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Abstract 

Background Alzheimer’s disease (AD) is characterized by the intra‑ and extracellular accumulation of amyloid‑β 
(Aβ) peptides. How Aβ aggregates perturb the proteome in brains of patients and AD transgenic mouse models, 
remains largely unclear. State‑of‑the‑art mass spectrometry (MS) methods can comprehensively detect proteomic 
alterations, providing relevant insights unobtainable with transcriptomics investigations. Analyses of the relation‑
ship between progressive Aβ aggregation and protein abundance changes in brains of 5xFAD transgenic mice have 
not been reported previously.

Methods We quantified progressive Aβ aggregation in hippocampus and cortex of 5xFAD mice and controls 
with immunohistochemistry and membrane filter assays. Protein changes in different mouse tissues were analyzed 
by MS‑based proteomics using label‑free quantification; resulting MS data were processed using an established 
pipeline. Results were contrasted with existing proteomic data sets from postmortem AD patient brains. Finally, abun‑
dance changes in the candidate marker Arl8b were validated in cerebrospinal fluid (CSF) from AD patients and con‑
trols using ELISAs.

Results Experiments revealed faster accumulation of Aβ42 peptides in hippocampus than in cortex of 5xFAD mice, 
with more protein abundance changes in hippocampus, indicating that Aβ42 aggregate deposition is associated 
with brain region‑specific proteome perturbations. Generating time‑resolved data sets, we defined Aβ aggregate‑
correlated and anticorrelated proteome changes, a fraction of which was conserved in postmortem AD patient brain 
tissue, suggesting that proteome changes in 5xFAD mice mimic disease‑relevant changes in human AD. We detected 
a positive correlation between Aβ42 aggregate deposition in the hippocampus of 5xFAD mice and the abundance 
of the lysosome‑associated small GTPase Arl8b, which accumulated together with axonal lysosomal membranes 
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in close proximity of extracellular Aβ plaques in 5xFAD brains. Abnormal aggregation of Arl8b was observed in human 
AD brain tissue. Arl8b protein levels were significantly increased in CSF of AD patients.

Conclusions We report a comprehensive biochemical and proteomic investigation of hippocampal and cortical 
brain tissue derived from 5xFAD transgenic mice, providing a valuable resource to the neuroscientific community. We 
identified Arl8b, with significant abundance changes in 5xFAD and AD patient brains. Arl8b might enable the meas‑
urement of progressive lysosome accumulation in AD patients and have clinical utility as a candidate biomarker.

Keywords Proteomics, Alzheimer’s disease, 5xFAD, Amyloid‑β Amyloidogenesis, Aggregation, Arl8b, Biomarker

Background
Alzheimer’s disease (AD) is the most common form of 
dementia in the elderly; its prevalence is growing rap-
idly in aging societies [1]. In 2050, ~ 150 million people 
worldwide are estimated to be affected by AD, imposing 
a substantial burden on patients and health care systems 
[1].

AD is a chronic neurodegenerative illness with a long 
preclinical phase (~ 20  years) and an average clinical 
duration of 8–10  years [2, 3]. Most patients with AD 
(> 95%) have the sporadic form, which is characterized 
by late disease onset (80–90 years) and progressive neu-
rodegeneration in wide areas of the cerebral cortex and 
the hippocampus [3, 4]. Sporadic AD is also often associ-
ated with the accumulation of amyloid-β (Aβ) peptides in 
intracellular deposits and extracellular plaques [5] as well 
as the aggregation of the microtubule protein tau, lead-
ing to the formation of neurofibrillary tangles (NFTs) in 
neurons [6]. Aβ peptides are derived by proteolytic cleav-
age of the amyloid precursor protein (APP) by γ- and 
β-secretases, which include presenilin 1 (PS1) and prese-
nilin 2 (PS2) that are encoded by the genes PSEN1 and 
PSEN2, respectively [7, 8].

The “amyloid cascade hypothesis” states that the release 
of Aβ peptides from APP and their self-assembly into 
amyloidogenic aggregates are the direct cause of demen-
tia in AD patients [9, 10]. Thus, the formation of “pro-
teopathic” Aβ assemblies is potentially at the root of AD 
and may drive all subsequent molecular pathogenic pro-
cesses that eventually lead to the  appearance of disease 
symptoms such as memory loss and progressive cognitive 
impairment. However, the linearity of the Aβ-driven dis-
ease cascade remains controversial. It provides no good 
explanation for the very long prodromal phase in AD as 
well as for the relatively weak correlation between the 
abundance of amyloid plaques in specific brain regions 
and the much later observed disease symptoms in spo-
radic AD patients [11].

A more direct causal link between Aβ production and 
disease development is established for familial AD (FAD), 
where causative mutations in APP, PSEN1, and PSEN2 
lead to early onset of AD (mean age of ~ 45 years) and the 
enhanced production of a 42-residue-long Aβ peptide 

(Aβ42) that is a major component of extracellular amy-
loid plaques in patient brains [12] and rapidly aggregates 
in cell-free assays and AD models [13]. Experimental 
evidence was obtained that imbalance between produc-
tion and clearance of Aβ42 and related Aβ peptides is a 
very early, even initiating event in AD [14]. This is also 
supported by the discovery of AD risk proteins such 
as ApoE4, SORL1, and PICALM that are all thought 
to play a specific functional role in Aβ clearance in AD 
brains [15–17]. Soluble Aβ42 oligomers isolated directly 
from cortex of patients can dose-dependently decrease 
synaptic function and significantly impair memory of a 
learned behavior in healthy adult rats, representing fur-
ther evidence for disease relevance of the polypeptide 
[18]. Finally, biomarker studies with FAD patients carry-
ing APP, PSEN1, and PSEN2 mutations have elucidated 
the pathogenic sequence of events in AD brains. In this 
context, it was demonstrated that the Aβ42 levels in 
CSF start to decrease ~ 25  years before expected symp-
tom onset [2]. This is then followed by the appearance of 
fibrillar PIB-reactive amyloid deposits (detected by PET 
studies), increased levels of tau in CSF and progressive 
brain atrophy roughly 15 years before expected symptom 
onset [2]. Thus, it seems adequate to speculate that pro-
gressively accumulating Aβ42 peptides cause “aggregate” 
stress in FAD patient brains [19], which finally leads to 
progressive neurodegeneration and dementia.

The 5xFAD transgenic (tg) mouse model recapitu-
lates major features of AD amyloid pathology [20, 21]. 
These mice express both human APP and PS1 with five 
FAD mutations in neurons, leading to overproduc-
tion of Aβ42 peptides, which progressively accumulate 
in intraneuronal deposits and extracellular amyloid 
plaques [5] in mouse brains. Strikingly, Aβ42 aggrega-
tion in 5xFAD mouse brains is accompanied by acti-
vated neuroinflammation, loss of synapse functions and 
neurodegeneration, which are all well-known pathobio-
logical features of AD patient brains [20, 22–24]. In a 
recent proteomics study, convincing data were obtained 
that proteome changes in brains of 5xFAD tg mice and 
AD patients are cross-correlated [25], supporting the 
hypothesis that this disease model mimics key aspects 
of AD pathogenesis.
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Here, we have investigated the impact of progressive 
Aβ42 aggregation on the proteome in hippocampus and 
cortex of 5xFAD tg mice to elucidate the direct molecu-
lar consequences of Aβ42-aggregate stress in AD mouse 
brains. We hypothesized that the proteome response to 
Aβ42 aggregates might be distinct in hippocampus and 
cortex, because protein composition and abundance are 
significantly different in these brain regions [26]. Previ-
ous “OMICS” studies have shown changes in transcript 
and protein levels in brains of 5xFAD tg mice [20, 22–25, 
27, 28]. However, a direct link between progressive Aβ42 
accumulation and proteome changes in specific disease-
relevant brain regions such as hippocampus and cortex 
remains to be elucidated. Also, the concordance of pro-
teome changes in 5xFAD and AD patient brains has pre-
viously not been assessed.

Here, we present experimental results indicating that 
progressive Aβ42-mediated aggregate stress is associated 
with brain region-specific proteome changes in 5xFAD 
mouse brains. We observed that Aβ42 aggregation was 
more pronounced in hippocampus than in cortex in 
AD mouse brains and that this phenomenon was also 
accompanied by a high number of proteins that changed 
in their abundance. Utilizing our data sets, we defined 
Aβ aggregate-correlated and anticorrelated proteome 
changes in 5xFAD brains, a fraction of which was also 
conserved in postmortem AD patient brains, suggest-
ing that the observed proteome changes in mouse brains 
at least in part reflect the pathogenic process in patient 
brains. Furthermore, our investigations revealed that the 
small GTPase Arl8b, which controls lysosomal-related 
vesicle transport in neurons [29], strongly correlates with 
the progressive accumulation of Aβ42 aggregates and is 
abnormally enriched in the vicinity of amyloid plaques in 
brains of 5xFAD tg mice. Finally, elevated levels of Arl8b 
were found in postmortem brain and CSF samples of AD 
patients, suggesting that this protein is of disease rel-
evance and a candidate AD biomarker. The implications 
of our results for the development of protein biomarkers 
that potentially monitor the abnormal accumulation of 
lysosomes in response to Aβ aggregation in AD patient 
brains are discussed.

Methods
Antibodies
Commercially available antibodies applied in this study 
are shown in Additional file 1: Table S1. The concentra-
tions of antibodies used for immunoblotting (IB), ELISA, 
and immunostaining (IS) of brain slices are described 
in the method sections below. Secondary Alexa Fluor-
labelled anti-rat, anti-mouse, and anti-rabbit antibod-
ies were used for immunostaining, while peroxidase 
labelled anti-rabbit and anti-mouse secondary antibodies 

were used for immunoblotting. Alexa Fluor 594-labelled 
anti-β-Amyloid 1–16 (clone 6E10) antibody is a fluo-
rophore-labelled primary antibody which was used for 
immunostaining of amyloid-β (Aβ). A labelling with a 
secondary antibody is not necessary in this case. Pro-
duction and characterization of the mouse monoclonal 
antibody 352 applied for immunostaining was described 
previously [30]. This antibody specifically recognizes 
fibrillar Aβ42 aggregates but not monomers in dot blot 
assays.

Analysis of CSF samples of AD and HD patients
AD (n = 38) and control (n = 44) CSF samples were 
obtained from patients at the Memory Clinic of Charité 
University Medicine Berlin. The characteristics of AD 
patients and controls and their CSF samples are listed 
in Additional file  1: Table  S2. The procedures for CSF 
sample collection and treatment were described else-
where [31, 32]. Briefly, CSF was collected in polypropyl-
ene tubes. Immediately after collection, the tubes were 
gently shaken and centrifuged (2000 × g; room tempera-
ture; 10 min). Supernatant was taken off, aliquoted, fro-
zen in liquid nitrogen, and stored at − 80 °C. To quantify 
Aβ peptides in CSF, the Lumipulse® G β -Amyloid 1–42 
and Lumipulse®  G β -Amyloid 1–40 assays (Fujirebio 
Germany GmbH, Hannover, Germany) were used. For 
total (t-)tau and phosphorylated (p-)tau quantification, 
the Lumipulse®  G Total Tau and Lumipulse®  G p-Tau 
181 assays (Fujirebio Germany GmbH, Hannover, Ger-
many) were used, respectively. All measurements were 
carried out fully automatically on the LUMIPULSE® 
G600II instrument. Under these conditions, the fol-
lowing CSF biomarker values were rated as indicative 
of AD: Aβ (1–42) < 680  pg/ml, Aβ (1–42) / Aβ (1–40) 
ratio < 0.055, t-tau > 400 pg/ml and p-tau > 62 pg/ml (see 
Additional file 1: Table S2). Individuals who did not meet 
the abovementioned criteria were defined as control. The 
control group comprised CSF samples derived from sub-
jective cognitive impairment patients, patients suffering 
from depression and healthy individuals. The AD group 
comprised CSF samples from AD patients with differ-
ent grades of dementia. CSF samples from HD patients 
and controls were obtained from the Danish Dementia 
Research Centre [33] and the UCL Huntington’s Disease 
Centre, University College London, London, UK [34, 35].

Mouse model and breeding
5xFAD mice B6SJL-Tg(APPSwFlLon,PSEN1*M146L*
L286V)6799Vas/Mmjax [21] overexpress two human 
AD-related proteins: the mutant human APP (695) pro-
tein with the Swedish (K670N), Florida (I716V) and the 
London (V717I) mutations and the human PS1 protein 
with the mutations M146L and L286V. 5xFAD mice 
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were backcrossed to C57BL/6NCrl mice for more than 
10 generations (T. Willnow, MDC Berlin-Buch). For 
our experiment, female transgenic mice were mated to 
male wild-type mice. Resulting offspring were weaned 
at approximately 3 weeks of age; genotyping for the APP 
and PSEN1 transgenes was performed by PCR with tissue 
biopsies [21]. Male mice of 2, 5, and 8 months were used 
for the experiments. Animal care was in accordance with 
the directive 2010/63/EU. The MDC has signed the Basel 
Declaration in 2012 and observes an internal animal wel-
fare directive. Experimental procedures were approved 
by the local animal welfare authority in Berlin, Germany 
under license number TVV G0073/17. Mice were group-
housed in cages with wooden bedding, environmental 
enrichment, and ad libitum food and water supply.

Mouse brain tissue processing
Mice, whose brains were used for immunohistochem-
istry analysis, were transcardially perfused with 25  ml 
0.9% saline followed by 90  ml 4% paraformaldehyde in 
0.1  M phosphate buffer pH 7.4 (PB) under deep anes-
thesia using pentobarbital (100–150 mg/kg). Brains were 
removed rapidly and post-fixed by immersion in 4% PFA 
in PB overnight. Then, the brains were cryoprotected by 
incubation in 20% sucrose in PB at 4 °C for 24 h followed 
by incubation in 30% sucrose in PB at 4 °C for 24 h. Brains 
were divided into hemispheres, frozen in isopentane and 
stored at − 80 °C until cryosectioning. For all other analy-
ses, mice were sacrificed by cervical dislocation. Brains 
were removed and washed in 1xPBS. Hippocampus and 
cortex were carefully dissected, frozen in liquid nitrogen, 
and stored at − 80 °C until further use.

Preparation of brain homogenates
For preparation of mouse brain homogenates for mem-
brane filter assays (MFAs) and gel analysis, ~ 80 mg brain 
was homogenized in 640 µl ice-cold 50 mM Tris pH 7.5 
buffer containing protease inhibitors and Benzonase 
(0.25 U/µl) using the Precellys homogenizer (CK14 tubes, 
5000  rpm, 14  s for cortex and CK14 tubes, 4500  rpm, 
2  s for hippocampus). Then, 160  µl of a concentrated 
buffer solution containing 250 mM Tris pH 7.5, 750 mM 
NaCl, 0.5% SDS, 2% sodium deoxycholate, and 5% Tri-
ton were added to the homogenate and incubated for 
30 min at 4 °C on a rotating wheel. The homogenate was 
transferred to a protein LoBind tube and centrifuged at 
1.500 × g for 20  min at 4  °C. Then, the supernatant was 
carefully removed and pipetted to a new tube. Protein 
concentration was determined using the Pierce BCA 
assay (Thermo Fisher Scientific, Waltham, MA, USA). 
Supernatant was stored at − 80 °C until further use.

Human postmortem brain material
Human postmortem brain tissue samples from AD 
patients and controls were obtained from the Newcas-
tle Brain Tissue Resource (NBTR), Newcastle Univer-
sity, UK. All samples originate from the temporal cortex. 
Characteristics of patients and Braak stage [36, 37] are 
summarized in Additional file 1: Table S2. Homogenates 
[38] of these brain samples were used for the Membrane 
Filter Assay (MFA) to determine the levels of Arl8a/b 
(Fig. 6a, b) and Arl8b (Additional file 2: Fig. S14a and b). 
To generate Fig. 6a and b, homogenates of cohort 1 were 
used for the MFA. To produce Additional file 2: Fig. S14a 
and b, homogenates of cohort 2 were used. Both cohorts 
differ in one AD patient.

Quantification of Aβ peptides with ELISA
To determine the amount of human Aβ40 and Aβ42 pep-
tides in mouse brain homogenates, commercial ELISA 
kits (Thermo Fisher Scientific, Waltham, MA, USA: 
KHB3442, KHB3482) were used according to the manu-
facturer’s instructions. Briefly, mouse brain material was 
weighed and homogenized using Precellys CK14 tubes 
as described above. To solubilize Aβ, homogenates were 
incubated with guanidine hydrochloride (final concentra-
tion 5 M) for 3.5 h with 800 rpm shaking at 22 °C. Then, 
samples were diluted and analyzed by ELISA.

Strategy of selecting the neuronal lysosome‑associated 
protein Arl8b
Arl8b was selected for further analysis and characteriza-
tion based on a rigorous selection process (Additional 
file  2: Fig. S12a and Additional file  3: Supplementary 
Excel File 8a) using the set of proteins detected in the 
hippocampus by quantitative mass spectrometry (MS). 
First, all proteins that were reliably measured in the 
majority of replicates, i.e., those that were “present” in 
the MS data, were extracted, resulting in 3571 proteins. 
Then, the statistical significance of the mean expression 
values of these proteins in transgenic mice versus wild-
type mice was determined. Finally, only statistically sig-
nificant proteins (padj < 0.05) were selected for further 
analyses, resulting in 699 DEPs (Fig. 2a). Next, we iden-
tified 400 DEPs that were also significantly altered in 
brains of Alzheimer’s disease (AD) patients compared 
to controls (Fig. 4a, c, Additional file 2: Fig. S8 and Addi-
tional file 3: Supplementary Excel Files 4a-d and 5). Some 
of these DEPs, including Arl8b, emerged as top candi-
dates, due to their significant increase in AD brains in 
three independent human proteomics data sets (J20, J22, 
and D22, Fig. 4a, c), indicating their potential role in AD. 
Furthermore, their expression was concordantly changed 
in both 5xFAD mouse and AD patient brains (Fig. 4c). In 
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total, 100 proteins were found to be altered concordantly. 
As part of these, the abundances of 9 proteins in 5xFAD 
mouse brains showed significant correlations with the 
time-dependent formation of Aβ aggregates, ranking 
them among the top 25 proteins with the highest effect 
size across all three time points (Fig.  3a). Among these 
9 proteins, two proteins (Arl8b and Lamp1) were identi-
fied as neuronal endo-lysosomal proteins. Finally, Arl8b 
was selected as a widely novel and promising candidate 
for further investigation in the context of AD and due 
to its remarkably high significance of dysregulation at 
8 months (Fig. 2a). Thus, Arl8b was defined by a stringent 
step-by-step selection process using both mouse and 
human proteomics data sets (Additional file 2: Fig. S12a 
and Additional file 3: Supplementary Excel File 8a).

Arl8b ELISA
Human Arl8b protein abundance was determined in 
CSF samples derived from AD and HD patients as well 
as control individuals. CSF was centrifuged at 2000 g for 
10 min. The supernatant was carefully removed, diluted 
1:18 in standard diluent delivered with the Arl8b ELISA 
kit (CUSABIO, CSB-EL002100HU). All steps were per-
formed according to supplier protocols. Arl8b protein 
amounts in CSF samples were calculated using an Arl8b 
ELISA standard curve.

Western blot analysis
Protein extracts were boiled with NuPAGE 4 × sample 
buffer containing 50 mM DTT for 5 min and then loaded 
onto NuPAGE Novex 4–12% Bis–Tris gels (Thermo 
Fisher Scientific). Electrophoresis was performed accord-
ing to a standard protocol followed by transfer of proteins 
onto PVDF membrane (pore size 0.2  µm, MerckMil-
lipore) using a semidry blotting system (Power Blot-
ter XL, Thermo Fisher Scientific) and a 2 × NuPAGE™ 
transfer buffer containing 10% methanol. Immunoblot-
ting was performed using the method described previ-
ously [30]. The generated blots were blocked for 30 min 
with 3% skim milk (Sigma-Aldrich) in 1 × PBS (13.7 mM 
NaCl, 0.27 mM KCl, 1 mM  Na2HPO4, 0.2 mM  KH2PO4, 
pH 7.4) containing 0.05% Tween 20 (PBS-T). Then, the 
membrane was incubated overnight with the primary 
antibody diluted in 3% skim milk PBS-T (6E10, 1:500; 
anti-Alpha-Tubulin (#T6074), 1:8000; anti-Alpha-Tubu-
lin (SAB3501072), 1:2000; anti-Presenilin-1, 1:500; anti-
Arl8b, 1:500; anti-LAMP1, 1:500; anti-Calnexin, 1:1000; 
anti-VDAC, 1:1000; anti-Golgin97, 1:750; anti-Flotillin, 
1:1000, anti-NDUFB3, 1:1000). Subsequently, the mem-
brane was washed three times for 10 min in PBS-T and 
incubated with the secondary peroxidase-conjugated 
anti-mouse or anti-rabbit antibody (1:2000) for 1  h at 
room temperature. The membrane was washed two 

times for 5  min in PBS-T and two times for 10  min in 
PBS; immunoreactive protein was detected using Chemi-
Glow (Biozym). Unless otherwise mentioned, chemilu-
minescence was measured with a FujiFilm LAS-3000 and 
images were quantified using the Aida image analysis 
software (Raytest).

Membrane filter assay
Mouse cortical and hippocampal brain homogenates 
were filtered through a cellulose acetate membrane 
with a pore size of 0.2 µm (GE Healthcare Life Sciences, 
Munich, Germany). Per cavity of filtration unit, 10  µg 
homogenate was filtered. Then, the membrane was 
washed with 1 × PBS and blocked for 30  min with 3% 
skim milk in PBS-T. The protein aggregates retained on 
filter membranes were finally detected by antibody-based 
reactions as described for western blotting. The mem-
brane filter assay procedure with human brain homogen-
ates was described previously [38].

Cryosectioning
Frozen hemispheres of mouse brains were embed-
ded in Tissue-Tek O.C.T. (Sakura) and sectioned using 
a CM3050 S Cryostat (Leica). Forty-micrometer-thick 
sections were collected in 24-well plates and stored in 
cryoprotectant solution (0.65  g  NaH2PO4 ×  H2O, 2.8  g 
 Na2HPO4 in 250 ml  ddH2O, pH 7.4 with 150 ml ethylene 
glycol, 125 ml glycerine) at 4 °C until further processing. 
Eight sections between bregma − 1.4  mm to − 3.6  mm 
[39] at equal distance from each other, determined by 
hemalum-eosin staining, were used for further analysis.

Hemalum‑eosin staining
Free-floating sections were washed 2 × 10 min with PBS, 
mounted on microscope slides and air dried. hemalum-
eosin staining was carried out at room temperature. Sec-
tions were incubated with Mayer’s hemalum (Roth) for 
15 min followed by 10 min bluing in tap water. Sections 
were incubated in eosin (0.5% solution with a few drops 
of acetic acid) for 30 s followed by a wash in  H2O. Sec-
tions were subsequently treated with 50, 70, and 99% 
ethanol for 2 min/step and Xylol for 1 min. Sections were 
air- dried, mounted with Roti Histokitt (Roth), and cov-
ered with coverslips.

Immunostaining
Free-floating sections were transferred to a new 24-well 
plate and washed 2 × 10  min with 1 × PBS. Nonspecific 
binding was prevented by incubating the sections in 
blocking buffer (5% BSA, 0.3% Triton-X100 in 1 × PBS) 
for 60  min at room temperature. Then, the sections 
were incubated with primary antibodies (352, 1:500; 
Lamp1, 1:200; Arl8b, 1:200; 6E10 Alexa 594, 1:200) 
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diluted in blocking buffer, overnight at 4  °C with gen-
tle agitation. Sections were washed 3 times for 10  min 
with 1 × PBS and incubated for 1 h at room temperature 
with the Alexa-fluorophor conjugated secondary anti-
body (1:1000) diluted in blocking buffer. Then, the sec-
tions were washed three times for 10  min with 1 × PBS 
and stained with Hoechst (1:5000, Thermo Fisher Sci-
entific) diluted in 1 × PBS for 20 s. Sections were washed 
shortly in 1 × PBS followed by  ddH2O and mounted onto 
glass slides (Superfrost-Plus) using fluorescence mount-
ing medium (Dako Agilent). Since the 6E10 antibody is 
conjugated to Alexa Fluor 594 (Alexa Fluor® 594 anti-β-
Amyloid, 1–16), incubation with a secondary antibody 
was not necessary. After incubation with Alexa 594 Fluor 
6E10, brain sections were washed three times for 10 min 
with 1 × PBS, mounted on slides, air dried shortly, and 
directly used for Thioflavin S staining.

Thioflavin S staining
Air dried sections were washed with PBS and incubated 
in 100, 95, and 80% EtOH for 2 min/step. Then, the sec-
tions were incubated in 1% Thioflavin S (MerckMilli-
pore) solution for 15 min and washed with 50% EtOH for 
1 min. Sections were briefly washed by 2 to 3 times dip-
ping into  H2O and air dried shortly. One drop of fluores-
cence mounting medium (Dako Agilent) was added and 
sections were sealed with a coverslip (24 × 50 mm).

Microscopic imaging and image processing
Whole hemibrain sections were imaged using a Leica SP8 
confocal laser scanning microscope (Leica Microsystems 
GmbH, Wetzlar). For quantification of plaques, Thiofla-
vin S dye was excited with the 405-nm diode laser and 

detected at 520 to 550  nm and Alexa Fluor 594-conju-
gated antibodies were excited with a 561-nm diode laser 
and detected at 610 to 700 nm. For correlation of Arl8b 
and 6E10 volumes, Alexa Fluor 594-conjugated antibod-
ies were excited with a 561-nm laser and detected at 566 
to 613  nm and Alexa Fluor 647 secondary antibodies 
staining Arl8b was excited with a 633-nm diode laser and 
detected at 640 to 700 nm. For detection, photomultiplier 
tubes (PMT) and Z-stack imaging were used. For quan-
tification of plaques, eight sections per microscope slide 
were imaged in one workflow; images were acquired with 
a Plan Apo 20x/0.75 NA dry objective and the following 
settings: scan format 512 × 512 pixels, zoom 1x, pixel size 
of 1137 µm, and a z-step of 0.685 µm, scanner frequency 
of 600 Hz, pinhole at 1 Airy Unit, and bi-directional scan 
to increase speed. All images were acquired with identi-
cal settings.

To achieve data sets with higher resolution (Fig.  1f ), 
images were acquired with a Plan Apo 63 × /1.4 NA Oil 
Objective, a scan format of 2048 × 2048 pixels, scan-
ner frequency of 100  Hz, line average of 2, and pinhole 
at 1 Airy Unit. The image sampling parameters were 
adjusted to the Nyquist-Shannon theorem (pixel size of 
0.05 µm and z-step of 0.15 µm, zoom of 1.8). To improve 
signal-to-noise ratio for stitching of tiles, image restora-
tion (deconvolution by CMLE algorithm) was done sub-
sequent to imaging by using Huygens Professional Suite 
(Scientific Volume Imaging, SVI).

Plaque quantification
Plaque counts and plaque volumes were quantified using 
Imaris 9.2.1 surface function for surface detection. The 
detection threshold for each channel (6E10 or ThioS) 

(See figure on next page.)
Fig. 1 Analysis of Aβ‑peptide levels and ‑aggregation in brains of 5xFAD mice. a Hippocampal and cortical brain extracts of 2‑, 5‑, and 8‑month‑old 
AD (n = 5) mice were used for Aβ42 peptide ELISAs. As a control (Ctrl), a pool of wt mouse brain extracts was tested in parallel, which was produced 
by mixing equal protein amounts of tissue extracts derived from 5 different wt mice per age and tissue. The graph represents the mean ± SD 
of five biological replicates of tg mice per age and tissue. Statistical analysis: Unpaired, two‑tailed t‑test between hippocampal and cortical 
samples of mice of the same age (**, p = 0.0054). b Quantification of Aβ aggregates retained on filter membranes (Additional file 1: Fig. S2a) 
was performed using the Aida image analysis software. Per tissue and age, extracts of five different mice were analyzed. All data are expressed 
as mean ± SD of five biological replicates. Statistical significance was assessed between hippocampal and cortical samples of mice with the same 
age using an unpaired, two‑tailed t‑test (**, p = 0.0016). c Pearson correlation between Aβ42 peptide levels determined by ELISA (blue line, 
right axis) and Aβ aggregates determined by MFA (purple line, left axis); hippocampal tissue samples were analyzed. The statistical significance 
of the association between the Aβ42 peptide levels and Aβ aggregates was measured with a two‑tailed t‑test (*, p = 0.024). d Plaque load 
was determined in hippocampus and cortex of 5xFAD mice at different ages (n = 5 mice per age and tissue). Plaques were immunohistochemically 
stained with the antibody 6E10. Data represent mean ± SD. The statistical significance was assessed between hippocampal and cortical 
tissues from the same age using an unpaired, two‑tailed t‑test (*, p = 0.0204; ***, p = 0.0009; ****, p < 0.0001). e Plaque counts were determined 
in hippocampal and cortical tissues of 2‑, 5‑, and 8‑month‑old 5xFAD mice (n = 5 per age and tissue) by antibody 6E10 and ThioS staining. Data 
represent mean ± SD. The statistical significance was assessed with the antibody 6E10 (*, p = 0.0141; ***, p = 0.0002; ****, p < 0.0001) and ThioS 
staining (ns; ***, p = 0.0003; ****, p < 0.0001) each for hippocampal and cortical tissues of mice with the same age using an unpaired, two‑tailed 
t‑test. f Immunofluorescence analysis of dense core (top row) and diffuse plaques (bottom row) in a brain slice of an 8‑month‑old 5xFAD mouse. 
Red indicates 6E10 immunoreactive material. Green indicates fibrillar Aβ material stained with ThioS. Yellow indicates merged signal. g Fractionation 
of hippocampal and cortical brain extracts derived from 8‑month‑old 5xFAD mice. Fractions from sucrose density gradient centrifugations 
of 10,000 × g membrane pellets were analyzed by immunoblotting using antibodies detecting APP and amyloid‑β (antibody 6E10), marker 
proteins of the endoplasmic reticulum (Calnexin), lipid rafts (Flotillin), the Golgi apparatus (Golgin97), lysosomes (Lamp1), and mitochondria (VDAC, 
NDUFB3). Equal exposure times per antibody for hippocampus and cortex are shown. Per fraction, equal volumes were loaded. From the solubilized 
pellet (P10,000 × g), 5 µg was loaded
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Fig. 1 (See legend on previous page.)
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was set by hand and slightly adjusted within a range of 
a reference point to obtain values as constant as pos-
sible. Plaques smaller than 50 µm3 were excluded from 
quantification. The total area of hippocampus and cor-
tex was measured in each section and normalized with 
40-µm section thickness to determine their respective 
volume. Artifacts from staining, sectioning, or handling 
were excluded manually. Plaques were separately quanti-
fied per section in each region and the respective plaque 
volumes and plaque counts were determined. Based on 
these, the plaque load was calculated as the proportion of 
the hippocampal or cortical volume occupied by plaques: 
Aβ Plaque Load (%) = (Total Volume Plaques/Total Vol-
ume Region) × 100. For quantification of Arl8b volume, 
Imaris 9.6 Software (Bitplane) was used. The detection 
threshold was set manually and slightly adjusted within 
the range of a reference point to maintain values as con-
stant as possible.

Reverse transcription and quantitative real‑time PCR
To purify RNA from hippocampus and cortex, the 
RNeasy Lipid Tissue kit (Qiagen) was used. DNA con-
tamination was removed from purified RNA by using 
the RNase-Free DNase set (Qiagen). RNA concentra-
tion was determined by measuring the absorbance at 
260 nm. Single-stranded cDNA from total RNA was syn-
thesized using the High Capacity cDNA Reverse Tran-
scription kit (Thermo Fisher Scientific). For real-time 
PCR of human APP, 10  ng cDNA was amplified with a 
TaqMan gene expression assay (Thermo Fisher Scientific: 
Hs00169098_m1) and TaqMan Gene Expression Master 
Mix (Thermo Fisher Scientific) in a total volume of 10 µl. 
For normalization of data, an endogenous mouse EIF-4H 
(Mm00504282_m1) FAM/MGB labelled probe (Thermo 
Fisher Scientific) was used. For real-time PCR of human 
PSEN1, 10 ng cDNA was amplified with a TaqMan gene 
expression assay (Thermo Fisher Scientific: Hs00997789_
m1) and TaqMan Gene Expression Master Mix (Thermo 
Fisher Scientific) in a total volume of 10  µl. For nor-
malization of data, an endogenous mouse GAPDH 
(Mm99999915_g1) FAM/MGB labelled probe (Thermo 
Fisher Scientific) was used. Real-time PCR was per-
formed using the ViiA 7 real-time PCR system (Applied 
Biosystems). Samples were measured in triplicates. 
Quantification was performed using the ΔCt method and 
the QuantStudio real-time PCR Software v1.3.

Preparation of mouse brain samples for mass 
spectrometric analysis
Mouse brain material was weighed and homogenized 
in lysis buffer (6 M guanidinium chloride, 100 mM Tris 
pH 8.5, 10  mM TCEP, 40  mM CAA, 20% weight/vol-
ume), heated for 5 min at 95 °C, cooled on ice for 15 min, 

followed by sonication. After centrifugation for 30  min 
at 3500  g (4  °C), the supernatant (soluble protein frac-
tion) was transferred to a fresh tube and mixed with 4 
volumes of ice-cold acetone, followed by incubation over 
night at − 20  °C. Samples were centrifuged for 15  min 
at 12,000 g (4  °C), and the resulting protein pellets were 
washed with ice-cold 80% acetone, air dried, and resus-
pended in digestion buffer (6  M urea, 2  M thiourea, 
100 mM Hepes, pH 8). The samples were sonicated using 
a Branson probe Sonifier™ (output 3–4, 50% duty cycle, 
4 × 30  s). Protein concentration was determined using a 
Bradford assay (BioRad). Samples were stored at − 80  °C 
until use. 50 micrograms of protein per sample were used 
for tryptic digestion. First, Endopeptidase Lys-C (Wako, 
Japan) was added in a protein:enzyme ratio of 50:1 and 
incubated for 4  h at room temperature. After dilution 
of the sample with 4 volumes 50 mM ammonium bicar-
bonate (pH 8.0), sequencing grade modified trypsin 
(Promega) was added (protein:enzyme ratio 100:1) and 
digested overnight at room temperature. Trypsin and 
Lys-C activity was quenched by acidification with TFA to 
pH ~ 2. Peptides were cleaned up using the StageTip pro-
tocol [40].

Mass spectrometric analyses
For mass spectrometric analyses, peptide samples 
(2  µg per measurement) were separated by reversed-
phase chromatography using the Eksigent NanoLC 
400 system (Sciex) on in-house manufactured 20-cm 
fritless silica microcolumns with an inner diameter of 
75 µm, packed with 3 µm ReproSil-Pur C18-AQ beads. 
A 8–60% acetonitrile gradient (224  min) at a nano-
flow rate of 250  nl/min was applied. Eluting peptides 
were directly ionized by electrospray ionization and 
analyzed on a Thermo Orbitrap Fusion (Q-OT-qIT, 
Thermo). Survey scans of peptide precursors from 300 
to 1500  m/z were performed at 120  K resolution with 
a 2 ×  105 ion count target. Tandem MS was performed 
by isolation at 1.6 m/z with the quadrupole, HCD frag-
mentation with normalized collision energy of 30, and 
rapid scan MS analysis in the ion trap. The  MS2 ion 
count target was set to 2 ×  103 and the maximum injec-
tion time was 300  ms. Only precursors with charge 
state 2–7 were sampled for  MS2. The dynamic exclu-
sion duration was set to 60  s with a 10 ppm tolerance 
around the selected precursor and its isotopes. The 
instrument was run in top speed mode with 3-s cycles, 
meaning the instrument would continuously perform 
 MS2 events until the list of nonexcluded precursors 
diminishes to zero or 3  s. For all samples, 2 technical 
replicates were performed (for 5 months hippocampus, 
3 technical replicates were measured).
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Analysis of mass spectrometric data
Data were analyzed by MaxQuant software (v1.5.1.2). 
The internal Andromeda search engine was used to 
search  MS2 spectra against a decoy human UniProt data-
base (MOUSE.2014–10) containing forward and reverse 
sequences. The search included variable modifications of 
methionine oxidation and N-terminal acetylation, deami-
dation (NQ), and fixed modification of carbamidome-
thyl cysteine. Minimal peptide length was set to seven 
amino acids and a maximum of two missed cleavages was 
allowed. The FDR was set to 1% for peptide and protein 
identifications. The integrated LFQ quantitation algo-
rithm was applied. Unique and razor peptides were con-
sidered for quantification with a minimum ratio count of 
1. Retention times were recalibrated based on the built-in 
nonlinear time-rescaling algorithm.  MS2 identifications 
were transferred between runs with the “Match between 
runs” option, in which the maximal retention time win-
dow was set to 2 min.

Quantification of differential protein abundance
The LFQ intensities obtained from MaxQuant were 
batch-corrected separately for cortex and hippocam-
pus data using the Combat [39] algorithm on log10 LFQ 
intensities. No missing intensity values imputation was 
performed. Instead, we adopted a conservative approach, 
keeping for analysis only proteins with reliable intensity 

measures across the majority of conditions. In a first 
selection step, we grouped the data by tissue, age, and 
genotype. When a protein had missing intensity values in 
half of the samples or more for each individual condition, 
it was deemed unreliable and was excluded. The number 
of proteins reliably measured in the cortex ranged from 
3602 to 3752 (median 3651), as 4915 proteins were quan-
tified in this dataset, i.e., 1163 and 1313 (median 1264) 
proteins were discarded. In the hippocampus dataset, 
5069 proteins were quantified and between 3434 and 
3620 (median 3502) proteins were deemed reliably meas-
ured according to the described threshold. In the next 
step, we ensured that protein intensities were reliably 
measured in both 5xFAD and control samples collected 
in the same tissue and at the same age. The number of 
proteins reliably measured in both genotypes are 3613 
(2  months), 3476 (5  months), and 3524 (8  months) in 
cortex, and 3337 (2 months), 3471 (5 months), and 3248 
(8 months) in hippocampus. These proteins were used for 
the analysis of the transgene effect when it was restricted 
to samples collected at the same age and in the same tis-
sue. In total, we identified 699 differentially expressed 
proteins defined through the “pairwise model” (Fig.  2b, 
Additional file 3: Supplementary Excel File 1a, b) that are 
significantly dysregulated at 2, 5, or 8 months in at least 
one tissue. DEPs across all time points (DE.cortex.Age2, 
DE.cortex.Age5 and DE.cortex.Age8; DE.hippo.Age2, 

Fig. 2 Differential expression analysis of proteins in brains of 5xFAD mice. a Volcano plots depicting the protein expression logarithmic 
fold‑changes (log10 fold‑change, x‑axis) and the adjusted p‑values (− log10 p‑value, y‑axis). Differentially Expressed proteins across all time 
points (Age 2, 5, and 8) in cortex and hippocampus were analyzed (DE.cortex.Age2, DE.cortex.Age5 and DE.cortex.Age8; DE.hippo.Age2, DE.hippo.
Age5 and DE.hippo.Age8). All proteins highlighted in blue have significantly altered expression. The candidate AD biomarker Arl8b, marked 
in red, is significantly upregulated in hippocampus. Gene names for potential proteins of interest with highly significant fold‑changes are 
indicated. Proteins not significantly changed in their abundance are highlighted in gray. Significance was determined using a two‑tailed t‑test 
and a Benjamini–Hochberg False Discovery Rate (FDR) set to 5%. b Numbers of differentially expressed proteins obtained by comparing the protein 
expression measurements of 5xFAD mice at different ages with their corresponding, age‑matched, wild‑type controls in cortex and hippocampus. 
The identifiers of the amounts of proteins analyzed were denoted analogously as in panel a. Bars indicate the numbers of significant down‑ (blue) 
and upregulated (red) proteins. c Numbers of proteins significantly differentially regulated. A2TC (Age 2, Tissue Cortex), A5TC and A8TC label 
the numbers of proteins for which the transgene effect is significant in cortex, at 2, 5, and 8 months, respectively. Proteins more abundant in 5xFAD 
mice are shown in red, while proteins more abundant in wild‑type mice are shown in blue. A2TH (Age 2, Tissue Hippocampus), A5TH, and A8TH 
label the same comparison in hippocampus. A52TC (Age 5 vs 2, Tissue Cortex), A85TC and A82TC refer to the numbers of proteins for which 
the transgene effect is significantly different at two time points (5 vs 2, 8 vs 5, and 8 vs 2 months) in cortex. The numbers of proteins which increase 
in abundance with age are shown in red, while the numbers of proteins that decrease with age are shown in blue. The corresponding labelling 
for the hippocampus samples are A52TH (Age 5 vs 2, Tissue Hippocampus), A85TH and A82TH. Finally, A2THC (Age 2, Tissue Hippocampus vs 
Cortex), A5THC and A8THC report the numbers of proteins for which the transgene effect is significantly different in cortex and hippocampus at 2, 
5, and 8 months, respectively. Higher hippocampus abundance is shown in red on the right, and higher cortex abundance in blue on the left. The 
underlying data are available as Additional file 3: Supplementary Excel File 1c. d–f Venn diagrams showing the numbers of total (d), downregulated 
(e), and upregulated (f) proteins in cortex and hippocampus, including only significantly differentially expressed proteins (DEPs). The amounts 
of DEPs were denoted analogously to panel c but were combined across all time points (months 2, 5, and 8); the combination of DEPs is indicated 
by the x (e.g., AxTC). g Correlation analysis of DEPs for A2TC, A8TC, A2TH, A5TH, and A8TH. The degree of correlation was assessed by Spearman 
correlation coefficients  (rS) and corresponding FDR‑adjusted p‑values (**, p < 0.01; ***, p < 0.001). Crosses indicate no correlation. The colors 
denote the values of the Spearman correlation coefficients. h Example Spearman inverse correlation of A2TC versus A8TC also shown in panel g. 
Time‑dependent changes in the abundance of 8 mitochondrial proteins (i) and transcripts (j) that play a key role in oxidative phosphorylation 
and ATP production. The temporal changes of the LFCs across all ages (2, 5, and 8 months) in cortex (orange) and hippocampus (blue) are shown. 
The statistical significance of the differentially expressed proteins and transcripts was measured with a two‑tailed t‑test, adjusted by the Benjamini–
Hochberg multiple testing correction (*, p < 0.05, **, p < 0.01; ***, p < 0.001). All analyses are based on mean values of measured intensities from five 
biological replicates of tg mice per age and tissue (n = 5)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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DE.hippo.Age5 and DE.hippo.Age8) are presented as vol-
cano plots (Fig. 2a) that were generated with the ggplot2 
package in R v.4.2.0. The volcano plots show the protein 
expression logarithmic fold-changes (log10 FC; x-axis) 
and the adjusted p-values (− log10 p-value; y-axis). How-
ever, these pairwise models do not allow comparisons of 
the transgene effect across ages or tissues.

For this reason, we have created a set of proteins that 
are reliably measured in all conditions, suitable for 
all comparisons of transgene effects. For this set, we 
demanded that the proteins identified in the previous 
step should be reliably measured in each tissue, in all 
time points. These requirements reduced the numbers to 
3281 and 3047 proteins for the cortex and hippocampus, 
respectively. Finally, only proteins common to the filtered 
cortex and hippocampus datasets were included in the 
statistical model. Please note that the Andromeda assign-
ment of peptides to proteins may differ between cortex 
and hippocampus datasets. As a result, some peptides are 
attributed to several proteins and in rare cases this may 
lead to ambiguous mapping of proteins. Therefore, we 
discarded any many-to-many relationships between cor-
tex and hippocampus proteins. Eventually, 2761 reliably 
measured proteins common to both tissues were used in 
the final full statistical model for differential protein anal-
ysis. While our filtering discards many proteins, it allows 
the statistical estimation of transgene effect differences 
between conditions. In total, we identified 637 differen-
tially expressed proteins defined through the “full model” 
(Fig.  2c, Additional file  3: Supplementary Excel File 1c) 
that are significantly dysregulated at 2, 5, or 8 months in 
at least one tissue (A2TC, A5TC or A8TC; A2TH, A5TH 
or A8TH).

To estimate the transgene effect, we analyzed differ-
ential intensities on a  log10 scale. Differential protein 

abundance between wild-type and 5xFAD animals is esti-
mated separately for each age group and in each tissue, 
using empirical Bayes statistics implemented in limma 
[40]. Replicated measures on the same animal were taken 
into account using the “duplicateCorrelation” procedure 
in limma. The differences in transgene effect between tis-
sues or time points were obtained using contrasts to take 
the interaction effect into account. The Benjamini–Hoch-
berg False Discovery Rate [41] was computed separately 
for each contrast. Proteins were considered differentially 
expressed when their FDR was below 0.05. To make sure 
that the aggregation of data from very different con-
ditions does not distort the results obtained from the 
model, we compared transgene effects obtained using 
the full model to those obtained from pairwise models in 
each condition separately. Pearson correlation between 
t statistics estimated from the full model and the pair-
wise models are between 0.942 and 0.977 (median 0.955). 
This suggests that including data from different tissues 
does not have a strong influence on the transgene effect 
modelling.

Generating Venn diagrams to visualize overlaps in protein 
expression datasets of 5xFAD mice and human AD patient 
brains
Venn diagrams (Figs.  2d–f, 3e, 4a, Additional file  2: 
Fig. S10c) were generated using Venny 2.1.0 (https:// 
bioin fogp. cnb. csic. es/ tools/ venny/ index. html). They 
were used to determine the number of overlapping 
gene symbols. The Venn diagrams in Fig.  2d–f depict 
the number of differentially expressed proteins (DEPs) 
in cortex or hippocampus defined through the “full 
model” (Additional file  3: Supplementary Excel File 
1c). The amounts of DEPs were combined across all 
time points (months 2, 5, and 8) that are indicated by 

(See figure on next page.)
Fig. 3 Identification of Aβ‑correlated and anticorrelated protein alterations in 5xFAD brains. a Numbers of proteins that correlate (corr, in red) 
or anticorrelate (acorr, in blue) with Aβ aggregates in hippocampus and cortex and are differentially expressed at 2 (DE.cortex.Age2, DE.hippo.
Age2), 5 (DE.cortex.Age5, DE.hippo.Age5), or 8 (DE.cortex.Age8, DE.hippo.Age8) months. The identifiers were denoted analogously as in Fig. 2a. 
The degree of correlation was assessed by Pearson correlation and corresponding FDR‑adjusted p‑values. b Volcano plots depicting the protein 
expression logarithmic fold‑changes (log10 fold‑change, x‑axis) and the adjusted p‑values (− log10 p‑value, y‑axis) across all time points (age 2, 5, 
and 8 months) for DEPs that correlate (corr) or anticorrelate (acorr) with Aβ aggregates in hippocampus (h) and cortex (c). All proteins highlighted 
in blue are expressed significantly differently. The Aβ‑correlating AD biomarker candidate Arl8b is marked in red. Proteins of interest with highly 
significant fold‑changes are indicated with gene names. Proteins not significantly changed are highlighted in gray. Significance was determined 
using a two‑tailed t-test and a Benjamini–Hochberg False Discovery Rate (FDR) set to 5%. c, d Changes of APOE transcript (c) and protein (d) levels 
in hippocampus (H) and cortex (C) of 2‑, 5‑, and 8‑month‑old 5xFAD mice. LFC, log2 fold‑change. e Number of differentially expressed genes 
(DEGs, light red) that overlap (purple) with Aβ aggregate‑correlated (corr) and anticorrelated (acorr) DEPs (light blue). f Time‑dependent changes 
in the abundance of 9 correlating or anticorrelating molecules; both protein (top) and transcript (bottom) level changes are shown. The temporal 
changes of the t‑scores across all ages (2, 5, and 8 months) in cortex (orange) and hippocampus (blue) are illustrated. The statistical significance 
of differentially expressed proteins and transcripts was measured with a two‑tailed t‑test, adjusted by the Benjamini–Hochberg multiple testing 
correction (*, p < 0.05, **, p < 0.01; ***, p < 0.001). g Ingenuity pathway analysis (IPA) for the correlating or anticorrelating molecules that are 
changed both at the protein and transcript level as shown in panels e and f. The statistical significance of the association between the DEPs 
and the canonical pathways was measured with right‑tailed Fisher’s exact test to calculate the p‑values, adjusted by the Benjamini–Hochberg 
multiple testing correction. All analyses are based on mean values of measured intensities from five biological replicates of tg mice per age 
and tissue (n = 5)

https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
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the “x” in, e.g., AxTC. Figure  3e shows the number of 
differentially expressed genes (DEGs; Additional file 3: 
Supplementary Excel File 3) that overlap with Aβ 
aggregate-correlated (corr) and anticorrelated (acorr) 
DEPs (Additional file  3: Supplementary Excel File 2). 
Figure  4a depicts the overlaps (Additional file  2: Fig. 
S8 and Additional file  3: Supplementary Excel File 6) 
of differentially expressed proteins (DEPs) in brains 

of 5xFAD mice from the “pairwise model” (Additional 
file 3: Supplementary Excel File 1a, b) and postmortem 
brains of AD patients from Johnson 2020 [41] (Addi-
tional file  3: Supplementary Excel File 5a), Johnson 
2022 [42] (Additional file  3: Supplementary Excel File 
5b) and Drummond 2022 [43] (Additional file  3: Sup-
plementary Excel File 5d). In Additional file  2: Fig. 
S10c, the overlap of DEPs that are concordantly up- or 

Fig. 3 (See legend on previous page.)
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downregulated in the hippocampus or cortex of 5xFAD 
mice, AD brains, and AsymAD patient brains is shown. 
The conc_AD dataset includes all DEPs concordantly 

up- or downregulated in the hippocampus or cortex 
of both 5xFAD and AD patients, while conc_AsymAD 
includes those in 5xFAD and AsymAD patients.

Fig. 4 Analysis of dysregulated proteins of 5xFAD brains and postmortem brains of AD patients. a Investigation of the overlap of DEPs in brains 
of 5xFAD mice and postmortem AD patients. Protein changes in cortical and hippocampal tissues of 8‑ and 5‑month‑old mice (DE.cortex.Age8; 
DE.hippo.Age5; DE.hippo.Age8) that contain Aβ aggregates (Fig. 1d) were compared with patient protein measurements. The amounts of DEPs 
are denoted analogously to Fig. 2a or have been abbreviated (C8, H5, H8). The human AD data were obtained from Drummond 2022 (D22, 
[43]), Johnson 2020 (J20, [41]), and Johnson 2022 (J22, [42]). The total numbers of DEPs in each dataset are indicated in brackets. In DE.cortex.
Age8 and DE.hippo.Age5, the proteins present in all four data sets are depicted with gene names. b Correlation analyses of DEPs from cortical 
tissues of 8‑month‑old mice (DE.cortex.Age8) and DEPs from hippocampal tissues of 5‑ (DE.hippo.Age5) and 8‑month‑old mice (DE.hippo.
Age8) with human AD patient data from Drummond 2022, Johnson 2020 and Johnson 2022 (as indicated in panel a) were performed. The 
degree of correlation was assessed by Spearman correlation coefficients  (rS) and corresponding FDR‑adjusted p‑values (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001). Colors denote the values of the Spearman correlation coefficients. c Example Spearman correlations and concordance representations 
of dysregulated proteins from 5xFAD mice (DE.cortex.Age8, DE.hippo.Age5, and DE.hippo.Age8) versus human AD patient data from Drummond 
2022 along with human AD data against each other (D22 vs J22, D22 vs J20, J20 vs J22) are shown. The identifiers are denoted analogously 
to Figs. 2a and 4a. Proteins concordantly up‑ or downregulated in 5xFAD mice and human AD patient brains are shown in gray quadrants 
and marked in blue. Proteins of interest with highly significant fold‑changes are indicated with gene names. Correlating but non‑concordant 
proteins are marked in brown. d Generation of signatures for proteins concordantly dysregulated in 5xFAD mice and human AD patient brains. The 
heatmaps show the 15 most down (Sig‑, left) or upregulated (Sig + , right) proteins. Colors denote the values of the log2 fold‑changes. e Ingenuity 
pathway analysis (IPA) for the complete set of concordantly dysregulated proteins. The statistical significance of the association between the DEPs 
and the canonical pathways was measured with a right‑tailed Fisher’s exact test to calculate p‑values, adjusted by the Benjamini–Hochberg multiple 
testing correction. All analyses are based on mean values of measured intensities from five biological replicates of tg mice per age and tissue (n = 5)
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RNA extraction and sequencing
The brain tissue was homogenized in TRIzol® Reagent 
(Ambion) using a Precellys homogenizer (Bertin Tech-
nologies) and extracted according to the TRIzol® Reagent 
protocol, with an additional phenol/chloroform purifica-
tion step and the final isopropanol precipitation. For the 
total RNA sequencing, we used 1000  ng of total RNA; 
rRNA was depleted using an RNase H-based protocol. 
We mixed total RNA with 1  μg of a DNA oligonucleo-
tide pool comprising a 50-nt-long oligonucleotide mix 
covering the reverse complement of the entire length of 
each human rRNA (28S rRNA, 18S rRNA, 16S rRNA, 
5.8S rRNA, 5S rRNA, 12S rRNA), incubated with 1U of 
RNase H (Hybridase Thermostable RNase H, Epicen-
tre), purified using RNA Cleanup XP beads (Agencourt), 
DNase treated using TURBO DNase rigorous treatment 
protocol (Thermo Fisher Scientific), and purified again 
with RNA Cleanup XP beads. We fragmented the rRNA-
depleted RNA samples and processed them into strand-
specific cDNA libraries using TruSeq Stranded Total LT 
Sample Prep Kit (Illumina) and then sequenced them on 
NextSeq 500, High Output Kit, 1 × 150 cycles.

Quantification of differential gene abundance
RNA-seq reads were mapped to the mouse GRCm38.
p4 genome with STAR [44] (version 2.4.2.a). Reads were 
assigned to genes with featureCounts (version 1.4.6-p5) 
using the following parameters: -t exon -g gene_id, and 
with Genecode grcm38.p4-vM6 gtf reference [45]. The 
differential expression analysis was carried out with 
DESeq2 [46] (version 1.12.4) using default parameters.

Mapping of gene identifiers
The joint analysis of proteomics and transcriptomics 
data was done on genes. The LFQ intensity, the differen-
tial protein abundance, and associated statistical quanti-
ties were attributed to a gene by the following process: 
first, each protein identifier produced by the MaxQuant 
analysis software was assigned to an MGI gene identifier. 
This was done by matching the MaxQuant protein iden-
tifier with GenBank, UniProt, and TrEMBL protein ids 
obtained from MGI maker association files [47] down-
loaded in August 2017. This mapping provided connec-
tions between the initial protein identifier to NCBI & 
ENSEMBL gene identifiers. For protein ids unknown in 
MGD, direct queries to the UniProt database were made, 
and ENSEMBL biomart [48] was used to link the UniProt 
output to ENSEMBL & NCBI gene ids.

Orthologous gene mapping between mouse and human
To determine orthologs between mouse and human, we 
utilized the “orthogene” package in R, which is a reliable 
and commonly used tool for converting gene symbols or 

Ensembl IDs into their corresponding orthologous gene 
symbols or Ensembl IDs in other species. The package 
employs the HomoloGene database (https:// www. ncbi. 
nlm. nih. gov/ homol ogene/) that provides curated orthol-
ogy relationships among genes in various organisms. In 
our study, we primarily used gene symbols that were vali-
dated and, if needed, corrected prior to analysis. These 
gene symbols were converted from mouse to human and 
vice versa, with orthologous genes ideally mapped in a 
one-to-one ratio. The results from both translations were 
combined to minimize any biases in the data analysis, 
which could arise due to the consideration of different 
translation ratios (e.g., one-to-many) or inclusion of only 
one direction of translation, and to obtain an accurate 
representation of the overlaps.

Correlation analysis methods
To evaluate the relationship between the abundance 
changes of the differentially expressed proteins (DEPs) 
and the progressive Aβ aggregate formation in cortex 
and hippocampus of 5xFAD brains, we used the Pearson 
correlation coefficient r. We examined how the abun-
dance changes of all 699 DEPs (Fig.  2a, b, Additional 
file  3: Supplementary Excel File 1a, b) are correlated or 
anticorrelated with the time-dependent accumulation of 
Aβ aggregates by associating the LFCs of the measured 
intensities of the DEPs with the abundance changes of Aβ 
aggregates across all ages (months 2, 5, and 8). Four dif-
ferent Aβ datasets were used: amounts of Aβ aggregates 
determined by MFA (Fig.  1b), Aβ plaque load (Fig.  1d), 
Aβ plaque counts determined by 6E10 antibody and 
ThioS staining (Fig.  1e). Each dataset consists of three 
data points, which are mean values of measured intensi-
ties from 5 biological replicates per age. For the correla-
tion analysis, we examined the relationship between the 
three data points of the DEPs and the Aβ data sets sepa-
rately for cortex and hippocampus. As a result, only DEPs 
with changes that correlate (0 < r < 1) or anticorrelate 
(0 > r > -1) significantly  (pcorr < 0.05) with at least one of the 
mentioned Aβ datasets were considered (Fig.  3a, Addi-
tional file 3: Supplementary Excel File 2). The results were 
summarized across all ages in four datasets: c_corr—Aβ 
-correlating proteins in cortex; c_acorr—Aβ -anticorre-
lating proteins in cortex; h_corr—Aβ-correlating proteins 
in hippocampus; h_acorr—Aβ-anticorrelating proteins 
in hippocampus (Fig.  3b, Additional file  3: Supplemen-
tary Excel File 2). The differential expression of the cor-
relating and anticorrelating proteins (c_corr, c_acorr, 
h_corr, h_acorr) is presented in volcano plots (Fig.  3b, 
Additional file  3: Supplementary Excel File 2) that were 
generated with the ggplot2 package in R v.4.2.0. The vol-
cano plots show the protein expression logarithmic fold-
changes (log10 FC; x-axis) and the adjusted p-values 

https://www.ncbi.nlm.nih.gov/homologene/
https://www.ncbi.nlm.nih.gov/homologene/
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(− log10 p-value; y-axis). Pearson correlation coefficients 
between the volumes of accumulated protein Arl8b and 
6E10-stained amyloid-beta plaques in hippocampus of 2- 
(H2), 5- (H5), and 8- (H8) month-old 5xFAD mice were 
computed with GraphPad Prism v7 (Fig.  5f ). Temporal 
Pearson correlations between Aβ42 peptide levels deter-
mined by ELISA and Aβ aggregates detected by MFA in 
hippocampus (Fig. 1c) and cortex (Additional file 2: Fig. 
S2b) were calculated in GraphPad Prism v7. To analyze 
the association of CSF biomarkers [Aβ (1–42), Aβ (1–40), 
Aβ42/ Aβ 40, t-tau, and p-tau] and CSF Arl8b concentra-
tions, a Spearman correlation using GraphPad Prism v7 
was performed (Additional file 1: Table S3). For the cor-
relation analysis, Arl8b and biomarker values determined 
in CSF samples derived from AD patients and control 
individuals were used. The statistical significance of the 
association was measured with a two-tailed t-test.

Generation of correlation matrices of differentially 
expressed proteins
In order to compute the Spearman correlation between 
DEPs of selected single condition datasets (A2TC, A8TC, 
A2TH, A5TH and A8TH) in 5xFAD mice (Additional 
file 3: Supplementary Excel File 1c), a correlation matrix 
was generated (Fig.  2g) using the packages correlation 
and corrplot in R v.4.2.0. Since no proteins are signifi-
cantly changed in the cortex at 5  months (A5TC), this 
data set is omitted in the correlation analysis. To illus-
trate an example of strongly associated datasets from 
Fig.  2g, the correlation between the datasets A2TC and 
A8TC is shown as a scatterplot (Fig.  2h) representing 
the expression logarithmic fold-changes (log2 FC) of the 
DEPs in both datasets. The scatterplot was generated 
using the ggplot2 package in R v.4.2.0. In Fig. 4b, Addi-
tional file 2: Fig. S10a and S11, correlation analyses of the 
DEPs from cortical tissues of 8-month-old mice (DE.cor-
tex.Age8) and DEPs from hippocampal tissues of 5- (DE.
hippo.Age5) and 8-month-old mice (DE.hippo.Age8) 

with human AD patient data from Johnson 2020 [41] 
(Additional file 3: Supplementary Excel File 5a), Johnson 
2022 [42] (Additional file 3: Supplementary Excel File 5b), 
and Drummond 2022 [43] (Additional file 3: Supplemen-
tary Excel File 5d) and asymptomatic AD patients data 
(AsymAD) from Johnson 2022 [42] (Additional file  3: 
Supplementary Excel File 5c) were performed. Strong 
correlations were selected from Fig.  4b and Additional 
file  2: Fig. S10a in order to represent them qualitatively 
in Fig. 4c and Additional file 2: Fig. S10b and to illustrate 
the concordance using the ggplot2 package in R v.4.2.0. 
The proteins that are concordantly up- or downregulated 
in 5xFAD mice and human AD patient brains are shown.

Furthermore, we conducted cross-comparisons of pro-
tein abundance data between mouse and human data-
sets, which are present in all datasets (Additional file  2: 
Fig. S11) and include all the proteins that were measured 
(both significant and non-significant, referred to as “all”; 
Additional file 2: Fig. S11a and b) or those that show sig-
nificant changes (referred to as “sig”; Additional file  2: 
Fig. S11c and d).

Generation of protein signatures
The strategy to generate signatures for proteins that are 
concordantly dysregulated in 5xFAD mice and human 
AD patient brains is shown schematically in Additional 
file  2: Fig. S9. Heatmaps were created with GraphPad 
Prism v7 showing the 15 most down (Sig-, left) and 
upregulated (Sig + , right) proteins (Fig.  4d, Additional 
file 3: Supplementary Excel File 7). The top dysregulated 
proteins were selected from the complete set of proteins 
that are concordantly dysregulated (Additional file  3: 
Supplementary Excel File 7).

Enrichment analysis of the dysregulated proteins in brains 
of 5xFAD mice for specific cell types
The proteomics data from Sharma et al. [49] were used 
to determine protein markers, expressed exclusively 

(See figure on next page.)
Fig. 5 The protein Arl8b is upregulated in hippocampal tissues of 5xFAD mice. a Time‑depended change of Arl8b protein abundance 
in hippocampal and cortical tissues of 5xFAD transgenic animals. LFC, log2 fold‑change. b Hippocampal brain homogenates prepared from four 
8‑month‑old 5xFAD (1 to 4) and control (ctrl; 1 to 4) mice were analyzed by SDS‑PAGE and immunoblotting using anti‑Arl8b. As a control, a tubulin 
(anti‑alpha Tubulin, #T6074) immunoblot was performed. c Quantification of Arl8b expression in relation to tubulin using band intensities 
of immunoblots in b. Relative intensity values (mean ± SD) are shown for AD (n = 4) and Ctrl (n = 4) mice. Statistical significance was assessed 
between AD and Ctrl mice using an unpaired, two‑tailed t‑test (*, p = 0.0137). d Immunofluorescence analysis of 5xFAD mouse (8 months) brain 
slices using AlexaFluor594‑labelled 6E10 antibody (red); an anti‑Arl8b antibody combined with an AlexaFluor647‑labelled anti‑rabbit IgG (turquoise) 
was applied to detect Arl8b. The scale bar shown in the 6E10 image also applies to the Arl8b and merge image. The picture on the right shows 
a magnification (magnif.) of an area indicated in the merged picture. e Brain slices of 8‑month‑old 5xFAD mice were stained with the primary 
antibodies indicated in the images. For detection with 352 and Lamp1 antibodies, an AlexaFluor594‑labelled anti‑mouse IgG (red) was used; 
for Arl8b detection, an AlexaFluor647‑labelled anti‑rabbit IgG (turquoise) was applied. Antibody 352 specifically recognizes Aβ42 fibrillar 
aggregates [30]. f Pearson correlation between the volumes of Arl8b accumulations and 6E10‑stained amyloid‑beta plaques in hippocampus 
of 2‑ (H2), 5‑ (H5), and 8‑ (H8) month‑old 5xFAD mice. A total of 60 plaques were analyzed in brain slices derived from 5‑ and 8‑month‑old 5xFAD 
mice. For 2‑month‑old 5xFAD mice, less than 60 plaques were analyzed, since amyloid burden at this age is low. The statistical significance 
of the association between the volumes of Arl8b accumulations and 6E10‑stained amyloid‑β plaques was measured with a two‑tailed t‑test (*, 
p = 0.024; ****, p < 0.0001)
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Fig. 5 (See legend on previous page.)
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in a subset of brain cells (Additional file  2: Fig. S5). 
The markers are defined as genes with at least tenfold 
higher expression in one cell type than in the average 
of the other cell types. Only the sets of differentially 
expressed proteins from the pairwise model were ana-
lyzed for the enrichment of specific cell types.

Differential centrifugation of mouse brain homogenates 
and sucrose density gradient centrifugation
The protocol was adopted from a previously reported 
study [50] with little modifications. Four hippocampi and 
4 cortices from 8-month-old 5xFAD mice were homog-
enized in ice-cold sucrose buffer (320 mM sucrose, 5 mM 
Hepes pH 7.4) supplemented with protease (Roche 
#05056489001) and phosphatase inhibitors (Invitrogen 
#A32957) using the Precellys homogenizer (5800  rpm, 
2 × 15  s with a 30-s break; soft tissue homogenizing kit 
CK14 – 2  mL, #P000912-LYSK0-A, Bertin Technolo-
gies). Each tissue sample (~ 120 mg cortex) was homog-
enized in 1.5  ml sucrose buffer. Then the homogenates 
were pooled. Four hippocampi were pooled (~ 81  mg) 
and homogenized in 1.01  ml sucrose buffer. Then, pro-
tein homogenates were centrifuged at 1200 × g for 20 min 
at 4  °C. The resulting pellets were discarded and the 
supernatants collected and centrifuged at 10,000 × g for 
30  min at 4  °C. The resulting pellets (P10,000 × g) were 
then resuspended in sucrose buffer and 1  ml of each 
membrane pellet was adjusted to 1.8 M sucrose buffer in 
5  mM Hepes (pH 7.4) supplemented with protease and 
phosphatase inhibitors (giving a final volume of 3 ml) and 
transferred into Beckman Coulter ultracentrifuge tubes 
(#355,603). The sucrose gradient was then layered on top 
of the membrane suspension by 1.33 ml of 1.4 M sucrose 
buffer with 5 mM Hepes (pH 7.4), 1.33 ml of 1 M sucrose 
buffer with 5  mM Hepes (pH7.4), 1.33  ml of 0.6  M 
sucrose buffer with Hepes (pH 7.4), and 1 ml of 320 mM 
sucrose buffer with Hepes (pH 7.4). The gradient was 
centrifuged at 285,000  g at 4  °C for 16  h in a Beckman 
Optima XPN-90 centrifuge using the 70.1Ti rotor. After 
centrifugation, the gradient was collected in 0.66 ml frac-
tions from top (fraction 1) to bottom of the tube (fraction 
12). The pellet in the tube bottom was resuspended in the 
last fraction (fraction 12). Equal volumes of each fraction 
(9.8 µl) were analyzed by immunoblotting.

Ingenuity pathway analysis (IPA)
IPA was performed for several sets of differentially 
altered proteins.

In Fig. 3g, the 9 identified genes shown in Fig. 3f that are 
significantly changed both at the transcript and the pro-
tein level in 5xFAD brains were examined. In Fig. 4e, IPA 
was done for proteins which are concomitantly altered in 
their abundance both in mouse and human brain tissues. 

The results of IPA for the differentially expressed pro-
teins across all time points (age 2, 5, and 8) in cortex and 
hippocampus defined by a “pairwise model” (DE.cortex.
Age2, DE.cortex.Age5 and DE.cortex.Age8; DE.hippo.
Age2, DE.hippo.Age5 and DE.hippo.Age8) are shown in 
Additional file 2: Fig. S4a. The results for the DEPs identi-
fied through a “full model” (summarized data sets A2TC, 
A5TC, A8TC and A2TH, A5TH, A8TH) are presented 
in Additional file 2: Fig. S6a. In Additional file 2: Fig. S7, 
it was examined whether IPA pathways are significantly 
enriched among Aβ-correlated and anticorrelated DEPs. 
Finally, an IPA pathway enrichment analysis of the top 
25 Aβ-correlating proteins in the hippocampus was per-
formed, as shown in Additional file 2: Fig. S12b.

IPA is based on a library of canonical pathways [51]. 
The significance of the association between the exam-
ined data set and the canonical pathways was measured 
with a right-tailed Fisher’s exact test to calculate p-values 
determining the probability that the association between 
the proteins in the data set and the canonical pathway is 
explained by chance alone. The p-values were adjusted 
by the Benjamini–Hochberg multiple testing correction. 
Only the most significant pathways obtained with each 
subset of DEPs were depicted (Figs. 3g and 4e, Additional 
file 2: Fig. S4a, S6a and S7).

Analysis of WT expression profiles
To address the question of  whether highly expressed 
mouse brain proteins are more likely to be changed in 
5xFAD brains than lowly expressed proteins, we inves-
tigated the relationship between WT expression and 
transgenic effect of the significantly altered proteins 
(Additional file  3: Supplementary Excel File 1a, b) at 
month 8 in cortex (DE.Cortex.Age8) and hippocampus 
(DE.hippo.Age8). First, median splits for the wild-type 
expression values of the proteins identified at month 8 in 
cortex and hippocampus were carried out in MS-Excel. 
Groups of low, medium, and high WT expression were 
formed, while the proteins in the medium group were 
omitted for further analysis. We recognized a correlation, 
i.e., that highly expressed proteins are more likely to be 
differentially affected than lowly expressed ones by Aβ 
aggregates in 5xFAD mouse brains (Additional file 2: Fig. 
S3).

Gene Ontology enrichment analysis
Six time-resolved data sets of DEPs (months 2, 5, and 8, 
Additional file  3: Supplementary Excel File 1a, b) were 
selected for a Gene Ontology (GO, RRID:SCR_002811, 
http:// www. geneo ntolo gy. org/) enrichment analysis 
(Additional file 2: Fig. S4b) that was performed with the 
Gene Ontology enRIchment anaLysis and visuaLizA-
tion tool Gorilla [52]. The shared GO term Molecular 

http://www.geneontology.org/
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Function in the DEP data sets was measured. The 
enrichment of Molecular Function terms in the data 
sets was computed as an exact p-value of a given min-
imum hypergeometric (mHG) score, corrected for 
multiple testing determining the probability that the 
association between the proteins in the data sets and 
the total number of proteins that map to the GO term 
is explained by chance alone (Additional file 2: Fig. S4b). 
The enrichment (Additional file 2: Fig. S4b) is defined as 
(b/n)/ (B/N), where N is the total number of genes; B is 
the total number of genes associated with a specific GO 
term; n is the number of genes in the “target set”; and b 
is the number of genes in the “target set” that are associ-
ated with a specific GO term [52].

Another GO enrichment analysis (Additional file  2: 
Fig. S12c) was performed for the top 25 Aβ-correlating 
proteins (Additional file 3: Supplementary Excel File 8b) 
using the online analysis tool from the PANTHER Clas-
sification System (http:// geneo ntolo gy. org/ docs/ go- enric 
hment- analy sis/). The analysis sought to identify cellular 
components whose enrichment in our data sets was com-
puted as an FDR-corrected p-value. The fold enrichment 
relative to the entire mouse genome and the number of 
enriched proteins in our data set per cellular component 
were also calculated.

Quantification and statistical analysis
Quantification of immunoblots was performed using the 
iBright Analysis Software (Thermo Fisher Scientific).

The scientific data analysis software Graph-
Pad Prism (GraphPad Software, https:// www. graph 
pad. com, RRID:SCR_002798), the R programming 
environment (R Project for Statistical Computing, 
RRID:SCR_001905, R Core Development Team, 2006), 
and MS-Excel were used for data and statistical analysis 
and graphical representation. Functional analyses of the 
DEPs were performed using ingenuity pathway analysis 
[51] and the Gene Ontology enRIchment anaLysis and 
visuaLizAtion tool Gorilla [52].

The diagnostic accuracy of Arl8b was evaluated using a 
receiver operating characteristic (ROC) analysis to calcu-
late the area under the curve (AUC) using datasets of AD 
patients and controls. The ROC analysis was performed 
with the GraphPad Prism software applying the linear 
trapezoid rule for the AUC calculation. The ROC analysis 
did not include any additional covariates such as age or 
sex, which are mutually exclusive due to the specific defi-
nition of AD patients and controls (see section “Analysis 
of CSF samples of AD and HD patients”).

Statistical parameters including the value of n (num-
ber of independent experimental replications) and the 
definition of precision measures (arithmetic mean ± SD) 

along with the significance are reported in the figures and 
figure legends. Data were judged to be statistically sig-
nificant when p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and 
p < 0.0001 (****). Specified statistical tests are described in 
the method details.

Results
Aggregation‑prone Aβ42 peptides accumulate faster 
in hippocampus than in cortex of 5xFAD transgenic mice
Previous investigations have demonstrated progressive 
accumulation of Aβ42 peptides in brains of 5xFAD mice 
[21]. Whether accumulation of Aβ42 peptides develops 
differently in distinct brain regions has not been sys-
tematically assessed. Here, we first quantified the abun-
dance of Aβ42 peptides in hippocampus and cortex of 
2-, 5-, and 8-month-old AD mice and controls using a 
sandwich ELISA. Brain extracts were supplemented 
with guanidine HCl to facilitate effective Aβ42 peptide 
detection in protein samples [53]. We observed a time-
dependent increase of Aβ42 peptides in both hippocam-
pus and cortex of 5xFAD tg mice but not in age-matched 
control animals (Fig. 1a). However, Aβ42 peptide levels 
were significantly higher in hippocampus than in cortex, 
indicating that the rate of Aβ42 peptide accumulation is 
distinct in these brain regions. A similar result was also 
obtained when the abundance of Aβ 40 peptides was 
quantified by ELISA (Additional file  2: Fig. S1a). How-
ever, it is important to note that in comparison to the 
measured Aβ42 peptide levels Aβ40 peptide levels are 
much lower in 5xFAD brains, confirming previously 
reported results [21].

To assess whether APP and PS1 expression are dis-
tinct in hippocampus and cortex of 5xFAD tg mice, we 
next quantified transcript levels by qPCR. We meas-
ured ~ 1.5–twofold higher APP and PSEN1 transcript 
levels in hippocampus than in cortex (Additional file 2: 
Fig. S1b, c), suggesting that also protein synthesis is 
higher in hippocampus. This was also confirmed by 
SDS-PAGE and immunoblotting (Additional file 2: Fig. 
S1d, e, f ). Interestingly, the measured Aβ42 peptide 
levels were ~ threefold higher in hippocampus than in 
cortex of 8-month-old tg animals (Fig.  1a), suggest-
ing that a ~ 1.5–twofold higher APP and PS1 protein 
expression in hippocampus compared to cortex leads 
to the massive accumulation of Aβ42 peptides in this 
brain region. Interestingly, a much higher amount of 
proteolytically released ~ 3 kDa Aβ peptides is present 
in hippocampus of 8-month-old animals compared 
to cortex (Additional file  2: Fig. S1d). Together, these 
results suggest that the process of APP cleavage and 
Aβ42 production is more efficient in hippocampus 
than in cortex.

http://geneontology.org/docs/go-enrichment-analysis/
http://geneontology.org/docs/go-enrichment-analysis/
https://www.graphpad.com
https://www.graphpad.com
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Insoluble Aβ42 aggregates accumulate in larger amounts 
in hippocampus than in cortex
To quantify the time-dependent formation of insolu-
ble Aβ aggregates in brains, we applied a membrane fil-
ter assay (MFA), which facilitates the detection of high 
molecular weight amyloidogenic protein aggregates 
retained on a cellulose acetate membrane by immu-
nostaining [54]. We found that Aβ aggregate load in 
5xFAD mice was significantly higher in hippocampus 
than in cortex (Fig.  1b, Additional file  2: Fig. S2a), sug-
gesting that a large fraction of the Aβ42 peptides detected 
by ELISA (Fig.  1a) are aggregated in AD brains. This is 
supported by statistical analysis indicating that the time-
dependent increase in Aβ42 peptides in 5xFAD brains 
and the accumulation of Aβ aggregates measured by 
MFA in hippocampus are positively correlated (Fig. 1c). 
No significant correlation between Aβ42 peptide levels 
and Aβ aggregate load, however, was obtained for cortical 
tissue samples (Additional file 2: Fig. S2b). Interestingly, 
in the hippocampus of 5xFAD tg mice, Aβ aggregate load 
increased ~ tenfold between 5 and 8  months, while no 
significant increase was observed in cortex (Fig. 1b).

Next, we performed a systematic immunohistochem-
ical analysis to investigate the abundance of Aβ amyloid 
plaques in hippocampus and cortex of 5xFAD tg mice. 
We applied the Aβ-reactive monoclonal antibody 6E10 
(Additional file 1: Table S1) and first quantified plaque 
load in AD and control brains. We detected a signifi-
cantly higher load (measured plaque volume per tis-
sue volume) in hippocampus than in cortex of 5xFAD 
tg mice (Fig.  1d), essentially confirming the results 
obtained by MFAs (Fig.  1b). No amyloid plaques were 
detected with the 6E10 antibody in brains of wild-
type control mice (data not shown). A similar result 
was obtained when the number of amyloid plaques 
was counted in hippocampus and cortex of 5xFAD tg 
mice (Fig.  1e). We also quantified the abundance of 
Thioflavin S (ThioS)-positive amyloid plaques in AD 
and control mouse brains. ThioS stains the dense core 
regions in amyloid plaques, which predominantly con-
tain highly stable fibrillar Aβ42 structures with a typi-
cal cross-β structure [55]. Loosely packed “diffuse” 
plaques detected by immunohistochemical methods 
are not stained by ThioS (Fig. 1f ). A comparative analy-
sis revealed slightly fewer ThioS-positive Aβ plaques 
than 6E10-reactive ones in 5xFAD brains (Fig.  1e). In 
comparison to cortex, many more ThioS-positive Aβ 
plaques were present in the hippocampus (Fig.  1e). 
Overall, our histological studies revealed that the abun-
dance of Aβ plaques in hippocampus of 5xFAD tg ani-
mals was ~ 3–fivefold higher than in cortex, indicating 
that the aggregation rate of Aβ42 peptides is different 
across brain regions.

Finally, we investigated the intracellular accumulation 
of Aβ aggregates in 5xFAD brains utilizing an established 
subcellular fractionation approach [50]. Intracellular 
membrane fractions were prepared from hippocampal 
and cortical brain extracts of 8-month-old 5xFAD tg 
mice by sucrose gradient centrifugation and analyzed 
by SDS-PAGE and immunoblotting (Additional file  2: 
Fig. S2c). Established marker proteins such as Calnexin 
(endoplasmic reticulum), Flotillin (lipid rafts), or Lamp1 
(lysosomes) were utilized to assess the association of APP 
and Aβ aggregates with different membrane systems. We 
observed a co-fractionation of high molecular weight, 
SDS-stable Aβ aggregates (retained in the stacking gel) 
with vesicles derived from the ER/endosomal/lysoso-
mal system, indicating that besides extracellular amyloid 
plaques (Fig. 1e, f ) also intracellular Aβ aggregates accu-
mulate in 5xFAD brains. As expected, the abundance of 
Aβ aggregates in hippocampus was higher than in cortex 
(Fig.  1g, Additional file  2: Fig S2d, e). Interestingly, we 
also observed a co-fractionation of Aβ aggregates with 
mitochondrial marker proteins (VDAC and NDUFB3), 
suggesting that also mitochondrial membranes are 
enriched with our centrifugation procedure. Overall, 
these biochemical investigations support previously 
reported immunohistochemical studies, indicating that 
Aβ42 peptides accumulate in cells of 5xFAD brains [21].

Overproduction of mutant variants of APP and PS1 leads 
to time‑dependent proteome changes in hippocampus 
and cortex of 5xFAD tg mice
To assess whether APP and PS1 overproduction in 
brains of 5xFAD tg mice is accompanied by global pro-
tein expression changes, we performed a quantitative 
mass spectrometry (MS)-based proteomics analysis. Pro-
tein abundance was measured by label-free quantifica-
tion (LFQ) in hippocampal and cortical tissues prepared 
from 2-, 5-, and 8-month-old 5xFAD and control mice. 
By using the quantitative readouts obtained from Max-
LFQ analysis [56], we identified ~ 5000 proteins per tissue 
on average. We utilized a rather conservative approach to 
analyze the proteomics data. No imputation was done on 
missing LFQ intensity values.

First, we compared AD genotypes at indicated ages 
with their wild-type counterparts (pairwise model). We 
identified large numbers of differently expressed proteins 
(DEPs) in both hippocampal and cortical tissues (Fig. 2a, 
b, Additional file 3: Supplementary Excel File 1a, b). The 
global proteome response was strongest at 8  months, 
when deposition of Aβ aggregates was readily detect-
able in mouse brains (Fig. 1d), indicating that aggregate 
formation is associated with perturbation of the mouse 
brain proteome. In hippocampus, e.g., 57 proteins were 
differentially expressed at 5  months, while 544 proteins 
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were changed at 8  months of age (Fig.  2b). Overall, we 
identified similar numbers of up- and downregulated 
proteins in hippocampal and cortical tissues (Fig.  2b), 
although in the cortex at 2  months of age, the number 
of upregulated proteins was ~ sevenfold higher than the 
number of downregulated ones (Fig. 2b, Additional file 3: 
Supplementary Excel File 1a, b).

To assess whether Aβ aggregation predominantly influ-
ences the abundance of highly expressed proteins, we uti-
lized the protein abundance measurements in brains of 
wild-type mice to define groups of proteins with high and 
low protein expression. Next, we determined whether 
protein abundance changes detected in 5xFAD brains are 
more frequent among the highly expressed mouse pro-
teins than among the lowly expressed ones. Interestingly, 
we found a significantly higher number of Aβ-associated 
protein changes among the highly expressed mouse 
brain proteins (Additional file 2: Fig. S3), supporting our 
hypothesis that Aβ aggregation perturbs higher abundant 
proteins with a higher likelihood than lower abundant 
proteins.

We performed IPA (ingenuity pathway analysis) for 
an unbiased assessment of whether observed proteome 
changes reflect alterations in specific cellular processes 
and/or pathways. This analysis revealed that many pro-
teins involved in oxidative phosphorylation and mito-
chondrial functions change in their abundance over time 
in AD mouse brains (Additional file  2: Fig. S4a), while 
changes in proteins involved in phagosome maturation 
and synaptogenesis were predominantly detected rela-
tively late in the disease process (8 months), when large 
amounts of Aβ42 aggregates are already present in AD 
brains. This was also confirmed by gene ontology (GO) 
term enrichment analysis (Additional file 2: Fig. S4b).

Finally, we assessed whether the observed protein 
abundance changes in AD brains originate from differ-
ent cell types. To address this question, the enrichment of 
cell type-specific marker proteins, which were previously 
defined for astrocytes, microglia, neurons, and oligoden-
drocytes, was investigated [49]. We found only a small 
number of marker protein changes among the abnor-
mally up-and downregulated proteins in 5xFAD brains 
(Additional file 2: Fig. S5). However, in hippocampal tis-
sues of 8-month-old animals, multiple neuronal marker 
proteins were significantly changed, suggesting that the 
observed global proteome response at least in part origi-
nates from Aβ-perturbed neurons.

The proteome response in cortical and hippocampal 
tissues of 5xFAD brains is distinct
In order to compare proteome changes between age 
groups and different tissues, we have limited the dif-
ferential analysis to proteins reliably measured in each 

condition (genotype, age, and tissue) to ensure that the 
transgene effect difference between conditions can be 
statistically estimated (for details see “Methods” sec-
tion). Simple pairwise comparisons would be insufficient 
because they do not allow the computation of interaction 
effects. However, this requirement considerably limits 
the number of proteins that can be modelled: only 2761 
(~ 55% of the originally identified proteins) fulfill the 
completeness requirements across all conditions.

Utilizing the 2761 proteins in the “full model”, we iden-
tified 131 differentially expressed proteins (DEPs) in cor-
tex (2, 5, and 8 months), while 558 DEPs were detected 
in hippocampal tissues (Fig.  2c, Additional file  3: Sup-
plementary Excel File 1c). Thus, in hippocampal tissues 
where the time-dependent accumulation of Aβ aggre-
gates is more rapid than in cortical tissues (Fig.  1a), 
a ~ fourfold higher number of DEPs was observed, sug-
gesting that the proteome response in these brain regions 
is different.

Next, we focussed on changes in DEPs between time 
points and tissues. We calculated significant differential 
protein abundance changes between ages 5 and 2 (A52), 
8 and 5 (A85), and 8 and 2 (A82) months for both cor-
tical (C) and hippocampal (H) tissues (T) (Fig.  2c). As 
expected, in comparison to cortical tissues, the number 
of significant differential protein abundance changes 
was ~ threefold higher in hippocampal tissues, confirm-
ing our initial observations that increased deposition of 
Aβ aggregates in brain is associated with higher numbers 
of DEPs (Fig.  2c). The number of significant differential 
protein abundance changes was higher between 8 and 
2 months (A82TH) than between 5 and 2 (A52TH) or 8 
and 5 (A85TH) months, supporting our hypothesis that 
transgene expression leads to a progressive proteome 
response that is more pronounced after a time period of 
6 (A82) than of 3 (A52 or A85) months. Importantly, dif-
ferential protein abundance effects were also observed 
when cortical and hippocampal tissues prepared at 2, 
5, and 8  months (A2THC, A5THC, and A8THC) were 
directly compared with each other (Fig. 2c), substantiat-
ing our view that distinct cellular pathways are altered in 
both tissues upon transgene expression.

In order to identify proteome changes that occur both 
in cortical and hippocampal tissues, we next looked at 
overlapping and non-overlapping DEPs in these brain tis-
sues. We found a relatively small fraction of proteins (56 
proteins, 8.8%) that were dysregulated upon transgene 
expression in both hippocampus and cortex (Fig.  2d). 
A similar result was obtained when proteins, which are 
significantly increased or decreased in their abundance 
in hippocampal and cortical tissues, were assessed for 
overlapping and non-overlapping dysregulated pro-
teins (Fig.  2e, f ). Thus, our analysis indicates that most 
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protein changes observed in hippocampus and cortex 
are distinct, suggesting that very different cellular path-
ways and/or processes are altered in these brain regions. 
This view is also supported by ingenuity pathway analysis 
(IPA), demonstrating that mostly different cellular path-
ways are dysregulated over time in these brain regions 
(Additional file 2: Fig. S6a). We observed dysregulation of 
mitochondrial processes and mTOR signalling predomi-
nantly in cortical tissues, while synaptic processes includ-
ing long-term potentiation and axon guidance signalling 
were changed in hippocampal tissues (Additional file  2: 
Fig. S6a). Pathways altered both in hippocampus and 
cortex included oxidative phosphorylation, transcription 
regulation, DNA methylation and repair, indicating that 
important cellular functions are changed in both tissues. 
Time-dependent dysregulation of synaptic, lysosomal, 
and mitochondrial proteins in hippocampal and corti-
cal tissues was confirmed by gene ontology (GO) term 
enrichment analysis (Additional file 2: Fig. S6b).

To investigate the relationships between protein 
changes observed in hippocampal and cortical tissues 
at 2, 5, and 8  months (Additional file  3: Supplemen-
tary Excel File 1c), we calculated Spearman correlation 
coefficients, which can be used to assess the similar-
ity between protein expression data sets. We observed 
strong correlations, when expression changes of 5- and 
8-month-old (A5TH vs. A8TH) hippocampal tissues 
were compared (Fig.  2g). Similarly, a strong positive 
correlation was obtained, when expression changes in 
8-month-old cortical tissues (A8TC) were compared 
with expression changes in 5- (A5TH) and 8-month-old 
(A8TH) hippocampal tissues. This indicates that corti-
cal and hippocampal tissues that contain Aβ42 aggre-
gate deposits (Fig. 1d–f ) exhibit at least in part a similar 
protein response. Interestingly, strong anticorrelations 
were obtained when protein expression changes of 2- 
and 8-month-old animals were compared (Fig. 2g), indi-
cating that the proteome response in young AD tg mice 
is the opposite compared to older mice that progres-
sively accumulate Aβ42 aggregates. The anticorrelation 
of protein changes in the cortex of 2- and 8-month-old 
animals is exemplarily shown in Fig. 2h. Interestingly, in 
cortical tissues of 2-month-old animals, we observed a 
strong increase in the abundance of mitochondrial pro-
teins that play a key role in oxidative phosphorylation 
and ATP production (Fig.  2i), suggesting that expres-
sion of mutant human APP and PSEN1 in neurons of 
young mice is associated with increased mitochondrial 
activity and ATP production. However, this proteome 
response gets lost over time when the mice get older 
concomitantly with the accumulation of Aβ42 aggre-
gates, supporting the hypothesis that progressive Aβ 
aggregation in neurons impairs critical mitochondrial 

functions [57]. Finally, we quantified mRNA changes in 
cortical and hippocampal tissues and assessed whether 
the observed time-dependent changes of mitochondrial 
proteins (Fig. 2i) is also observed at the transcript level 
(Fig.  2j). Except for one gene, we found no significant 
transcript changes (Fig. 2j), indicating that the observed 
mitochondrial protein abundance changes (Fig. 2i) most 
likely are not caused by transcriptional dysregulation 
(Fig. 2j).

Overall, these investigations indicate that the proteome 
response in hippocampus and cortex of APP and PSEN1-
expressing mice is largely distinct. However, in older 
brains (5 and 8 months), when insoluble Aβ42 aggregates 
are readily detectable, proteome changes in hippocampal 
and cortical tissues appear to be more similar (Fig.  2g), 
suggesting that intracellular and/or extracellular Aβ 
“aggregate stress” perturbs similar pathways/processes in 
different brain regions.

Identification of Aβ‑correlated and anticorrelated protein 
alterations in 5xFAD brains
To explore molecular events associated with progres-
sive Aβ accumulation, we identified protein abundance 
changes that are correlated or anticorrelated to the time-
dependent accumulation of Aβ aggregates in hippocam-
pus and cortex of 5xFAD transgenic mice. In total, we 
identified 699 DEPs (pairwise model, Fig. 2a, b), of which 
182 (26.0%) were correlated and 148 (21.2%) were anti-
correlated (Additional file  3: Supplementary Excel File 
2) to the aggregate load in both brain regions (Fig. 3a, b). 
As expected, in hippocampal tissue, which contains sig-
nificantly higher levels of Aβ aggregates than the cortex 
(Fig. 1b, d–g), a significantly higher number of correlated 
and anticorrelated protein changes was found.

Interestingly, we observed a strong positive correlation 
between the most influential AD risk factor apolipopro-
tein (ApoE) and the time-dependent accumulation of 
Aβ aggregates in both hippocampal and cortical tissues 
(Fig. 3b), suggesting that this protein gets upregulated in 
response to Aβ aggregate deposition. Our pathway anal-
ysis (IPA) revealed a significant activation of the LXR/
RXR pathway in hippocampal tissues of 5xFAD tg ani-
mals (Additional file 2: Fig. S4a). Liver X receptors (LXRs) 
and retinoid X receptors (RXRs) were reported to func-
tion as transcription factors regulating cholesterol and 
fatty acid homeostasis [58] including the transcriptional 
activation of the apolipoprotein E (APOE) gene [59]. This 
suggests that the observed activation of the LXR/RXR 
pathway in 5xFAD brains is accompanied by an upregu-
lation of APOE gene expression. To address this ques-
tion, we quantified mRNAs by RNA-seq and found that 
APOE transcript levels in hippocampal and cortical tis-
sues (5  months) of 5xFAD tg mice are indeed increased 



Page 22 of 32Boeddrich et al. Genome Medicine           (2023) 15:50 

compared to wild-type controls (Fig.  3c). However, 
in 8-month-old animals, APOE transcript levels were 
decreased in cortical but not in hippocampal tissues, sug-
gesting that at a later stage transcriptional regulation of 
APOE expression is distinct in these tissues. Strikingly, a 
very pronounced time-dependent increase of ApoE pro-
tein levels was detected in both brain regions at 5 and 
8  months, indicating that APOE transcript and protein 
levels in cortical tissues of 8-month-old animals are not 
well correlated (Fig. 3d).

Also, we found that the proteins C1qb, Hexb, and Acat2 
are strongly correlated with the appearance of Aβ aggre-
gates in both brain regions in 5xFAD mice (Fig. 3b). Strik-
ingly, all these proteins have been previously linked to AD 
as well as to cellular processes that control the progressive 
accumulation of Aβ aggregates [17, 60]. C1qb is the initi-
ating protein of the classical complement cascade, which 
associates with Aβ pathology in patient brains and was 
previously shown to mediate synapse loss in transgenic 
AD models [61]. The gene encoding Hexb was previously 
identified as a putative AD risk gene. It is important for 
lysosome function and influences Aβ accumulation in 
mouse brains [62]. Acat2 is central to lipid metabolism 
and inhibitors of this protein were shown to modulate 
Aβ production and reduce Aβ accumulation in a trans-
genic model of AD [63]. In contrast to these positively 
correlated proteins, we found Arpc5 and Glrx to be sig-
nificantly anticorrelated to Aβ accumulation in both 
brain regions (Fig. 3b), suggesting that their activity gets 
decreased upon progressive Aβ aggregation in 5xFAD 
brains. Arpc5 is a subunit of the Arp2/3 complex that 
promotes actin filament assembly [64] and is known to 
influence neurite outgrowth. A direct link to AD has not 
been described; however, it is well-known that progressive 
Aβ accumulation perturbs actin dynamics in neuronal 
cells [65]. Glrx, a member of the glutaredoxin family, was 
previously shown to influence cognitive deficits in an AD 
mouse model [66].

Finally, we performed IPA to elucidate subcellular 
pathways that are potentially influenced by progressive 
Aβ42 accumulation in brains of 5xFAD transgenic mice. 
We observed that multiple proteins involved in synap-
togenesis signalling and phagosome maturation are 
altered significantly in their abundance in hippocampal 
tissues of 5xFAD (Additional file  2: Fig. S7), suggest-
ing that progressive Aβ42 accumulation in this brain 
region perturbs critical synapse functions. This is in 
agreement with previous observations indicating that 
small Aβ42 assemblies, often termed oligomers, target 
synapses and can perturb the activity of specific syn-
aptic proteins [18, 67]. Interestingly, in cortical tissues, 
where the time-dependent deposition of Aβ42 aggre-
gates is significantly lower compared to hippocampal 

tissues (Fig.  1b, d–g), we observed no synaptic pro-
tein changes (Additional file 2: Fig. S7), supporting our 
hypothesis that Aβ42 aggregation and perturbation of 
protein homeostasis at synapses are linked. Overall, 
these investigations indicate that progressive accumu-
lation of Aβ42 peptides in AD mouse brains is associ-
ated with alterations in synaptic functions, which may 
lead to neuronal dysfunction and memory impairment.

Aβ‑correlated and anticorrelated proteome 
and transcriptome changes are largely distinct in 5xFAD 
brains
We generated mRNA expression data sets by RNA-
seq (Additional file  3: Supplementary Excel File 3) to 
compare proteome and transcriptome changes in hip-
pocampal and cortical tissues of 2-, 5-, and 8-month-
old 5xFAD transgenic mice and age-matched wild-type 
controls. Here, we specifically focused on transcripts 
that encode proteins whose abundance is significantly 
changed in 5xFAD brains and that are also correlated or 
anticorrelated to the Aβ aggregate load. As expected, we 
detected transcripts for all of the 329 significantly dys-
regulated Aβ-correlated and anticorrelated proteins in 
5xFAD brains (Fig.  3e, Additional file  3: Supplementary 
Excel File 3). However, only a small fraction of these tran-
scripts (2.8%) was significantly changed in 5xFAD brains 
(Fig.  3e), indicating that most of the protein abundance 
changes associated with Aβ aggregation in 5xFAD brains 
are caused by posttranscriptional mechanisms rather 
than transcriptional dysregulation. We identified 9 genes 
that are significantly changed both at the transcript and 
the protein level in 5xFAD brains (Fig. 3f ). Interestingly, 
a large fraction of these genes encodes proteins that 
play a functional role in the complement system (C1qa, 
C1qb, and C1qc), suggesting that transcriptome changes 
predominantly drive microglia activation and inflamma-
tory processes in 5xFAD brains. This is also supported by 
IPA, indicating that proteins involved in the complement 
system are overrepresented among the transcriptionally 
dysregulated proteins (Fig. 3g, Additional file 3: Supple-
mentary Excel File 4). However, it is important to note 
that also the abundance of proteins with specific func-
tions in lysosomes (Hexb), metabolic processes (Acat2), 
and protein degradation pathways (Ctsd, Cst3) are tran-
scriptionally regulated in 5xFAD brains.

A fraction of dysregulated proteins in 5xFAD brains 
is concordantly altered in postmortem brains of AD 
patients
Next, we assessed whether proteins that change in their 
abundance in brains of 5xFAD mice (Fig.  2) overlap 
with proteome changes detected in postmortem brains 
of AD patients. For our comparisons, we focussed on 
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two recently reported large-scale proteomics studies 
(J20 and J22) that measured the abundances of human 
proteins in postmortem brains of AD patients and con-
trols using different quantitative mass spectrometry 
approaches [41, 42]. In total, in J20 and J22, 3950 sig-
nificantly altered AD-associated human proteins were 
identified. In addition, we compared our DEPs from 
mouse brains with a recently reported amyloid plaque 
proteome (termed D22; 816 proteins), which was 
obtained by label-free MS analysis of microdissected 
Aβ plaques [43]. Here, we focused our efforts on pro-
tein abundance changes detected in 8-month-old hip-
pocampal and cortical mouse tissues, which contain 
high levels of potentially proteotoxic Aβ42 aggregates 
(Fig. 1d, e). In addition, protein abundance changes in 
5-month-old hippocampal tissues, which also contain 
significant amounts of amyloidogenic protein aggre-
gates, were compared with patient protein measure-
ments. We found a substantial overlap between mouse 
(Additional file  3: Supplementary Excel File 1a) and 
human DEPs (Fig.  4a, Additional file  2: Fig. S8 and 
Additional file  3: Supplementary Excel Files 5a-d and 
6), indicating that 5xFAD tg mice at least in part reca-
pitulate the proteomic changes observed in AD patient 
brains. In total, from the 3718 significantly changed 
proteins in mouse (H5, H8, and C8) and human brains 
(D22, J20, and J22), 447 (12%) proteins were overlap-
ping. Interestingly, a small number of proteins such as 
ApoE, Clu, or NDUFA12 were significantly altered in 
all investigated data sets, suggesting that these amy-
loid-associated proteins robustly reflect the amyloid 
state both in patient and mouse brains.

To assess whether the observed protein changes in 
mouse and patient brains are similar, we calculated 
Spearman correlation coefficients for all pairwise data 
cross-comparisons (Fig. 4b, c). Strikingly, we observed 
a strong correlation between the protein measure-
ments in hippocampal or cortical tissues of 5xFAD 
mice and the protein measurements in patient amy-
loid plaques (D22 data set), indicating that in 5xFAD 
brains multiple potentially disease-relevant protein 
changes are recapitulated that are also detectable in 
amyloid plaques of patient brains [43]. Also, moder-
ate positive correlations were obtained when protein 
measurements of cortical (8  months) or hippocampal 
(5 months) tissues were compared with the large-scale 
proteomics data sets J20 or J22. This supports our 
hypothesis that disease-relevant amyloid-related pro-
teome changes are recapitulated in 5xFAD mice. Inter-
estingly, our analysis indicates that protein changes 
that are measured in mouse brain tissues with a rela-
tively low amount of Aβ aggregates (e.g., 5-month-old 
hippocampal tissues or 8-month-old cortical tissues) 

were better correlated to AD patient protein changes 
(J20 and J22 data sets) than protein changes measured 
in 8-month-old hippocampal tissues (Fig.  4b), which 
contain a very high amount of insoluble Aβ aggregates 
(Fig.  1b). This indicates that young 5xFAD transgenic 
mice with low amounts of Aβ aggregates in their brains 
mimic the disease state in patient brains better than 
older mice with very high amounts of aggregates. As 
expected, strong positive correlations were obtained 
when protein measurements of different human brain 
samples were compared in a pairwise manner (e.g., 
D22 with J22; Fig. 4b).

Next, utilizing the results from all data cross-compar-
isons, we generated a data set that exclusively contains 
proteins, which are concomitantly altered in their abun-
dance both in mouse and human brain tissues. In total, 
140 potential AD-relevant protein changes were defined 
(Additional file 3: Supplementary Excel File 7), of which 
67 (47.9%) were abnormally up- and 73 (52.1%) were 
downregulated in hippocampal and/or cortical mouse 
tissues of 5xFAD brains. The top 15 proteins with the 
highest fold-changes from this data set were selected 
in order to define potentially patient-relevant mouse 
protein signatures (Sig + and Sig-; Additional file  2: 
Fig. S9, Additional file  3: Supplementary Excel File 7). 
As shown in Fig.  4d, proteins such as ApoE, Clu, and 
GFAP are strongly upregulated both in 5xFAD and AD 
patient brains, while proteins such as CNP, NDUFA12, 
and MBP are downregulated. We also performed IPA 
using the data set of concordantly changed mouse pro-
teins (Additional file  3: Supplementary Excel File 7). 
Strikingly, proteins that play a key role in mitochondria 
and synapses were enriched in this data set (Fig.  4e, 
Additional file 3: Supplementary Excel File 4), support-
ing our hypothesis that “Aβ aggregate stress” perturbs 
important mitochondrial and synaptic functions both in 
mouse and human AD brains.

For independent validation, a comprehensive prot-
eomics data set obtained from brains of asymptomatic 
AD patients (AsymAD) was utilized for comparison 
with mouse proteomics data sets. AsymAD cases have 
a  neuropathological burden of Aβ plaques and tau 
neurofibrillary tangles similar to AD cases but with-
out cognitive impairment near time of death, which is 
consistent with an early preclinical stage of AD [68]. 
We again performed data cross-comparisons with sig-
nificant protein abundance changes detected in hip-
pocampal (H5 and H8) and cortical (C8) tissues that 
contain significant amounts of Aβ aggregates (Fig. 1d). 
Similar to comparisons with proteomics data from AD 
patients (Fig. 4a, b, Additional file 2: Fig. S8 and Addi-
tional file 3: Supplementary Excel File 6), we obtained a 
substantial overlap between AsymAD and mouse DEPs 
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(Additional file  2: Fig. S10a, Additional file  3: Sup-
plementary Excel File 6). Also, correlations between 
AsymAD and mouse data were similar to correlations 
obtained with AD patient data (Additional file  2: Fig. 
S10a, b), confirming that potentially disease-relevant 
protein changes are robustly recapitulated in 5xFAD 
brains with low amounts of Aβ aggregates. This is also 
observed when concordantly altered protein changes 
are considered (Additional file  2: Fig. S10b, c), con-
firming that protein changes detected in patient and 
AsymAD brains are also observed in 5xFAD mouse 
brain tissues. Overall, these investigations indicate that 
proteome changes detected in brains of AD and Asy-
mAD patients are robustly recapitulated in brains of 
transgenic 5xFAD mice that contain amyloidogenic Aβ 
aggregates.

Finally, we performed data cross-comparisons uti-
lizing data sets (mouse and human) that contain all 
measured proteins (significant and non-significant; 
“all”) or just significantly changed proteins “sig”. Hip-
pocampal (H5 + H8) and cortical (C8) mouse data sets 
obtained from tissues that contain insoluble Aβ aggre-
gates were exclusively used for these comparisons (see 
Fig.  1a–f ). In addition, we combined the previously 
reported proteomics data sets from the studies J20, J22, 
and J22_Asym [40, 41] and generated two comprehen-
sive human cortical data sets termed “all_human” and 
sig_human” for data cross-comparisons. Our data com-
parisons revealed a substantial overlap between mouse 
and human DEPs (Additional file  2: Fig. S11a-d). Then, 
we calculated Spearman correlation coefficients for four 
data cross-comparisons (all_mouse DE.cortex.Age8 vs. 
all_human; all_mouse DE.hippo.Age5 + DE.hippo.Age8 
vs. all_human; sig_mouse DE.cortex.Age8 vs. sig_human 
and sig_mouse DE.hippo.Age5 + DE.hippo.Age8 vs. 
sig_human). We found highly significant moderate cor-
relations when cortical mouse and human data sets were 
compared (Additional file 2: Fig. S11a, c), confirming our 
hypothesis that the mouse model data properly reca-
pitulate the previously reported human brain data. In 
comparison, no or very weak correlations were obtained 
when mouse hippocampal data were compared with 
human cortical data. This is expected because protein 
expression in hippocampal tissues is distinct from corti-
cal tissues [49]. Thus, our additional data cross-compari-
sons strongly support our working hypothesis that DEPs 
detected in 5xFAD brains at least in part are predictive 
for the disease situation in AD patient brains.

The levels of the Arf‑like GTPase Arl8b are abnormally 
increased in hippocampal tissues of 5xFAD mice
In its earliest clinical phase, AD is characterized by mem-
ory impairment [69] and changes of the lysosomal network, 

which consists of an interconnected vesicular network of 
endosomes, lysosomes, and autophagosomes and plays 
a critical role in Aβ clearance in neurons [70, 71]. There-
fore, we next searched for neuronal proteins in the mouse 
proteomics data set that are (1) concordantly dysregu-
lated in mouse and human data sets, (2) among the top 25 
Aβ-correlated proteins in mouse hippocampal tissues, and 
(3) are  previously well-described lysosomal network pro-
teins. Using a step-by-step data filtering approach (s. Addi-
tional file 2: Fig. S12a and Additional file 3: Supplementary 
Excel File 8a), we identified the top 25 Aβ-correlated pro-
teins (Additional file  3: Supplementary Excel File 8b) that 
are also concordantly altered in human brains. Among these 
proteins, many proteins are associated with lysosomes or 
play a functional role in protein degradation pathways such 
as autophagy (Additional file 2: Fig. S12b, c). Finally, among 
the lysosome-associated proteins, two proteins (Arl8b [72, 
73] and Lamp1 [74]) that meet our criteria and potentially 
play a critical role in AD brains were selected. Because the 
ARF-like GTPase Arl8b in comparison to Lamp1 [75, 76] 
previously was only studied marginally in the context of AD, 
we decided to focus on this protein for further validation 
experiments and potential biomarker studies in CSF.

To independently validate the changes in Arl8b abun-
dance initially observed with mass spectrometry (Fig. 5a), 
we analyzed protein extracts prepared from hippocam-
pal tissues of 8-month-old 5xFAD and control mice by 
SDS-PAGE and immunoblotting. We confirmed that pro-
tein levels of Arl8b in AD mouse brains are significantly 
increased compared to age-matched controls (Fig. 5b, c).

Next, we assessed the abundance of Arl8b in 5xFAD 
brains by immunohistochemistry. Strikingly, we observed 
a time-dependent accumulation of Arl8b in ring-like 
structures surrounding Aβ42 amyloid plaques (Fig.  5d 
and Additional file  2: Fig. S13). These structures have 
been reported to be axonal lysosome accumulations 
formed in close vicinity to amyloid plaques in AD brains 
[77]. To determine whether the observed Arl8b-posi-
tive structures are indeed lysosomal accumulations, we 
stained brain slices with an antibody that recognizes the 
lysosomal marker protein Lamp1 ([74], Additional file 1: 
Table S1). As expected, we observed co-staining of Arl8b 
and Lamp1 in 5xFAD brains (Fig.  5e). The formation 
of Aβ aggregates in mouse brains was confirmed with 
the monoclonal antibody 352 (Fig.  5e, Additional file  1: 
Table  S1), which specifically recognizes Aβ42 fibrillar 
aggregates but not soluble monomers in vitro [30].

Finally, we assessed the relationship between the vol-
ume of Aβ42 plaques in 2-, 5-, and 8-month-old 5xFAD 
mice and the volume of Arl8b-positive lysosomal struc-
tures accumulating in their vicinity. We found a strong 
correlation between Arl8b- and 6E10-stained struc-
tures in hippocampal tissues of all three ages (Fig.  5f ), 
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suggesting that the time-dependent formation of amy-
loid plaques determines the size of the adjacent Arl8b-
positive lysosomal structures in 5xFAD brains. An 
association of Arl8b with lysosomal membranes and 
proteins has previously been described [72, 73], support-
ing our immunobiological results.

Arl8b protein levels are abnormally increased 
in postmortem brain tissues and CSF samples of AD 
patients
To analyze whether Arl8b accumulates in AD patient 
brains, we investigated protein extracts prepared from 
postmortem brain tissues of AD patients and age-
matched controls (10 each) using a membrane filter 
assay (MFA) [54]. With this method, large protein aggre-
gates, e.g., Aβ and tau assemblies, retained on a cellulose 
acetate membrane after filtration (pore size 0.2  µm), 
can be detected by immunoblotting [30, 38]. We found 
that the immunoreactivity of Arl8a and Arl8b, both 
specifically recognized by the anti-Arl8a/b antibody 
(Additional file  1: Table  S1), is significantly increased 
in AD patient brains compared to age-matched con-
trols (Fig. 6a, b), indicating that the abundance of these 
functionally and structurally closely related proteins 
is abnormally elevated in AD patient brains. A similar 
result was obtained with an Arl8b-specific antibody 
(Additional file 2: Fig. S14a, b).

Finally, we investigated the levels of Arl8b in cere-
brospinal fluid (CSF) of AD patients and control indi-
viduals using an ELISA. The demographic, clinical, 
and CSF biomarker characteristics of AD patients and 
control individuals are summarized in Additional file 1: 
Table  S2. Strikingly, we measured significantly higher 
Arl8b protein levels in CSF samples of AD patients 
compared to controls (Fig.  6c), confirming that pro-
tein abundance is abnormally increased in AD brains. 
In strong contrast, no significant increase of Arl8b pro-
tein levels was measured when CSF samples obtained 
from HD patients and controls were analyzed with 
ELISA (Fig.  6d), indicating that the observed increase 
in protein abundance is an AD-specific phenomenon. 
We next assessed the correlations of Arl8b protein lev-
els with other well-established AD biomarkers such as 
Aβ (1–42), Aβ (1–40), Aβ42/ Aβ 40, t-tau, and p-tau 
[68]. Spearman correlation analysis revealed a signifi-
cant moderate negative correlation between Arl8b pro-
tein levels and CSF Aβ42/ Aβ 40 ratios (rS =  − 0.405; 
p = 0.0002), supporting our hypothesis that increased 
Arl8b protein levels are associated with the deposition 
of Aβ42 protein aggregates in patient brains (Addi-
tional file  1: Table  S3). A weak negative correlation 
was also observed with Aβ (1–42) CSF peptide levels, 
while no significant correlation was obtained with Aβ 

(1–40) levels. Interestingly, we also observed a moder-
ate positive correlation between Arl8b and p-tau pro-
tein levels in CSF samples, suggesting that an increase 
of Arl8b is also associated with cognitive impairment in 
AD patients. This is also supported by total tau (t-tau) 
measurements, which show a weak correlation to Arl8b 
protein levels. Finally, we performed a ROC analysis 
and calculated an area under the curve (AUC) of 0.73 
(Fig.  6e), confirming that Arl8b measurements can be 
utilized to differentiate between AD patients and con-
trols. Overall, these studies suggest that Arl8b together 
with other biomarkers might have potential as a novel 
CSF biomarker for patient stratification, facilitating the 
measurement of abnormal lysosome structures, which 
form early in neurons and progressively accumulate in 
AD patient brains.

Discussion
The progressive deposition of Aβ42 peptides in amyloid 
plaques and intraneuronal structures in patient brains 
is a pathological hallmark of AD [78]. Aβ aggregates in 
patient brains are detected before the onset of neuro-
degeneration and memory impairment in AD patients 
[79], indicating that their formation is an early event 
in pathogenesis. However, it was shown reproducibly 
that the formation of Aβ plaques in patient brains is 
not a good predictor of neurodegeneration [80]. This 
suggests that Aβ aggregation is relevant but not solely 
responsible for disease onset and that other molecu-
lar changes drive progressive neurodegeneration in 
patient brain. Evidence was reported that Aβ aggre-
gation in disease models triggers tau accumulation, 
which is a good predictor of neurodegeneration and 
memory impairment [81, 82]. Thus, accumulation of 
Aβ peptides in patient brains is broadly regarded as a 
key early event in pathogenesis, leading to downstream 
neuropathological changes such as the accumulation of 
tau or abnormal microglia activation and eventually to 
neurodegeneration.

Here, we report protein abundance changes associated 
with the progressive accumulation of Aβ42 aggregates 
in brains of 5xFAD tg mice (Figs. 2a–i and 3a–f). 5xFAD 
tg mice are a well-characterized disease model express-
ing two human genes (APP and PSEN1) with familial AD 
mutations in neurons, leading to the rapid accumulation 
of intra- and extracellular Aβ42 aggregates in brains [21]. 
Progressive deposition of Aβ42 structures is accompa-
nied by microglia activation, a change of synaptic pro-
teins and neurodegeneration, suggesting that Aβ42 
aggregation in 5xFAD mouse brains drives important 
downstream proteomic changes that are also observed in 
AD patient brains. Various proteomics and transcriptom-
ics studies have uncovered that microglial phagocytosis 
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is significantly perturbed in 5xFAD brains, suggesting 
that extracellular Aβ42 aggregation predominantly leads 
to an inflammatory response that over time is associated 
with neuronal dysfunction and toxicity [83]. However, it 
is unclear whether proteome changes that accompany the 
accumulation of intra- and extracellular Aβ42 aggregates 
in 5xFAD are conserved in patient brains.

Based on our comparative analyses (Fig. 4a–d), we sug-
gest that progressive Aβ aggregation in 5xFAD and AD 
patient brains may lead to similar perturbations of the 
proteome and could provide valuable information about 
critical pathways perturbed in disease. We hypothesize 
that the proteome response to Aβ aggregate stress is 
conserved in mouse and human brains to a considerable 

Fig. 6 Analysis of Arl8b expression in human brain and CSF samples. a Detection of Arl8b protein aggregates in postmortem brain homogenates 
of 10 AD patients (1 to 10, black lettering) and 10 age‑matched controls (11 to 20, red lettering) using a native MFA. Triplicates per sample 
were filtered. For immunoblotting, an anti‑Arl8a/b antibody was used. b Quantification of protein aggregates retained on filter membrane in a 
was performed using Aida image analysis software. Data are expressed as mean ± SD. The statistical significance was assessed with an unpaired, 
two‑tailed t‑test (****, p < 0.0001). c Determination of Arl8b concentrations in CSF samples of 38 AD patients and 44 control individuals (Ctrl) using 
an ELISA. Data represent mean ± SD. Statistical significance was determined using an unpaired, two‑tailed t‑test (***, p = 0.0002). d Arl8b ELISA using 
CSF samples of 10 Huntington’s disease (HD) patients, 10 controls (Ctrl HD), 3 AD patients, and 3 controls (Ctrl AD). Data are mean ± SD. Statistical 
significance was evaluated using an unpaired, two‑tailed t‑test between HD and Ctrl HD, and AD and Ctrl AD groups (**, p = 0.0041). e ROC analysis 
of Arl8b levels derived from both AD patients and control individuals using GraphPad Prism software. The area under the curve (AUC) is 0.73 
with a p‑value of 0.0003
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extent and at least a fraction of the proteome changes 
observed in patient brains may be caused by progres-
sive Aβ aggregation. Interestingly, our proteome-based 
data cross-comparisons indicate that protein changes 
in mouse brain tissues with a relatively low amount of 
Aβ aggregates are more similar to protein changes in 
AD patient brains than protein changes in tissues, which 
contain a high Aβ aggregate load (Fig.  4b). This sug-
gests that overexpression of mutant variants of APP and 
PSEN1 in hippocampal neurons of 5xFAD mice after 
some time (8 months) leads to a proteome response that 
is distinct from the situation in patient brains. Together, 
these studies indicate that 5xFAD transgenic animals 
recapitulate important features of the pathogenic pro-
cess in patient brains. However, timing and brain region-
specific investigations are critical for the detection of 
potential disease-relevant proteome changes in mouse 
brains. We propose that the proteome changes meas-
ured in the hippocampus of 5-month-old 5xFAD mice 
recapitulate the disease situation in AD patient brains 
better than the protein changes measured in 8-month-
old animals, where massive amounts of Aβ42 aggregates 
are detectable by immunohistochemistry or biochemical 
methods. In comparison, the situation is different when 
proteome changes in cortical tissues of 5xFAD mice are 
assessed where the rate of Aβ42 aggregate accumula-
tion is significantly slower than in hippocampal tissues 
(Fig.  1d). Thus, our investigations suggest that 5xFAD 
mice with their massive accumulation of Aβ42 aggre-
gates in a relatively short time (2–8 months) are a use-
ful model to study the impact of Aβ aggregation on the 
proteome. We propose that pharmacological interven-
tions in 5xFAD mice may have a predictive value for 
AD patients if conserved Aβ42 aggregate-associated 
proteome changes could be reversed by drug treatment. 
Previously, small molecules and therapeutic antibodies 
that directly target Aβ aggregate assemblies and reduce 
their propagation in model systems have been described 
[30, 84]. Whether their application might reverse the 
proteome changes in 5xFAD brains defined here would 
need to be assessed.

We provide evidence that progressive Aβ42 aggre-
gation is associated with a reduced abundance of mul-
tiple mitochondrial proteins (Fig.  2i), suggesting that 
Aβ42 accumulation drives mitochondrial dysfunction 
in 5xFAD brains. Strikingly, a loss of mitochondrial 
proteins is also a characteristic feature of AD brains 
[85], supporting the hypothesis that decreased energy 
production is associated with cognitive decline in AD 
patients [86]. This view is supported by a recent large-
scale proteome study, indicating that a stable cognitive 
trajectory in advanced age is associated with higher lev-
els of mitochondrial proteins and increased neuronal 

mitochondrial activity [87]. Enhancing mitochondrial 
proteostasis with pharmaceutical compounds reduced 
Aβ aggregate-induced proteotoxicity in model systems 
[19], substantiating the link between Aβ pathology and 
mitochondrial dysfunction. The underlying molecu-
lar mechanism by which the Aβ42 peptides in 5xFAD 
brains perturb the mitochondrial proteome currently 
remains unclear, however. We found here that both APP 
and insoluble Aβ42 aggregates indeed co-fractionate 
with mitochondrial membranes in 5xFAD brains, sug-
gesting that they also might interact with mitochon-
dria (Fig.  1g). It was previously reported that APP and 
its cleavage products accumulate in mitochondria [88, 
89], suggesting they might directly perturb the electron 
transport machinery, thereby decreasing ATP synthesis 
[90]. However, toxicity might also be caused by Aβ42 
assemblies acting on regulators of gene transcription 
such as H2AFZ (Fig. 3b) or on the surface of mitochon-
dria, perturbing the import of critical mitochondrial 
proteins or influencing fission, transport, or degradation 
of mitochondria [86]. Further mechanistic investigations 
are clearly necessary to elucidate the link between Aβ42 
aggregation and mitochondrial dysfunction in 5xFAD 
brains and other model systems. Besides oxidative phos-
phorylation in mitochondria, various pathways and sub-
cellular processes such as carbohydrate metabolism or 
synaptogenesis are potentially perturbed in response to 
Aβ42 accumulation in 5xFAD brains (Fig. 4e and Addi-
tional file  2: Fig. S7). The impact of Aβ42 overproduc-
tion on brain physiology is likely highly complex and 
brain region specific. Links between energy metabo-
lism, synaptic transmission, and inflammation have been 
described in the aging brain and in AD [91, 92], suggest-
ing that the generation of multiscale causal networks 
and the integration of additional information such as 
protein–protein interaction data is necessary to eluci-
date the specific role of Aβ aggregates in mouse brains.

Our studies indicate that progressive Aβ42 aggrega-
tion leads to the time-dependent accumulation of the 
small GTPase Arl8b in brains of 5xFAD mice (Fig. 5a–f). 
This protein mediates axonal transport of both lysosomes 
and synaptic vesicles in neurons [93, 94], suggesting that 
its function is of critical importance for the maintenance 
of synaptic compartments and neurotransmission. This 
is supported by gene knock-down experiments in hip-
pocampal neurons indicating that loss of Arl8b leads to 
the accumulation of synaptic vesicles (SVs) in neuronal 
cell bodies and the depletion of active zone proteins from 
presynaptic sites [95]. Our studies showed that Arl8b as 
well as lysosomal proteins such as LAMP1 are enriched 
in the vicinity of extracellular amyloid plaques, indicat-
ing that progressive Aβ42 aggregation is critical for the 
accumulation of lysosomal structures in 5xFAD brains 
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(Fig. 5d–f). This is in agreement with previous investiga-
tions demonstrating that protease-deficient axonal lys-
osomes accumulate in the vicinity of amyloid plaques [77]. 
Recently, an accumulation of the GTPase Arl8b in the 
vicinity of amyloid plaques in patient brains has also been 
demonstrated by immunohistochemistry [43]. Its specific 
role in AD, however, is currently unclear. Recent investi-
gations in Caenorhabditis elegans indicate that overex-
pression of Arl8b significantly decreases Aβ aggregation 
and neurotoxicity [96], suggesting that the accumulation 
of lysosomal membranes with Arl8b in AD mouse brains 
may be a protective cellular response that promotes the 
degeneration of Aβ aggregates. This view is also supported 
by a recent study indicating that elevated Arl8b expression 
rescues lysosome transport and thereby reduces axonal 
autophagic stress and neuron death in Niemann-Pick dis-
ease [97]. Thus, increased levels of Arl8b in AD patient 
brains may be an indication of increased lysosomal activ-
ity to protect neurons from Aβ aggregate stress. However, 
Arl8b accumulation may also stimulate lysosome exocyto-
sis that is known to affect APP processing and Aβ secre-
tion [98]. An increase of lysosomal exocytosis has been 
described in cancer cells overproducing Arl8b, hinting 
that this process may also be enhanced in neuronal cells, 
which contain lysosome-like organelles with high local 
concentrations of Arl8b (Fig. 5d). However, the functional 
consequences of Arl8b accumulation in axonal lysosomes 
in the presence of amyloid aggregates need to be studied 
further in model systems.

Interestingly, our investigations indicate that Arl8b 
protein levels are significantly increased both in CSF 
and postmortem brain tissues of AD patients (Fig. 6a–
d), suggesting that this protein may have the potential 
to be utilized as a biomarker to monitor lysosomal 
function or dysfunction in AD brains. Lysosomal net-
work proteins such as Lamp1 or Lamp2 have been 
shown previously to have potential as CSF biomarkers 
for AD [76]. Also, cell-based experiments have shown 
that lysosomal cathepsins play an important role in the 
generation of Aβ peptides [99]. Lysosomal membrane 
alterations have been observed in brains of AD patients 
[100], and accumulation of Aβ42 in neuronal cells was 
shown to lead to changes in the abundance of lysoso-
mal organelles and cell death [101]. Thus, it seems 
adequate to speculate that lysosome-associated pro-
teins that change in their abundance in AD brains are 
putative biomarkers that might predict disease devel-
opment or progression. Currently, the well-established 
pathological polypeptides such as total tau, phospho-
tau, and Aβ42 are measured in CSF to detect incipi-
ent and established AD in patients [68, 102]. However, 
major research efforts are on the way to finding addi-
tional fluid biomarkers to predict disease onset and 

monitor progression more accurately [41, 42, 85, 102–
104]. Previous studies have shown, e.g., that neurofila-
ment light chain (NfL) and neurogranin are promising 
AD biomarkers [105, 106]. We envision that a better 
definition of AD will clearly require a more accurate 
characterization and understanding of the sequence of 
events that lead to cognitive impairment. The measure-
ment of Arl8b protein levels in CSF or plasma of AD 
patients might help to meet this goal. However, more 
comprehensive future studies with symptomatic and 
asymptomatic AD patients and controls will be neces-
sary to further assess the predictive power of Arl8b as a 
clinical biomarker.

Conclusions
Our studies indicate that Aβ42-driven aggregate forma-
tion is associated with time-dependent and brain region-
specific proteome changes in 5xFAD mouse brains. We 
detected 329 dysregulated proteins correlating or anti-
correlating with Aβ aggregation in hippocampus and cor-
tex of 5xFAD mice. Most of these protein changes were 
caused by posttranscriptional mechanisms, only a minor 
part was associated with transcriptional dysregulation. 
A fraction of the Aβ-correlated and anticorrelated DEPs 
was conserved in postmortem brains of AD patients 
revealing that proteome changes in 5xFAD mice reca-
pitulate disease-relevant changes in AD patient brains. 
Among the group of conserved and strongly Aβ42-
correlating proteins, we have found the lysosome-associ-
ated protein Arl8b, which is present in increased levels in 
CSF samples of AD patients and might have potential as 
an AD biomarker.
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