
cascade [39]. However, α-syn significantly diminished 
Aβ plaque burden and lowered the amount of soluble 
and insoluble Aβ40 and Aβ42  species in the olfactory 

bulb of 8-month-old APPPS1 × [A30P]aSYN mice, con-
firming a similar observation that has been made in the 
hippocampus of those same mice [22]. Further analysis 
of 12-month-old APPPS1 and APPPS1 × [A30P]aSYN 
mice revealed again no difference despite their very large 
Aβ burden, suggesting that the suppressive effect of α-
syn on Aβ plaque formation is abolished at an advanced 
age.
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In line with recent in vitro work that demonstrated 
that α-syn interacts with IDE and is able to increase its 
proteolytic activity [40, 41], we indeed found an upreg-
ulation of IDE in double-transgenic mice that conse-
quently led to lower Aβ levels. Future studies will need 
to address the exact cause for this increase in IDE. As 
we found a strong decrease of CTF’s (CTF-α and CTF-
β) and even a slight reduction of BACE1  levels in mice 
presenting α-syn pathology, these experiments imply 
that the observed reduced amyloid plaque density was 
caused by alterations in APP processing and production 
because of the presence of α-syn.

Several studies demonstrated that microglial cells 
crucially contribute to the clearance and phagocytosis of 
amyloid-β [33, 42–45,]. Likewise, α-syn has been demon-
strated to activate microglial cells in vitro [46–48], which 
prompted us to hypothesize that Aβ plaque burden was 
alleviated in APPPS1 × [A30P]aSYN mice through ef-
fective phagocytosis performed by activated microglia. 
However, no evidence for higher phagocytic activity of 
microglial cells isolated from double-transgenic mice was 
found in methoxy-X04-FACS analyses. Additionally, the 
number of plaque-associated microglial cells and CD68 
immunoreactivity did not differ among both mouse 
models. Given that the IDE enzyme is also secreted by 
microglial cells [49], this could provide a reasonable ex-
planation for higher IDE levels in APPPS1 × [A30P]
aSYN mice.

We had previously shown that α-syn diminished Aβ 
seeding capacity in the hippocampus of APPPS1 × [A30P]
aSYN mice, indicating an inhibitory role for α-syn [22]. 
Moreover, we established the olfactory bulb as a new 
brain region to study seed-induced Aβ plaque formation 
in vivo (Ziegler-Waldkirch et al., unpublished data). By 
combining both approaches via inoculation of Aβ-rich 
brain extracts in the olfactory bulb of pre-depositing 
mice, we could show that the Aβ seeding area was sig-
nificantly decreased in the olfactory bulb of APPPS1 
x [A30P]aSYN compared to APPPS1 mice. Along the 
same lines, grafting experiments supported the inhibi-
tory role of α-syn as the number of plaques per graft was 
significantly reduced in WT grafts of APPPS1 × [A30P]
aSYN mice 8  weeks post-transplantation compared to 

APPPS1 mice. Most likely, the effect of α-syn becomes 
evident when a certain threshold of Aβ plaque load is 
present in the host animal that might not yet be reached 
4 weeks post-transplantation. Thus, the present results 
corroborate our previous finding [22] that the presence 
of α-syn slows down Aβ plaque formation and interferes 
with the aggregation process of Aβ.

Multiple lines of evidence indicate a negative cor-
relation between increasing Aβ plaque load and de-
creasing ability to smell [23, 24]. Furthermore, our 
previous work revealed a link between seed-induced Aβ 
deposition, representing early stages of plaque forma-
tion, and subsequent olfactory deficits in 5xFAD mice 
(Ziegler-Waldkirch et al., unpublished data). We hence 
set out to investigate potential olfactory deficits and 
whether the extent of Aβ pathology present in APPPS1 
and APPPS1 × [A30P]aSYN mice might impact olfac-
tory performance differently. Strikingly, 8-month-old 
animals, carrying additional overexpression of α-syn, 
developed olfactory deficits that were less pronounced 
than the ones in APPPS1 mice. This different ability to 
smell was not evident in 4-month-old mice with lower 
Aβ plaque load in both genotypes, which might explain 
why no distinction in olfactory performance was iden-
tified. In accordance with the above-mentioned liter-
ature, we therefore confirmed the negative correlation 
between olfaction deficits and increasing deposition of 
Aβ pathology.

Examinations on the influence of Aβ on bulbar neu-
ronal network and functionality are of great interest [24, 
50, 51]. Evaluation of mitral cell numbers yielded only a 
slight trend but did not reach significance to decreased 
mitral cell numbers in APPPS1 mice, implying a nega-
tive impact of Aβ pathology on the bulbar network. On 
the contrary, analysis of Lamp2 immunoreactivity, that 
is associated with dystrophic neurites [38], revealed a 
significant decrease in double-transgenic animals, sug-
gesting the destruction of network in the granular cell 
layer potentially leading to olfactory deficits seen in 
APPPS1 mice. More work on the bulbar network is nec-
essary, in particular, the question of how Aβ exactly in-
fluences the bulbar network on a cellular and functional 
level needs to be addressed in more detail.

F I G U R E  3   Presence of α-synuclein does not influence the number and phagocytic capacity of microglial cells in 8-month-old 
APPPS1 × [A30P]aSYN mice. (A) Gating of Dump−CD11b+CD45low methoxy-X04+ microglia and representative FACS dot plots from 
8-month-old male APPPS1 and APPPS1 × [A30P]aSYN mice and age-matched WT controls. (B) Representative cytometric graph of 
Dump−CD11b+CD45low methoxy-X04+ microglial cells from WT (black line), APPPS1 (red line) and APPPS1 × [A30P]aSYN (blue line). (C) 
Quantification of percentages (%) of Dump−CD11b+CD45low methoxy-X04+ microglial cells from olfactory bulb of 8-month-old APPPS1 
(n = 10) and APPPS1 x [A30P]aSYN (n = 8) mice. Each symbol represents data from one mouse. Data are presented as mean ± SEM. Data 
are pooled from two independent experiments. (D) Quantification of the methoxy-X04 mean fluorescence intensity (MFI). Data were 
normalized to APPPS1. Each symbol represents data from one mouse (APPPS1: n = 10, APPPS1 × [A30P]aSYN: n = 8). Data are presented 
as mean ± SEM. Data are pooled from two independent experiments. (E) Representative confocal images of Iba1+ (green) microglia cells 
surrounding Aβ plaques (6E10, red) on olfactory bulb sections of APPPS1 and APPPS1 × [A30P]aSYN mice. Nuclei are counterstained by 
DAPI (blue). Scale bar represents 50 μm. (F) Quantification of plaque-associated Iba1+ microglial cells. Each symbol represents data from one 
mouse (APPPS1: n = 5, APPPS1 × [A30P]aSYN: n = 5). Data are presented as mean ± SEM. (G) Representative confocal images of CD68 (6E10 
blue, Iba1 red and CD68 green). Scale bars represent 10 μm. (H) Quantitative assessment of CD68 immunoreactivity in APPPS1 (n = 5) and 
APPPS1 × [A30P]aSYN (n = 5) mice. Each symbol represents data from one mouse. Data are presented as mean ± SEM
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F I G U R E  4   α-synuclein interferes with the formation of Aβ deposits. (A) Scheme of Aβ seeding experiments with APPPS1 and 
APPPS1 × [A30P]aSYN mice. (B) Representative images of immunofluorescent staining of Aβ plaques (6E10, red) in the olfactory bulb of male 
APPPS1 and APPPS1 × [A30P]aSYN mice inoculated with brain extracts from aged APPPS1 mice and sacrificed at the age of 20 weeks (12 weeks 
post-injection). Scale bar represents 200 μm. (C) Quantification of Aβ load as % of total olfactory bulb area. Each symbol represents data from one 
mouse (APPPS1: n = 5, APPPS1 × [A30P]aSYN: n = 8). Data are presented as mean ± SEM. Significant differences were determined by the Mann–
Whitney test (p = 0.0295). (D) Scheme of intracerebral grafting experiments with APPPS1 and APPPS1 × [A30P]aSYN mice. (E) Images of TR+ 
(red) Aβ deposits in WT grafts transplanted in female APPPS1 and APPPS1 × [A30P]aSYN host animals 4 and 8 weeks after inoculation. Nuclei 
are counterstained with DAPI (blue). Grafts are indicated by the dashed line (white). Scale bar represents 100 μm. (F) Quantification of the number 
of Aβ plaques per graft in APPPS1 (n = 8) and APPPS1 × [A30P]aSYN (n = 10) hosts 4 weeks after transplantation of WT grafts. Each symbol 
represents data from one graft. Data are presented as mean ± SEM. (G) Quantification of TR+ plaques within grafts after 8 weeks of neuronal 
cell injection. Each symbol represents data from one graft (APPPS1: n = 10, APPPS1 × [A30P]aSYN: n = 17). Data are presented as mean ± SEM. 
Significant differences were determined by the Mann–Whitney test (p = 0.0008)
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F I G U R E  5   Olfactory performance of APPPS1 × [A30P]aSYN animals. (A) Scheme of experimental protocol for olfaction tests with APPPS1, 
APPPS1 × [A30P]aSYN and WT mice. (B) Data obtained from buried food test from 4- and 8-month-old APPPS1, APPPS1 × [A30P]aSYN 
and WT mice. Each symbol represents data from one mouse (4 months: APPPS1: n = 12, APPPS1 × [A30P]aSYN: n = 11, WT: n = 12; 8 months: 
APPPS1: n = 14, APPPS1 × [A30P]aSYN: n = 13, WT: n = 11). Data are presented as mean ± SEM. Significant differences were determined 
by the unpaired t test (p = 0.0362, p = 0.0130, p = 0.0017). (C) Data obtained from olfactory avoidance test from 4- and 8-month-old APPPS1, 
APPPS1 × [A30P]aSYN and WT mice. Each symbol represents data from one mouse (4 months: APPPS1: n = 12, APPPS1 × [A30P]aSYN: n = 11, 
WT: n = 12; 8 months: APPPS1: n = 14, APPPS1 × [A30P]aSYN n = 13, WT: n = 11). Data are presented as mean ± SEM. Significant differences 
were determined by the unpaired t test (p = 0.0043, p = 0.0002). (D) Representative images of amyloid plaques (TR, red) surrounded by dystrophic 
neurites (Lamp2, green). Nuclei were counterstained with DAPI (blue). Scale bars represent 200 μm. (E) Quantification of immunofluorescent 
Lamp2 staining. Each symbol represents data from one mouse (APPPS1: n = 5, APPPS1 × [A30P]aSYN: n = 5). Data are presented as mean ± SEM. 
Significant differences were determined by the Mann–Whitney test (p = 0.0317)
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5  |   CONCLUSION

In conclusion, our study elucidates an inhibitory role 
of α-syn on Aβ plaque formation in the olfactory bulb 
of APPPS1 × [A30P]aSYN mice, further leading to the 
amelioration of olfactory deficits in mice harbouring 
both α-syn and Aβ pathologies. Together, our findings 
provide evidence for the possibility to differentiate be-
tween neurodegenerative diseases with concomitant α-
syn and Aβ pathologies.
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TABLE S1 Number of mice analyzed
TABLE S2 Number of seeded and grafted mice used and 
analyzed
FIGURE S1 (A) Immunofluorescent staining of Aβ 
plaques (6E10, green and DAPI, blue) and compact Aβ 
plaque load (Thiazine red (TR), red and DAPI, blue) in 
olfactory bulbs of 12-month-old male APPPS1, APPPS1 
x [A30P]aSYN and WT animals. Scale bar represents 
200 μm. (B) Assessment of total Aβ load based on 6E10 
immunostaining and (C) of compact TR+ Aβ deposits. 
Each symbol represents data from one mouse (APPPS1: 
n  =  8, APPPS1 x [A30P]aSYN: n  =  7). Data are pre-
sented as mean  ±  SEM. (D) Enzyme-linked immuno-
sorbent assays (ELISA) for soluble and insoluble Aβ40 
and (E) soluble and insoluble Aβ42 peptide fractions 
of olfactory bulb brain extracts from 12-month-old 
APPPS1 and APPPS1 x [A30P]aSYN mice. Each sym-
bol represents data from one mouse (APPPS1: n = 5-6, 
APPPS1 x [A30P]aSYN: n  =  6). Data were normal-
ized to APPPS1. Data are presented as mean ± SEM. 
(F) Representative immunoblots of olfactory bulb 
brain extracts from 12-month-old male APPPS1 and 
APPPS1  x [A30P]aSYN mice. Immunoblots were 
probed with antibodies that recognize full-length APP, 

CTFβ and CTFα (6687) and Aβ (6E10). β-Actin was 
used as loading control
FIGURE S2 (A) Representative images of immunoflu-
oresent staining of Reelin (red) cells from 8-month-old 
APPPS1 and APPPS1 x [A30P]aSYN mice. Nuclei were 
counterstained with DAPI (blue). Scale bar represents 
200 μm. (B) Quantification of Reelin+ cells in the mitral 
cell layer. Each symbol represents data from one mouse 
(APPPS1: n = 5, APPPS1 x [A30P]aSYN: n = 5). Data 
are presented as mean ± SEM. (C) Representative images 
of Neurotrace (green) staining of 8-month-old APPPS1 
and APPPS1 x [A30P]aSYN mice. Nuclei were counter-
stained with DAPI (blue). Scale bar represents 200 μm. 
(D) Assessment of Neurotrace-positive cells in the mitral 
cell layer. Each symbol represents data from one mouse 
(APPPS1: n = 5, APPPS1 x [A30P]aSYN: n = 5). Data 
are presented as mean ± SEM
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