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Abstract

Alzheimer's disease (AD) affects around 33 million people worldwide, which makes
it the most prominent form of dementia. The main focus of AD research has been on
the central nervous system (CNS) for long, but in recent years, the gut gained more
attention. The intestinal tract is innervated by the enteric nervous system (ENS),
built of numerous different types of neurons showing great similarity to neurons of
the CNS. It already has been demonstrated that the amyloid precursor protein, which
plays a major role in AD pathology, is also expressed in these cells. We analyzed gut
tissue of AD model mice (5XFAD) and the respective wild-type littermates at differ-
ent pathological stages: pre-pathological, early pathological and late pathological.
Our results show significant difference in function of the intestine of SXFAD mice
as compared to wild-type mice. Using a pathway array detecting 84 AD-related gene
products, we found ApoA1 expression significantly altered in colon tissue of 5SXFAD
mice. Furthermore, we unveil ApoAl's beneficial impact on cell viability and cal-
cium homeostasis of cultured enteric neurons of 5XFAD animals. With this study, we
demonstrate that the intestine is altered in AD-like pathology and that ApoA1 might
be one key player within the gut.
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still no cure for this fatal disease and only few drugs are
available for treatment of AD symptoms.2 Meanwhile, it

Over 50 million people currently suffer from dementia
worldwide and estimates assume that this number will
more than triple over the next 30 years.' Already in 2018
the costs for treatment were about one trillion USD." About
two thirds of people suffering from dementia are diag-
nosed with Alzheimer's disease (AD). However, there is

is commonly accepted that the accumulation and deposi-
tion of amyloid-beta (A-beta) peptides in the brain pres-
ents one of the most prominent pathological hallmarks of
the disease.” Changes in A-beta level and distribution are,
inter alia, able to induce inflammatory processes, oxidative
stress, disbalance in calcium homeostasis and finally can

Abbreviations: A-beta, amyloid-beta; AD, Alzheimer's disease; ApoAl, apolipoprotein Al; CdklI, cyclin-dependent kinase like 1; CNS, central nervous
system; ENS, enteric nervous system; GTT, gut transit time; PD, Parkinson's disease; SCFAs, short chain fatty acids; TREM2, triggering receptor expressed

on myeloid cells 2.
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lead to neuronal dysfunction and cell death (reviewed in
4,6). So far, AD is seen mainly as a neurodegenerative dis-
ease of the brain, although certain comorbidities such as di-
10 and loss of weight in late life' 13 are well known.
Recent work shows increasing evidence that besides the
brain, also the gut as a peripheral organ might contribute
to CNS disorders (reviewed in 14,15). The intestine shows
great complexity in its structure which is due to the diverse
tasks needed for food digestion and protection against po-
tential pathogens. For managing this variety of functions,
the gastrointestinal tract is innervated by its own nervous
system, the enteric nervous system (ENS), which is able to
act partially autonomous.'®!” The ENS consists of around
400-600 million neurons in humans, which are organized
in mesh-like structures, called plexuses (Auerbach's and
Meissner's plexus).18 It has diverse functions and regulates,
for example, motility of the gastrointestinal tract, secretion
of gastric acid, blood flow, and nutrition absorbance (for
an overview see 16-20). The ENS shows great homology
to the CNS not only in its complex structure but also in
neurotransmitters used for signal transmission (reviewed
in 18). Therefore, it is not surprising that the ENS has al-
ready been connected to neurodegenerative diseases. In
Parkinson's disease (PD) one of the pathological hallmarks
are Lewy bodies, abnormal aggregates of protein with al-
pha-synuclein as their primary structural component. For
PD, it has been shown that one of the drivers of pathology
might be the expression of alpha-synuclein in the ENS, from
where it migrates to the CNS, 2% finally resulting in death
of neurons in the brain. Diseases, resulting in the loss of
enteric neurons during development such as Hirschsprung's
disease are often fatal when not treated (reviewed in 24). In
AD, A-beta peptides typically found in the brain of patients,
could be demonstrated already decades ago by Joachim and
colleagues within selected gut specimen.25 In experiments
with AD model mice, it has been shown that overexpression
of A-beta results in an increase of inflammatory markers
(eg, COX-2) in the gut of transgenic mice, otherwise typi-
cally seen in AD brain samples.26 Furthermore, a specific
loss of nitrergic and cholinergic neurons could be observed
in the transgenic mouse model APP/PS1.?’ For a deeper un-
derstanding of the gut with its nervous system, and its role
in AD, we analyzed four representative gut segments of the
5XxFAD mouse model®® regarding differences in expression
of 84 genes involved in AD pathogenesis. The most prom-
inently affected gene product, ApoAl, was further investi-
gated regarding its role in A-beta-driven changes in primary
culture of enteric neurons. Furthermore, the modulation of
ApoAl expression by FoxA2, a central regulator of lipid
metabolism, was investigated. Finally, we were able to
show differences in viability and calcium influx of enteric
neurons derived from model mice and the reversal of these
impairments by ApoA1l administration.

abetes

2 | MATERIALS AND METHODS

2.1 | Animals

For maintenance, male B6SJL-Tg (APPSwFILon,PSENT1*
M146L*L286V)6799Vas/Mmjax (5xFAD) mice (Jackson
Lab, Bar Harbor, Maine, USA) were crossbred with female
C57BL/6J mice.”® The animals were group-housed (three to
five animals) with a 12 hours day/night cycle. Food and water
were available ad libitum. The non-transgenic offspring was
used as control. All procedures were performed in accordance
with the European Communities Council Directive regard-
ing care and use of animals for experimental procedures and
were approved by local authorities (Landesuntersuchungsamt
Rheinland-Pfalz; approval number G17-1-035).

2.2 | Tissue sample collection

Male 5xFAD mice and their respective littermates were sac-
rificed by decapitation after isoflurane anesthesia. The gut
was removed and 2 cm long pieces of duodenum, jejunum,
caecum, and colon were prepared. These gut pieces were
opened longitudinally and carefully rinsed two times with
sterile, isotonic NaCl. Samples were collected from three dif-
ferent mice for each gut segment, time point, and genotype
regarding the initial expression analysis. For preservation,
tissue pieces were submerged in RNA later (Qiagen, Hilden,
Germany) and stored at —80°C until RNA preparation was
conducted.

For liver tissue, portal vein of sacrificed animals was iso-
lated and flushed with high volumes of ice cold 10 mM Tris/
HCI to remove the blood. The median lobe of the liver was
utilized for analysis. Crude myenteric plexus preparations
(from duodenum to colon) for Western blotting were con-
ducted as described for the first steps of isolation of enteric
neurons (see below). Six pieces per mouse were collected
from wild-type and transgenic animals and combined per an-
imal before further homogenization.

For serum samples, truncal blood was collected with sac-
rifice of the animals. After 45 minutes of clotting, serum was
obtained by centrifugation and subsequently stored at —80°C
until further use.

2.3 | Acetylcholinesterase activity
measurement

A colorimetric assay (Ellman's method, 29) was conducted to
assess the levels of Acetylcholinesterase. Therefore, small in-
testine was isolated as described before and whole brain was
prepared from approx. 40-week-old male 5XFAD mice and their
respective wild-type littermates. Tissue was homogenized with
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100 mg/500 pL of potassium phosphate buffer (0.5 M) contain-
ing protease inhibitor cocktail (Roche, Basel, Switzerland) with
the TissueLyzer LT (Qiagen) for 5 minutes at 50 Hz followed by
sonication with 20% output and 10 pulses (UW 2070, Bandelin
electronic). After sonication, homogenates were centrifuged at
4°C for 1 minute at 1000 g. Supernatant of the small intestine
preparations was diluted 1:10 and supernatant of brain tissue
preparation 1:100 with potassium phosphate buffer in clear 96-
well plates. Acetylthiocholine iodid (Sigma-Aldrich, St. Louis,
Missouri, USA) (1 mM) and 5,5’-Dithiobis-2-nitrobenzoic
acid (Sigma-Aldrich) (0.25 mM) were added. After 5 minutes
incubation time in the dark at RT samples were measured at
405 nm over a period of 125 minutes. Minimum of signal was
subtracted from maximum and slope normalized to protein con-
tent. Protein content was measured using Roti-Nanoquant (Carl
Roth, Karlsruhe, Germany) following the vendor's manual.

2.4 | Gut transition time measurement

For measurement of the gut transition time, wild-type and
5xFAD animals were fed with sky blue solution (PME;
0.58 pL/g body weight). After the feeding, mice were single
caged and time till mice defecated blue feces was measured.

2.5 | RNA assay

For qPCR, the RNA concentration of samples obtained from
three corresponding animals was adjusted to 75 ng/uL. Three
microliters of each RNA-sample was pooled to give a better bi-
ological aweraging.30 Eight microliters of this RNA-pool sam-
ple was used for reverse transcription using the “RT? first strand
kit” (Qiagen) following the manufacturer's instructions. The
obtained cDNA was subjected to the RT? Profiler PCR Array
(Qiagen) according to the manufacturer's instruction. Levels of
RNA were normalized to at least three different housekeeping
genes, selected out of five potentially applicable housekeeping
genes on the array by the least variation within the respective
tissue. Changes in mRNA level were designated as “hit”, if ef-
fect size was greater than the mean variation of the correspond-
ing housekeeping genes. The expression of transcription factors
and Abcal was analyzed using the QuantiTect SYBR Green
RT-PCR Kit (Qiagen) following the manufacturer's instructions
using 100 ng RNA per reaction and the respective QuantiTect
Primer Assay (Qiagen).

2.6 | Western blotting

Gut, liver, and plexus preparation were carried out as de-
scribed before. The rinsed tissue specimen was subjected
to Tris-HCI buffer (10 mM, pH 8) with protease inhibitor

%ASEBJOURNALJ—

cocktail (Roche) (200 uL/100 mg of tissue), snap frozen
in liquid nitrogen, and stored at —80°C until further usage.
Samples were homogenized and protein content was deter-
mined as described before. Protein concentration was ad-
justed to 30 pg per 15 uL in LDS NuPAGE buffer (1x, Life
Technologies) containing DTT (1 M, 10% v/v). The solution
was boiled for 5 minutes at 95°C. Proteins were separated on
a 10%- or 14%- (for A-beta detection) SDS polyacrylamide
gel and proteins were transferred to a nitrocellulose mem-
brane (GE Healthcare). The membrane was blocked with
I-block solution (0.2% in PBS) (Thermo Fisher Scientific) in-
cluding 0.05% Tween 20 (AppliChem, Darmstadt, Hessen).
Primary antibody incubation took place overnight at 4°C
with antibody against ApoAl (Thermo Fisher Scientific; for
a specificity control of the antibody see Figure S1) or against
GFAP (Cell Signaling) with a dilution of 1:1000 in block-
ing solution. Actin or GAPDH detection was used as loading
control (antibodies from Sigma-Aldrich and Cell Signaling).
For A-beta detection, antibody 6E10 (Covance) was used.
The respective secondary antibody, coupled with horserad-
ish peroxidase, was applied (Thermo Fisher Scientific) and
light signals were detected after incubation with SuperSignal
West Femto chemiluminescent substrate (Thermo Fisher
Scientific) using a CCD-camera imaging system (Stella
Camera, Raytest, Straubenhardt, Germany).

2.7 | A-beta/ ApoAl interaction

Toinvestigate the interaction of ApoA1 (in 10 mM NH,HCOs;
Chemicon International, Temecula, USA) with A-beta (in
5 mM NH,OH, PBS buffered; AnaSpec, Fremont California,
USA) or BSA (in 5 mM NH,OH, PBS buffered; Carl Roth),
proteins were incubated with solvent or in the molar ratio of
1:10 as described before.*! Formation of complex was de-
tected using 4%-20% Mini-PROTEAN TGX Precast Gels
(Bio-Rad, Hercules California, USA) under native condi-
tions. PAA-Gels were silver-stained using the Roti-Black P
kit (Carl Roth) following the vendor's recommendation.

2.8 | A-beta aggregation assay

For the A-beta aggregation assay, human AggreSure A-beta
(1-42;23.6 uM; AnaSpec) and Thioflavin T (250 pM; Sigma)
were combined in 50 mM Tris/150 mM NaCl (pH 7.2). To in-
vestigate the influence of ApoAl on A-beta aggregation, the
mixture was incubated with either ApoAl (2.4 uM) or morin
(0.1 mM in ethanol; Sigma) or the respective solvent control
on black 384-well plates (Greiner Bio-One, Kremsmiinster,
Austria). Fluorescence was measured at 37°C for a pe-
riod of 40 minutes every minute, with shaking in between
with the Fluostar Omega (BMG Labtech, Cary, NC, USA)
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(Ex/Em = 440/484 nm). For long-term observation, single
measurements were performed at the indicated time points.
In between, samples were kept under constant shaking
(300 rpm) at 37°C in the dark.

2.9 | Lipid extraction from mouse feces

Mice were moved to a fresh cage. After 24 hours, fecal pel-
lets were collected in the morning. Lipid extraction was done
according to Kraus et al, 2015% (modified Folch extraction).
In brief, 5 mL of saline were added to 1 g of mouse feces
and mixed with chloroform in methanol (2:1 by volume). The
suspension was centrifuged at 1000 g for 10 minutes at 21°C
and the lipid phase removed. After the liquid was evaporated,
lipid mass was calculated in weight of lipids/ total feces
weight.

210 | HDL/LDL-VLDL assay

The kit was used as recommended by the manufacturer for
the fluorometric procedure (Sigma-Aldrich). In brief, 10 pL
of serum were subjected to precipitation; subsequently 3 uL
from 10-fold dilutions were used for measurement of frac-
tion-dependent cholesterol with the Fluostar Omega (BMG
Labtech).

2.11 | Isolation of primary enteric neurons

Enteric neuron isolation was carried out with slight changes
according to Smith and Colleag.gues.33 Briefly, 2- to 3-month-
old mice were sacrificed as described before. The whole gut
was dissected, the small and the large intestine were kept
in carbogen-gassed Krebs buffer, and the caecum was dis-
carded. Each segment was rinsed with 10 mL of Krebs buffer
from each side and cut into segments of approximately 2 cm
length. The longitudinal muscle layer was peeled off with a
cotton swab and the tissue was washed by centrifugation in
1 mL of Krebs buffer three times at 350 g for 30 s at 4°C.
After centrifugation, the tissue was digested in collagenase
solution (1.3 mg/mL; Worthington, Lakewood, New York)
for 1 hour at 37°C under gentle agitation while being carbo-
gen-gassed. Afterwards, tissue homogenate was centrifuged
at 400 g for 10 minutes at 4°C, and digested with a sterile
37°C warm, 0.05% trypsin (Gibco)/ PBS solution. Digestion
was stopped by adding DMEM/F12 supplemented with 10%
FCS, 1% Glutamine and 1x Antibiotic/Antimycotic (all Life
Technologies GmbH). Cells were centrifuged at 400 g for
10 minutes at RT. After centrifugation, the cell pellet was
resuspended in neuronal medium (Neurobasal A with B-27,
2 mM L-glutamine, 1% FCS, 10 ng/mL of GDNF, and 1x

Antibiotic/Antimycotic; all Life Technologies) and filtered
through a 100 pum cell strainer (Greiner bio-one). The filtered
cells were incubated on a rotation mixer for 30 minutes at
4°C. After mixing, cells were washed with 3 mL of neuronal
medium and then centrifuged at 400 g for 10 minutes at RT.
Cells obtained from one gut were resupended in 600 pL of
neuronal medium; for a 24-well plate (Sarstedt AG & Co.
KG, Niimbrecht, Germany) 100 pL of neuron-containing
suspension were added to 750 pL of neuronal medium in
one well, coated with Poly-L-Lysine hydrobromide (PLL,
Sigma-Aldrich Chemie GmbH). After 4 days in culture ex-
periments were conducted.

212 | Cell culture

Primary enteric neurons were cultivated in neurobasal A
DMEM/F12 supplemented with 1% FCS, 1% Glutamine, 1x
B-27, 1x Antibiotic/Antimycotic (all: Life Technologies),
10 ng/mL of Glial Derived Neurotrophic Factor (Acris,
Herford, Germany) at 5% CO,, 37°C in humidified air (95%).

2.13 | Toxicity assay

About 112.5 pL of medium were pipetted into PLL coated
black glass-bottom 96-well plates and 15 pL of cell suspen-
sion (see above) were added. After an incubation period of
48 hours half of the medium was aspirated and 36.25 pL
of fresh medium were added, supplemented with either
2.5 uM A-beta,, (AnaSpec), or as control 2.5 uM scrambled
A-betay, (AnaSpec), or 0.25 uM ApoA1 (Chemicon interna-
tional) or the respective solvent control (for A-beta or scram-
bled A-beta 5 mM NH,OH in 1x PBS, for ApoAl 10 mM
NH,HCO3).

2.14 | Immunofluorescence

Enteric neurons were seeded on PLL coated coverslips in
24 well-plates. For this purpose, 100 uL of cell suspension
(see above) were added to 750 uL of neuronal medium. After
3 days of incubation 50% of cell supernatant was changed.
After 4 days of incubation, cells were washed with PBS and
incubated for 20 minutes at RT in 4% PFA solution, followed
by a second washing step. Cells were stored in 1xPBS at 4°C
until being blocked in 1x PBS supplemented with 10% FCS
for 1 hour. After blocking, cells were incubated with primary
antibody for detection of either P III-tubulin or NeuN (both
Cell Signaling Technology) in a 1:500 dilution in block-
ing solution over night at 4°C. After incubation, cells were
washed with PBS and counterstained with DAPI (10 pg/mL;
Carl Roth) for 5 minutes at RT followed by three washing
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steps with PBS. The incubation with the secondary antibody
(Life Technologies) was carried out for 1 hour followed by
three PBS washing steps. After this, microscopy of cover-
slips was carried out using the AxioVert 200M microscope
(Carl Zeiss, Oberkochen, Germany).

2.15 | Calcium influx measurement

Calcium influx was measured using the Calbryte 520-AM in-
dicator (AAT Bioquest 20651, Sunnyvale, California, USA)
as the vendor recommended. After 4 days of cultivation,
100 pL of 20 mM HEPES buffered HBSS solution contain-
ing 10 uM Calbryte 520-AM were added to 100 pL of cell
supernatant. Cells were incubated for 45 minutes at 5% CO,,
37°C, humidified air (95%) followed by a 15 minutes incuba-
tion at RT in the dark. After incubation, Calbryte 520-AM
containing supernatant was exchanged with HEPES buffered
HBSS solution and KCl was added (50 mM) resulting in cal-
cium influx. Binding of calcium to Calbryte 520AM results
in a strong fluorescence signal (485 nm excitation, 520 nm
emission).

3 | RESULTS

3.1 | Alzheimer's disease-like pathological
changes are not restricted to the brain of AD
model mice

Changes in gut properties have occasionally been described
for AD mouse models such as differences in enteric network
density or amount of trypsin in the gut lumen.*** One of
the major changes in AD pathology is the activity of the en-
zyme acetylcholinesterase (AChE) within brain tissue (for a
review see 36) which has not been investigated in gut so far
to our knowledge. We, therefore, measured the activity of
AChHE simultaneously in brain and gut tissue of the SXFAD
mouse model for AD using the Ellmans assay.29 AChE activ-
ity was reduced not only in brain homogenates of transgenic
animals compared to wild-type littermates, but also in the
small intestine of 5XFAD animals (Figure 1A). Cholinergic
transmission is an important mediator of gut propulsion in
rodents®’*® and gut transit time is widely used as an indicator
for a disturbed intestinal function.*’ Therefore, the gut transit
time of 5XFAD and wild-type mice was investigated at three
different stages: early pathological (8 weeks), advanced path-
ological (21 weeks), and late pathological (40 weeks) stage.
No difference in gut transit time of 8-week-old mice was ob-
served, but a decreased gut transit time in 21-week-old and
40-week-old 5xFAD animals as compared to their respec-
tive wild-type control (Figure 1B). Moreover, GFAP—one
of the major indicators of inflammation—likewise showed a

= 11887
FASE‘BJOURNALJ—

significant increase in the gut of aged transgenic animals as
compared to same-age littermates (Figure 1C). In sum, this
shows the state-dependent influence of the transgenes that
have been used for establishing the rodent model, on gut in
regard to different functions and physiological pathways. It
has already been shown previously, that transgenic human
amyloid precursor protein (APP) is expressed in the gut of
murine AD models.**** To confirm this for the different
pathological stages of 5XFAD mice once more, we here ana-
lyzed crude myenteric plexus preparations, collected from
small and large intestine, by Western blotting (Figure 1D): in
transgenic mice of young as well as old age, a more intense
protein band was obtained at 4 kDa which would match the
monomeric peptide and some higher protein species only vis-
ible in the samples from transgenic animals, presumably rep-
resenting oligomeric forms. However, also in the wild-type
tissue specimen signals were observed that are not expected
due to the species-selectivity of the antibody 6E10 (only
staining human-derived A-beta containing material). This
indicates that in gut tissue cross-reactivity might occur and
special caution has to be exercised with interpreting findings.
The higher protein intensity found in young transgenic ani-
mals as compared to older transgenic animals reflects what
was found before in regard to mRNA levels.

To investigate the potential time-dependent manifesta-
tion of AD hallmarks in tissue of the intestine, we ana-
lyzed the expression of 84 different genes (AD RT? Profiler
PCR Array, Qiagen), linked to this disease. Investigation
took place in four different gut segments at three differ-
ent time points in the SXFAD mouse model (Figure 1E).
As a pre-pathological stage 1-month-old mice, which
seem still not to be impaired by the transgene in the gut,35
were investigated. Although 2-month-old mice showed no
impairment in the gut transit time measurement, general
pathological hallmarks such as soluble A-beta in brain
are already detectable®® and therefore, the respective time
point was chosen as a stage for an early onset of pathology.
At 6 months of age, neuronal loss is starting in the brain of
5xFAD mice40; therefore, 8 months were chosen to repre-
sent a manifest stage in AD pathology. Most genes within
the array were expressed in gut tissue and over all, a min-
imum of 88% of the AD-linked genes fulfilled quality re-
quirements to be included in further analyzes (Figure S2).
Intuitively, a first glance was taken on the main genes as-
sociated with A-beta such as murine App, Psen, Bace, and
Mapt.41 Respective differences in gene expression could be
detected at single time points and within single tissue seg-
ments but rather inconsistent and with mostly only minor
effect size. Murine App itself and Psenl and 2 were not
changed regarding expression over all time points and gut
segments. Bacel showed only a minor change in expres-
sion in jejunum in 2-month-old 5xFAD animals as com-
pared to controls (fold regulation: 1.58). Bace2 expression
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varied greatly over all gut segments and time points. The
expression of Mapt was lower in caecum of 2-month-old
5xFAD animals as compared to controls (fold regulation:
—1.89).The fold regulation of the main genes associated
with A-beta is shown in Table S1.

3.2 | Gene expression in colon tissue is
altered in AD model mice

It has already been shown that constipation, impaction of
intestine, volvulus, and dilatation of the colon (megaco-
lon) are correlated to AD in humans.* It is of note that the
most differentially expressed gene over all age-groups was
also found in colon samples of 5xFAD animals compared to
wild-type mice: apolipoprotein Al (ApoAl; Figure 1E). For
this reason, colon was chosen for further analysis. ApoAl
displayed lower expression in 1- and 2-month-old 5xFAD
animals (Figure 2A) but interestingly higher expression in
8-month-old 5XxFAD animals as compared to wild-type ani-
mals (Figure 2B). Cyclin-dependent kinase like 1 (Cdkll),
the second most strongly affected gene, for example, was
higher expressed in 1- and 2-month-old animals as compared
to wild-type, but showed no altered expression in 8-month-
old animals (Figure 2B). As our first analysis was conducted
using pooled RNA samples, not allowing for analysis of vari-
ation, we subsequently performed measurements regarding
individual animals for the identified hits (ApoAl, Cdkll).
RNA analysis on samples obtained from single animals con-
firmed a higher expression of CdklI in 1-month-old 5xFAD
animals, but not in 2-month-old animals (Figure 2C). No
change in expression was observed in 8-month-old animals.
For ApoA, the results obtained from pooled RNA were veri-
fied for all time points. ApoAl was ~90% lower expressed in
1- and 2-month-old animals and 25 times stronger expressed
in 8-month-old animals as compared to wild-type control
(Figure 2C).

3.3 | Directinfluence of A-beta on the
expression of ApoAl

Amyloid precursor protein has been found to be present in
the intestine of animals with the Thy1-driven transgenes APP
and PS1*° and A-beta could be identified in preparations of
enteric plexus (Figure 1D). To investigate if A-beta alone is
capable of evoking changes in gene expression of CdklI and
ApoAl, primary cultures of murine enteric neurons from the
myenteric plexus of wild-type animals were treated with syn-
thetic A-betay, (for the typical mesh-like structure of these
neurons formed in vitro see Figure 3A). The neuronal charac-
ter of the cultured cells was verified via two neuronal markers,
NeuN and B-III tubulin (Tuj1), using immunohistochemistry

(Figure 3A) and Western blot (Figure S3). Enteric neurons
were treated with either monomeric or oligomeric A-beta,, or
scrambled peptide as control (for demonstration of the inabil-
ity of the scrambled, biological inactive peptide to aggregate
see Figure S4). Neither monomeric nor oligomeric A-beta
preparations influenced the expression of ApoAl or Cdkll
after 24 hours of incubation (Figure 3B). Since acute A-beta-
treatment had no effect on mRNA levels, Cdkll and ApoAl
expression was compared between enteric neurons derived
from 5xFAD animals and wild-type animals. Thereby, the
analyzed enteric neurons were obtained from a situation with
persistent exposure to the transgene. The expression of Cdkll
showed no change between groups. However, ApoAl level
was significantly increased in neurons from 5xFAD mice to
~187% of control (Figure 3C). Both results reflect the obser-
vations for gene expression in the 8-month-old animals.

To verify that the changes seen on ApoAl mRNA level are
also present on protein level, Western blot experiments were
conducted. ApoAl protein level was analyzed in colon-ho-
mogenates in all three different age-groups. In 1-month-old
5xFAD mice, ApoAl was reduced to ~40% of the protein
level of wild-type animals. In 2-month-old 5XFAD animals
protein level of ApoA1 was reduced to ~75% of wild-type an-
imals while in 8-month-old animals protein level of ApoAl
was increased to ~142% (Figure 3D). This does not directly
reflect effect sizes of mRNA levels, but direction of effect
was consistent with our observations regarding mRNA. The
main sources for ApoA1 production are intestine and liver. To
ascertain that the observed elevation is not based on effects in
liver and subsequent transport via blood stream, ApoAl lev-
els in liver of 1-month-old mice were assessed: no significant
change could be observed when comparing transgenic and
wild-type animals (furthest graph on the right and respective
Western blot picture in Figure 3D).

The transcription factors FOXA2 and ARP-1 have been
identified as majorly regulating ApoAl expression.“’44
We, therefore, assessed expression of both within colonic
mRNA samples of 1-month-old and 8-month-old mice.
While Arp-1 occurred unaltered when comparing wild-
type and 5XFAD mice (Figure S5), FOXA2 was reduced to
about 50% of wild-type level in young animals. Old 5xFAD
animals revealed elevated mRNA level of about three times
higher as their respective wild-type controls (Figure 3E);
however, this did not reach statistical significance (P = .09).
Since both, ApoAl and FOXA2 are main regulators of
lipid homeostasis*** relevance of our findings for sys-
temic lipid excretion was analyzed (Figure 3F). 5xFAD an-
imals showed a decrease in fecal lipids of ~30% (4.35 mg/g
feces) in the young cohort, while in the old cohort the lipids
were increased by ~30% (5.33 mg/g feces) in comparison
to wild-type controls (wild-type young: 6.13 mg/g feces
and wild-type old: 4.23 mg/g feces). This was accompa-
nied by an increase of total cholesterol in serum in the
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young transgenic mice, while the older animals showed a
decrease as compared to wild-type littermates (Figure 3G).
An elevated amount of ApoAl should in consequence also
result in elevated amounts of HDL-cholesterol as ApoAl is
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the main protein moiety of HDL: although the results did
not reach statistical significance, a tendency of increased
HDL-cholesterol and a decrease of LDL/VLDL-cholesterol
could be observed in the old animals.

B
( )400-
=R = * kK * O wt
m s EX] T T B 5:FAD

2 -

£

= 200

[}

c

s

+ 100

o

0
8 weeks 21 weeks 40 weeks
(D) 4 weeks 40 weeks
2007 = kDa wt S5xFAD wt SxFAD
*
El 5xFAD 4
1504 50
1004 —= == 36 *
504 -
0 14
8 weeks 40 weeks
4 | — < A-beta
36 s— st <-GAPDH
Jejunum Caecum Colon

-3 -2 =1 0

1

s X
7 3 2 1 0 4 3 2 -1 0

Upregulated @ Unchanged @ Downregulated

Log10 (Normalized Expression wt)



11890 - STOYE .
—I_FASEBJOURNAL oA

FIGURE 1 Neuronally expressed FAD transgenes (APP/PS1) induce major changes in the gut of Alzheimer's disease model mice. A, Activity
of acetylcholinesterase was measured in tissue samples of whole brain and small intestine in 5XFAD and wild-type animals about 40 weeks of

age. Values are presented as mean + SEM in % of values obtained from wild-type. Statistical analysis: Unpaired Student's # test (**P < .01;

*P <.05;n > 5). B, Gut transit time (GTT) was monitored using an orally applied stain inert to resorption in animals at three different ages (8,

21, and 40 weeks; males and females evenly matched in every group). Values are presented in minutes (mean + SEM). Statistical analysis: One-
Way ANOVA with Bonferroni's multiple comparisons test (**P < .01; *P < .05; n > 7). C, Analysis of GFAP expression in colonic tissue was
conducted by Western blotting with homogenates from mice aged 8 or 40 weeks. Values have been normalized on GAPDH-dependent signal

and are presented as mean + SEM. Statistical analysis: One-Way ANOVA with Tukey's multiple comparisons test (¥*P < .05; n = 7 for 8 weeks,

n = 5 for 40 weeks). D, Detection of A-beta in crude myenteric plexus preparations was performed by Western blotting. An exemplary picture

of A-beta- and GAPDH-signal from the respective samples is shown. In addition to specific signals (A-beta monomers and oligomeric forms,
labeled by an asterisk) also unspecific signals were obtained (#), which might be based on the “mouse-on-mouse” incubation with antibody 6E10.
E, Investigation of 84 Alzheimer's disease-relevant gene products in four different gut sections at three different ages was carried out with pooled
RNA of 5xFAD or wild-type animals (three different male donors each). Dashed lines indicate borders set to identify upregulated (yellow),
downregulated (red), and unchanged (black) gene expression. Borders were defined using the variation in expression of at least three housekeeping
genes. The grey circle marks the most prominent differently expressed gene product, observed at all three stages of age (ApoAT)

In our initial screening (Figure 2), also Abcal was identi- or if its receptor might contribute to it, we finally analyzed
fied as being differentially regulated in the transgenic animals Abcal expression in colon tissue as well. With 1 month of
at early stages in the gut as compared to wild-type controls. age Abcal expression was not affected by the FAD trans-

Abcal acts as a receptor for ApoA1 and has also been shown genes; however, with 2 months of age a significant increase
to regulate its 11pidattion.47’48 To proof, if the observed effects was observed (Figure 3H). In the oldest mice investigated,
on lipid excretion solely are based on altered Apoal amount expression levels returned to wild-type levels.
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FIGURE 2 Colon shows an altered mRNA expression of AD-relevant genes. A and B, Up- and downregulated genes of animals were
analyzed in three different age groups in colonic tissue. Analysis of downregulated genes is shown in A, upregulated genes in B. ApoAI showed
the strongest downregulation in 1- and 2-month-old animals and the most upregulation in 8-month-old animals. CdklI showed the strongest
upregulation in 1- and 2-month-old animals; both are marked in grey. C, For improvement of statistical validity of the experiments, mRNA

of additional animals was used for single qRT-PCR reactions. Values are normalized to three different housekeeping genes and are shown as
mean + SEM in % of values obtained from wild-type animals (statistical analysis: Mann-Whitney test; **P < .01; *P < .05; n > 6 animals for 1
and 2 months; n > 3 animals for 8§ months)
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ApoAl interacts with A-beta

To further illuminate the role of ApoA1l in AD-like pathology,
the potential effect of ApoAl on typical pathological pro-

cesses was investigated. A-beta monomers have been shown
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to be neurotoxic.* They are the predominant amyloid species
synthesized by neurons™’ and since between monomeric and
oligomeric A-beta there was no difference observed in modu-
lating ApoAl expression, all further experiments were con-
ducted with monomeric A-beta. To demonstrate that ApoAl
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FIGURE 3 ApoAl expression in enteric neurons is modulated due to chronic overexpression. A, Phase contrast image of cultured enteric
neurons grown in typical mesh-like structure. Immunostaining of enteric neurons with neurospecificity markers NeuN and p-III tubulin (Tujl) in
red and DAPI as nuclei counterstain in blue, was carried out. B, Expression of CdklI and ApoAI was investigated in cultured enteric neurons of
wild-type animals. Cells were treated with 2.5 uM monomeric or oligomeric A-beta or scrambled peptide (Sc control) for 24 hours and expression
was compared between groups using qRT-PCR. C, In addition, gene expression was assessed by analyzing Cdkil and ApoAl in enteric neurons of
5xFAD as compared to wild-type animals. Values are presented as mean + SD in % of values obtained from control. Statistical analysis: Unpaired
Student's ¢ test (*P < .05; n > 4 different donor animals). D, ApoA1 protein amount was evaluated using densitometric analysis of Western blot
images. Values obtained for ApoAl were normalized to values obtained for Actin. Statistical analysis: Unpaired Student's ¢ test (¥*P < .05;n > 4
donor animals per group). E, Gene expression of FoxA2 was investigated in colonic tissue of 5XFAD and wild-type mice. Values are normalized
to the housekeeping gene Actin and are shown as mean + SEM in % of values obtained from wild-type animals (statistical analysis: Unpaired
Student's ¢ test; *P < .05; n = 4-8 for old and n = 5 for young animals per group). F, Lipid content in feces was measured for 5XFAD mice and their
respective littermates and obtained values were normalized to total weight of feces. Statistical analysis: Unpaired Student's 7 test (*P < .05;n > 7
for young and n = 4 for old animals per group). G, Total cholesterol, HDL- and LDL/VLDL-cholesterol were determined by a fluorometric assay
using serum samples. Statistical analysis was performed by One-Way ANOVA with Fisher LSD post-test (*P < .05; n = 4-5 per group). H, Abcal
mRNA level was determined in colon-derived RNA and normalized to Actin mRNA levels. Mean + SEM are shown in % of results for wild-type

animals (statistical analysis: One-Way ANOVA with Sidak's multiple comparison test; *P < .05; n = 4-5 per group)

possesses the property to bind A-beta peptides and modulate
A-beta aggregation, ApoAl and A-beta were co-incubated
and aggregation products analyzed on a native PAA-gel. Ata
molar ratio of 1:10, ApoAl and A-beta formed high molecu-
lar weight aggregates, while incubation of A-beta or ApoAl
alone with the respective solvent only resulted in protein
bands in the low molecular range (Figure 4A). Incubation
with BSA did not result in formation of protein aggregates
indicating specificity of the interaction between A-beta and
ApoAl. This confirms earlier findings of Paula-Lima, et al’!
who were able to show a formation of high protein aggre-
gates if ApoAl and A-beta were incubated at specific molec-
ular ratio. To further investigate the influence of ApoAl on
A-beta aggregation, we conducted fluorescence-based aggre-
gation assays by incubating A-beta and ApoAl in the pres-
ence of Thioflavin T (Figure 4B). Incubation of A-beta with
solvent control showed an increase of A-beta aggregation
over 40 minutes as expected. Formation of A-beta aggregates
could be inhibited by co-incubation with the aggregation
inhibitor morin®" while ApoAl alone showed no increase
of fluorescence signal over time. Incubation of ApoAl and
A-beta (molecular ratio of 1:10) resulted in an accelerated
aggregation (Figure 4C) which also persisted up to 4 d after
starting the co-incubation (Figure 4D).

3.5 | Enteric neurons derived from 5xFAD
mice show changes in calcium homeostasis and
cell viability, reversible by ApoA1l

To investigate, if the effect of ApoAl on aggregation in-
fluences the neurotoxic effect of A-beta, enteric neurons
of wild-type mice were treated with either 2.5 uM A-beta,
0.25 uM ApoAl or A-beta and ApoAl together for 24 hours
and cell viability was measured (Figure 5A). Treatment of
enteric neurons with A-beta alone resulted in a decrease
of cell viability of ~13%. Incubation of cells with ApoAl

showed no influence on cell viability, while co-incubation of
enteric neurons with ApoAl and A-beta lead to an elimina-
tion of A-beta-induced neurotoxic effects. To evaluate if the
beneficial effect of ApoAl was still existent in enteric neu-
rons exposed chronically to the transgene, enteric neurons
prepared from 5XxFAD animals were treated with ApoAl.
These neurons showed a ~19% higher viability than solvent-
treated cells (Figure 5B), demonstrating that ApoAl's ben-
eficial effect on cell viability is not restricted to acute A-beta
exposure. Similar experiments conducted in the neuroblas-
toma cell line SH-SYS5Y revealed that viability was compa-
rably restored, when cells were incubated with A-beta in the
presence of ApoAl (A-beta/ApoAl-treated cells: 101% of
control, for comparison of A-beta vs A-beta/ApoAl-treated
cells: P =.0002, data not shown).

A-beta and Presenilin are known to modulate calcium-ho-
meostasis and -signaling of neuronal cells.*>*>* For that
reason, KCl-induced calcium influx was measured in enteric
neurons of SXFAD animals and their respective wild-type lit-
termates (for an exemplary picture see Figure S6). Enteric
neurons of transgenic animals showed a much stronger flu-
orescent signal increase than their wild-type littermates
confirming hyper-activity of calcium signaling (Figure 5C).
Incubation of these hyperactive enteric neurons with ApoAl
resulted in a ~28% decrease as compared to the solvent
treated control (Figure 5D), which indicates that ApoAl can
at least partially restore calcium homeostasis.

4 | DISCUSSION

Although AD is mainly still seen as a neuronal disease of
the brain, the gut gains more and more attention in this field
of research. In this study we investigated the gut with its en-
teric nervous system regarding its role in AD. We were able
to show a decrease in acetylcholinesterase activity in whole
brain homogenates of SXFAD mice, which is also observed
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FIGURE 4 Interaction of ApoAl and A-beta in vitro. A, ApoAl was incubated with either BSA, human A-beta, or solvent for 24 hours at
37°C and loaded on a native PAA-gel. A couple of protein bands visualized at the same height as the BSA bands occurs in the lane where only
A-beta has been subjected to. As these bands also are present in lanes where scrambled A-beta, which is not prone to aggregation, is run (data not
shown), we assume that this is not aggregated peptide but material due to the purification process of the vendor (AnaSpec). B, To investigate a
potential effect on A-beta aggregation, Thioflavin T was added to the indicated combination. Morin—an aggregation inhibitor—served as control.
The respective slope of the fluorescent signal was calculated (C). Values are presented as mean + SD (values obtained from A-beta without
additives set to 100%). The experiment was conducted three times independently. Statistical analysis: One-Way ANOVA with Bonferroni's
multiple comparisons test (¥**P < .001; n > 5). D, For long-term effect of ApoAl in the co-incubation experiment, single measurements

were conducted at = 0 and 7 = 40 minutes as well as after 1 and 4 days. In between the measurements, samples were incubated at 37°C under
constant shaking. Values are presented as mean + SD (n = 4). Statistical analysis: Two-Way ANOVA Dunnett's multiple comparisons test (only
comparisons between A-beta and A-beta/ApoAl are shown; ***P < .001; **P < .01)
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in brain homogenates of AD patients.”®>>® More interest-
ingly, we could also demonstrate the decrease of AChE in the
small intestine of 5XFAD mice, which confirmed the impact
of AD on the enteric nervous system since this enzyme is
mandatory for the acetylcholine-mediated signal transmis-
sion in the ENS.?”% This reduction might be of value for AD
diagnosis since intestine biopsies are conducted on a regular
basis for cancer screening in the elderly and might offer the
possibility to study AChE levels of the enteric nervous sys-
tem in people at risk.%! To investigate if there is impairment
in gut function and if this disease-driven change may already
be recognizable at an early stage in disease progression, we
analyzed the gut transit time (GTT). This motility test is the
most basic tool used to assess disorders of the gut
already been linked to psychiatric disorders such as anxiety
and depression.63 GTT was changed at an age of 21 weeks
in 5XFAD animals: at that time point mice display cortex-
dependent learning memory stabilization impairments but
no restriction in short-term memory (starting at 6 months of
age).64 Forty-week-old mice with severe AD-like pathology
also displayed reduced gut transit time, indicating that the
gut function is changed during the progression of the disease
in 5XFAD animals. The microbiome is responsible for the
digestion of dietary fibers to mainly short chain fatty acids
(SCFAs).% These SCFA have multiple effects and are able
to modulate enteric neuron properties (eg, butyrate interacts
with the cholinergic system of the gut) which results, for ex-
ample, in gut motility enhancement.*’ It has been shown,
that the gut microbiome composition of S5XFAD mice differs
from that of wild-type littermates,’® and therefore might
play an important role in modifying gut motility. It should be
noted that an altered gut transit time is of major importance
for further investigations of fecal microbiota in 5XFAD ani-
mals, since faster transit time itself has an impact on micro-
biota composition of the feces.”’

The effect of an altered gut transit time and the reduced
AChE activity in the gut underline the interplay of the in-
testine and AD-like pathology. In this study we investigated
the gut with its ENS regarding expression of 84 AD-related
gene products in the 5XFAD mouse model. We found ApoA 1
as the most differentially expressed gene product over all in-
vestigated gut segments of this animal model. ApoAl is a
28 kDa lipoprotein synthesized mainly by the liver and the
intestine.**" Literature is not fully consistent regarding the
role ApoAl might have in AD: several reports show a de-
creased level in serum and plasma of patients with A
or even years before onset of AD.”? However, there are also
reports describing unaltered levels in brain parenchyma or
even lowered levels in serum.”*"> In addition, functional im-
pact is not clear: the level of plasma ApoA1 was, for example,
not found to correlate with cognitive function at baseline or

71,72
D,

with risk of dementia during follow-up in a case-cohort study
nested within the Ginkgo Evaluation of Memory Study76
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FIGURE 5 ApoAl has an impact on cell viability of enteric
neurons and plays a role in calcium signaling pathways. A, Enteric
neurons of wild-type animals were treated with A-beta, ApoAl

or a combination of both. Scrambled A-beta served as a control.

After 24 hours of incubation, cell viability was assessed. Values are
shown as mean + SD in % values of Sc control. The experiment was
conducted with five donor animals. Statistical analysis: One-Way
ANOVA with Bonferroni's multiple comparisons test (***P < .001;
*#*P < .01; n > 12). B, Enteric neurons prepared from 5xFAD mice
were incubated with ApoA1l (0.25 uM, 24 hours) as described before
and cell viability was assessed. Four independent experiments with
four different donor mice were conducted. Statistical analysis:
Unpaired Student's ¢ test (¥***P < .001; n > 19). C, Calcium

influx in wild-type and 5SXFAD enteric neurons was measured by

a calcium-dependent fluorescence dye and slope of the signal was
calculated. Values are expressed as % values obtained for wild-type.
The experiment was carried out five times with five donor animals.
Statistical analysis: Unpaired Student's ¢ test (***P < .001; n > 21). D,
Enteric neurons of 5XFAD animals were treated with 0.25 uM ApoAl
for 24 hours. Calcium influx was measured and slope calculated.
Values are shown as mean + SD in % of values of control obtained in
three independent experiments. Statistical analysis: Unpaired Student's
ttest (P <.05;n > 16)

while another earlier study concludes, patients with high con-
centration of ApoAl in serum have a lower risk to suffer from
AD later in life.”” In addition, changes in ApoA1l CSF level
might even report on general degenerative processes and not
specifically on AD-related changes as this protein in CSF
was—in our hands—not able to discriminate between a small
panel of non-AD and AD-demented individuals.”®

Here, we were able to demonstrate lower expression of
ApoAl and reduced protein content in colon tissue of SXFAD
at a pre- and early pathological state while liver was not af-
fected. Investigations in APP/PS1A9 mouse model for AD
showed that a deficiency in ApoAl increases cognitive defi-
cits due to higher A-beta levels in the vascular system,79
whereas overexpression of ApoAl was able to preserve
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cognitive function® in APP/PS1 mice. Additionally, it has
been demonstrated in mouse models of AD that intrave-
nous treatment with ApoAl reduced cerebral deposition of
A-beta.®! Recently, an investigation of ApoAl deficiency in
APP/PS1 AD model mice revealed increased total and vascu-
lar A-beta deposition as well as astrocytosis in comparison to
hemizygous controls.®” This suggests that ApoAl-containing
HDL can reduce amyloid-driven pathology and astrocyte re-
activity. This effect might be due to ApoAls ability to bind
A-beta and accelerate the formation of higher molecular ag-
gregates which are not neurotoxic.*** While earlier reports
described an inhibition of A-beta,, aggregation by ApoA1®
Paula-Lima and colleagues showed that a different effect oc-
curs in dependency from stoichiometric ratios®': at low molar
ratio of ApoAl (20:1 A-beta: ApoAl) ThT-evoked signal
was reduced in an in vitro aggregation assay. However, at
higher ratio (2:1 A-beta: ApoAl molar ratio) shorter, cur-
vilinear and thinner structures were built and ThT binding
was increased. In our experiment, where we used a 10:1 ratio,
ApoAl likewise increased the ThT signal in comparison to
samples only containing A-beta and this remained stable for
4 days. Consistent with this finding, ApoA1 used in the same
molar ratio was able to neutralize A-beta—induced neurotoxic
effects within enteric neuron primary cultures. Moreover,
ApoAl seems to reverse already existing neurotoxic effects
induced in enteric neurons of SXFAD animals.

Interestingly, we found the inverse effect of ApoAl pro-
tein content and gene expression at the late pathological state
of 5xFAD animals. The 5xFAD animal model is a rapid
model with fast development of pathology. Eight-month-
old animals display a severe pathological state with neuro-
nal loss, cognitive impairment, and inflammation which
are not observed in 2-month- or 1-month-old animals.?*3¢
Therefore, levels of ApoA1l might be increased as part of an
inflammatory response since ApoAl possesses anti-inflam-
matory propertiesS7'92 which would also fit our observation
of elevated GFAP in the colon of aged transgenic animals.
Additionally, this elevation may contribute to neuronal re-
generation which is continuously taking place in the enteric
nervous system.93 Like this late phase of AD, the second-
ary phase of traumatic CNS injury also is characterized by
neuronal loss and inflammation and has even been associ-
ated with AD.*** Sengupta et al” were able to show an in-
crease of ApoAl in serum of patients in the secondary phase
of traumatic spinal cord injury. Moreover, a similar effect
has been observed in scratch-wounded neuroblastoma cells:
while ApoAl decreased immediately after the injury, lat-
er-on it increased, which was interpreted as a self-protecting
mechanism of the injured system.”” While the neuronal cell
line showed this behavior due to acute injury within hours,
it is plausible that in the more complex mouse model such
regulations occur in a slower time frame over months. An
increased ApoAl expression was also observed in cultured
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enteric neurons of 5XFAD animals when compared to wild-
type animals. The fact that ApoA1 expression is not altered in
enteric neurons exposed 24 hours to the recombinant peptide,
but in neurons of transgenic animals, indicates that A-beta
is not acting on transcription of ApoAl directly. However,
FoxA2 was shown to mirror the expression level of ApoAl
in 5XFAD mice: in young mice of 1 month of age it was de-
creased, while it increased in aged mice. FOXA?2 is a major
regulator of glucose and lipid metabolism.'® Interestingly,
it also has been described to be elevated in iPSC-based AD
cellular models.** In midbrain, FOXA2 mediates important
function in development and maintenance of murine dopa-
minergic neurons.'*"1% Ag dopaminergic neurons have been
shown to strongly affect gut transit time,'® disturbed FOXA2
homeostasis at later age in SXFAD mice might also be the
underlying mechanism for the here observed increased pro-
pulsion. For cholinergic transmission a direct link between
FOXA2 and neuronal activity in the gut has not been de-
scribed yet. However, FOXA?2 has been identified as a regu-
lator of a5 nicotinic acetylcholine receptor subunit in murine
lung organog.genesis104 and this subunit has been shown to sta-
bilize functional nicotinic receptors in at least non-neuronal
tissues.'” While o5 subunit was demonstrated in colonic ep-
ithelium of mice and its absence found to increase severity of
experimental colitis in knock-out mice,'” no data regarding
enteric neurons are provided so far. Therefore, we cannot un-
doubtedly conclude that the elevated expression of FoxA2 di-
rectly resulted in the observed faster gut transition via higher
activity level of cholinergic neurons.

Nevertheless, faster transit time can directly explain a
lower resorption and thereby higher fecal excretion of lip-
ids.""” This is exactly what we found in aged model mice and
which might vice versa act on FoxA2/ApoAl expression. How
the FAD transgenes start this vicious cycle was not resolved
so far, however, it is interesting that decreased level of do-
paminergic neurotransmitters and dopamine receptors in the
CNS have been associated with AD progression.'® If this is
also the case for enteric neurons in AD model mice and pa-
tients has to be elucidated in the future. Besides Apoal, also
Abcal was found to be differentially regulated at 2 months
of age in colonic tissue from the 5XFAD mouse model. Its
pronounced increase might directly be the consequence of
ApoAl reduction observed at early age as ApoAl deficiency
leads to disturbed cholesterol efflux besides deterioration of
other important cellular functions'®”
cumulation has been shown to induce Abcal expression via
LXR. 10111

How A-beta mediates neurotoxicity is still discussed:
it is assumed that amyloid proteins form ion channel
pores which disrupt the cellular ion homeostasis.' 11
Especially calcium permeable channels are formed in
membranes resulting in an increase in intracellular calcium
concentration.''> ' This increase in calcium uptake was

: excess cholesterol ac-



STOYE ET AL.

2% | EASEB i

also observed in enteric neurons of SXFAD animals, pos-
sibly explaining the neurotoxic effect mediated by A-beta.
ApoAl was significantly reducing calcium uptake of en-
teric neurons which might explain its neuroprotective ef-
fect. Additionally, ApoAl has been found to be a ligand
of the triggering receptor expressed on myeloid cells 2
(TREM2),""® which loss leads to exacerbated functional
decline of neurons in 5XFAD animals.'"’

In summary, we here widen the view on AD as a systemic
disease where first molecular changes might not be found in
brain but in peripheral tissue such as the gut. While dysfunc-
tion of the intestine in PD is a common comorbidity, only
within the last years reports on AD mouse models but also
patients describe changes in the tissue itself and also in the
commensal microbial community. Why these occur is still
enigmatic. With our finding that changing ApoAl levels ac-
company disease development and thereby evoke changes in
enteral lipid excretion, we might contribute to further under-
standing of this phenomenon. In human brain, evidence for
significant ApoAl mRNA levels is described not to be found
and it is assumed that ApoA1 may enter CSF via the choroid
plexus.lzo'122 Therefore, intestinal ApoA1l production might
directly affect the brain. Future investigations have to deci-
pher if our findings from the mouse model also hold true for
human patients and if this might open up new avenues for
diagnostics.
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