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Abstract

Evidence suggests that changes in intestinal microbiota may not only influence gastrointestinal
function but also affect the central nervous system (CNS). However, it is unclear whether
alteration of the intestinal microbiota affects progression or inflammatory aspects of Alzheimer’s
disease (AD), one of the most common dementing neurodegenerative diseases. To understand the
relationship of gut intestinal microbiota with AD pathology, wild type control (C57BL/6) mice
were compared to a mouse line that has the human A sequence knocked into the mouse APP
gene (AppVL-GF). In addition, we used probiotics to manipulate the gut microbiota of these
animals. Fecal samples were collected to examine the overall diversity in intestinal microbiota. To
study brain and intestinal inflammation, biochemical and histological analyses were performed.
Altered metabolic pathways that could be associated with AD or the probiotic-mediated changes
were examined by quantifying eicosanoid and bile acid profiles in brain and serum using ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). We observed
that brain pathology was associated with intestinal dyshiosis and increased intestinal inflammation
and leakiness in the AgpVL-G- mice. However, modulating gut bacteria using probiotics
significantly decreased intestinal inflammation and gut permeability with minimal effect on plaque
deposition, cytokine levels, or gliosis in the brain. Mass spectrometry data revealed altered levels
of several bile acids and prostaglandins in serum as well as in brain due to AD or probiotic
supplementation. Our study characterizes intestinal dysfunction in an Alzheimer’s disease mouse
model and the potential of probiotic intervention to ameliorate this condition.
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Introduction

The importance of the intestinal microbiome in health and disease has been documented
with involvement in metabolism, nutrient absorption, immunomodulation, and numerous
other physiologic functions (Guinane and Cotter, 2013; Jandhyala et al., 2015; Kau et al.,
2011). The gut microbiota is comprised of microorganism species that live in the
gastrointestinal tract and is the largest reservoir of microbes in the human body, containing
about 10 microbes (Sender et al., 2016). It has been demonstrated that the microbiome is
quite stable in healthy adults. However, it can be influenced by long term stimuli such as
changes in diet, physical activity, illness/infection, or drug therapies like antibiotic treatment
(Gerber, 2014). Dysbiosis or alteration in the composition of gut microbiota has been related
to an increasing number of intestinal and extra-intestinal diseases including irritable bowel
syndrome (IBS), celiac disease, allergy, asthma, metabolic syndrome, cardiovascular
disease, and obesity (Carding et al., 2015). There is emerging evidence that changes in
intestinal bacterial composition can affect a wide range of neurological and
neurodevelopmental conditions including autism (Finegold et al., 2010), depression
(Evrensel and Ceylan, 2015), schizophrenia (Nguyen et al., 2018), and multiple sclerosis
(Chen et al., 2016) through a gut-brain axis. However, a functional link between gut bacteria
and neurodegenerative diseases such as Alzheimer’s disease (AD) remains less explored.

AD is a common form of age-related dementia with incidence approaching 30% in people
over the age of 85 and is considered one of the major causes of death in the elderly (Lopez et
al., 2013; Qiu and Fratiglioni, 2018). A neuropathological hallmark of Alzheimer’s disease
is accumulation of amyloid plaques in the brain which are known to be associated with
elevated levels of inflammatory mediators (Morales et al., 2014). Although AD is commonly
considered a central nervous system disease, there is evidence that peripheral organs may be
affected (Aderem and Underhill, 1999; Adriani et al., 2014; Joachim et al., 1989; Puig et al.,
2015; Semar et al., 2013). Indeed, our recent work in both a transgenic mouse model of AD
and human AD colons demonstrated increased B-amyloid (AB) immunoreactivity and
phospho-tau changes not unlike changes that occur in the brain (Puig et al., 2015). This
suggests that the enteric nervous system, in addition to the central nervous system, may be
affected during disease supporting a gut-brain axis pathophysiology.

In support of this idea, there has been growing interest in understanding how alterations in
the gut microbiota can be associated with memory impairment and onset of Alzheimer
disease (Austin and Combs, 2010; Pistollato et al., 2016; Wu et al., 2017). A recent study by
Harach et al., using APP/PS1 transgenic mice indicated microbial involvement in the
development of AP pathology (Harach et al., 2017). Other studies also suggest an
association between differential microbial composition and AD pathology (Balin et al.,
2008; Dinan et al., 2015; Vogt et al., 2017). Additionally, a probiotic, Lactobacillus
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plantarum, has been documented to be beneficial in a rat model of AD by restoring
acetylcholine levels and ameliorating cognitive deficits (Nimgampalle and Kuna, 2017).
Probiotics Bifidobacterium longum and Lactobacillus acidophilus, in combination with
exercise, decreases the number and area of amyloid plaques in the hippocampus of an AD
mouse model (Arai et al., 1991). A positive effect of probiotic consumption on improvement
in some oxidative stress and inflammatory markers has been observed in AD patients
supporting a gut-brain communication during disease (Akbari et al., 2016). However, others
report that modifying gut bacteria in humans with probiotic supplementation provided no
change in cognitive functions or inflammation in severe AD patients (Arendash et al., 2001).

These studies indicate that changes in intestinal microbiota may have effects on the brain to
influence disease progression. However, there has been little work done to determine
whether there exists an intestinal pathophysiology in AD and, if so, how changes in
microbiome may be contributing to or attenuating this aspect of the disease. Therefore, this
study was conducted to ask the straightforward question of whether AD manifests with
intestinal presentation using the Ap’VL-G-F mouse model of disease. In the AppNL-G+
mouse model, APP is not overexpressed but levels of pathogenic AP are elevated due to the
combined effects of three mutations (Swedish “NL”, the Iberian “F”, and the Arctic “G”
mutations) associated with familial AD (Saito et al., 2014). As expected, we observed a
robust, disease-associated increase in intestinal inflammatory state and permeability. In order
to investigate whether the observed dysfunctions were due to intestinal dysbiosis, we
quantified fecal bacterial composition, bile acid, and prostaglandin profiles in diseased mice
and assessed any changes in intestinal phenotype following supplementation with the
probiotic medical food mixture, VSL#3. VSL#3 is a commercially available probiotic
cocktail, consisting of eight strains of lactic acid-producing bacteria. As predicted, probiotic
supplementation improved intestinal dysfunction. However, the benefits were surprisingly
limited to the intestines with little effect on Ap plaque load or gliosis. This supports a
compelling premise that dysbiosis-mediated intestinal dysfunction is a significant
manifestation of disease outside of the brain. More importantly, our findings indicate that a
gut-targeted probiotic feeding intervention can provide significant benefits towards intestinal
aspects of disease that do not communicate effectively to the brain. This suggests increased
complexity of the mechanisms of gut-brain communication during disease.

Materials and Methods

2.1 Animals

AppVE-G-F mice were obtained from Dr. Takaomi C. Saido, Laboratory for Proteolytic
Neuroscience, RIKEN Center for Brain Science, Japan. APP is not overexpressed in
AppNE-G-F mice but levels of pathogenic Ap are elevated due to effects from three mutations
associated with familial AD. Specifically, an APP construct containing a humanized AB
region, includes the Swedish “NL", the Iberian “F”, and the Arctic “G” mutations was used
(Saito et al., 2014). This model was selected to avoid potential artifacts introduced by APP
over-expression. Thirty App’Vt-G+ and 30 C57BL/6 (wild type) control female mice in total
were used at 6-8 months of age. From this pool of 30, different numbers of mice were used
for each analysis as described in each figure legend. Our earlier work with Apg’VL-GF line
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demonstrated similar A deposition and gliosis across sex with a more robust behavior
phenotype in females (Manocha et al., 2019). Based upon this, we elected to use female
mice in the initial study but recognize that future work requires a comparison of probiotic
effects on both male and female mice. We elected to use the App’VL-G-F mice at 6-8 months
of age simply to select a time when extensive plaque deposition and gliosis occurred to
provide a high background for any ameliorative benefits the probiotic might provide. These
mice develop plaques at the age of 2 months with saturation around 7 months (Saito et al.,
2014). Our C57BL/6 mice were from an in-house colony originally obtained from Jackson
Laboratories. Upon receiving the AppVL-C-F mice they were bred with the in-house
C57BL/6 mice but were ultimately maintained as a homozygous colony. Therefore, although
both lines are from established in-house homozygous colonies, they were not littermate
controls. Although internal reports from Jackson Laboratories indicates little substrain
differences between C57BL/6J and C57BL/6N mice regarding fecal microbial structure
there are significant differences across vendors (https://www.jax.org/news-and-insights/jax-
blog/2019/august/microbiome-stability). However, as expected from prior work, we
anticipate that recognized institutional drift in fecal microbiome composition will have
normalized the AppVL-GF to the wild type mice to our husbandry conditions (Montonye et
al., 2018). Animal use was approved by the University of North Dakota Institutional Animal
Care and Use Committee (IACUC) protocol. The animals were provided food and water ad
libitum and housed with a 12-h light/dark cycle.

2.2 Animal groups and probiotic (VSL#3) dosing

Animals were randomly assigned into four groups: 1) wild type supplemented with vehicle
(WT Veh), 2) wild type supplemented with VSL#3 (WT VSL), 3) Ago™VL-GF supplemented
with vehicle (AppNE-GF veh), and 4) AppVL-GF supplemented with VSL#3 (AppVL-GF
VSL#3) and were fed normal pelleted Envigo-Harlan Teklad 22/5 rodent diet, 8640. The
vehicle used was MediGel® (Clear H,0, Portland, ME, USA), and VSL#3 was dissolved in
the vehicle and administered to animals daily at estimated mean water consumption at 5
mL/25g mouse/day. The treatment was given for eight weeks and the dose of probiotic
VSL#3 (0.32 x 10° CFU bacteria/25g mice) was calculated based on the body surface area
normalization method from the recommended human dose of VSL#3 (Chan et al., 2016;
Reagan-Shaw et al., 2008). As per the manufacturer recommendation, human colonization
takes place in 2-3 weeks and we elected a longer time period of 8 weeks based upon known
resistance of mice to probiotic colonization (Zmora et al., 2018). VSL#3 is a commercially
available probiotic cocktail (Leadiant Biosciences, Inc., Gaithersburg, MD, USA) of eight
strains of lactic acid-producing bacteria: Lactobacillus plantarum, Lactobacillus delbrueckii
subsp. Bulgaricus, Lactobacillus paracasei, Lactobacillus acidophilus, Bifidobacterium
breve, Bifidobacterium longum, Bifidobacterium infantis, and Streptococcus salivarius
subsp. Thermophilus. VSL#3 is a well-known medical food that has been shown to improve
disease symptoms in the treatment of ulcerative colitis and pouchitis, an inflammation of the
ileal pouch in colectomy patients, liver cirrhosis and hepatic encephalopathy (Dhiman et al.,
2014; Tursi et al., 2010).
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2.3 Antibodies and reagents

FITC-dextran (MilliporeSigma, Burlington, MA, USA), ELISA kits for TNF-a, IL-1p,
IL-10, and lipocalin were purchased from R&D Systems (Minneapolis, MN, USA).
Antibodies against GFAP, Ap, BACE-1, and PSD-95 were purchased from Cell Signaling
Technology Inc. (Danvers, MA, USA). Anti-synaptophysin, anti-synapsin 1, anti-cFos, and
anti-COX-2 antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-lba-1
antibody was purchased from Wako Chemicals USA, Inc. (Richmond, VA, USA). iNOS
antibody was purchased from BD, Biosciences (San Jose, CA, USA). Anti-GAPDH, a-
tubulin antibodies and horseradish peroxidase-conjugated secondary antibodies (goat anti-
mouse IgM, goat anti-mouse 1gG, goat anti-rabbit, goat anti-rat, bovine anti-goat and bovine
anti-mouse were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Elite
Vectastain ABC reagents, Vector VIP, biotinylated anti-rabbit, and anti-mouse antibodies
were purchased from Vector Laboratories Inc (Burlingame, CA, USA). Standards used in
mass spectroscopy analysis were purchased from MilliporeSigma (Burlington, MA, USA).
Autosampler vials were obtained from ThermoFisher Scientific, (Waltham, MA, USA),
silanized micro-vial inserts were from Agilent (Santa Clara CA; part #5181-8872) and
inserts were from VWR (Radnor, PA, USA).

2.4 Fecal sample collection and microbiome analysis

2.5

After 8 weeks of probiotic treatment, fecal samples were obtained by placing each mouse
separately in a clean cage for 10-30 min and fecal pellets were collected in a sterile 1.5 mL
Eppendorf tube. More than 90% of the mice excreted a fecal pellet within one min of being
placed into a clean cage. In those instances, in which a mouse did not pass stool within 30
mins, the mouse was gently picked up vertically by the tail for 20-30 seconds until a stool
pellet was excreted and collected. Samples were stored at 4°C until all samples were
collected and later stored at —80°C until microbiome analysis. The fecal samples were sent
to RTL Genomics (Research and Testing Laboratory, Lubbock, TX, USA) for 16S rRNA
sequencing. Hypervariable regions V1 to V3 of 16S rRNA gene were amplified for
sequencing at RTL Genomics in a reaction using Hot-Start Taq Master Mix Kit (Qiagen,
Inc., Germantown, MD, USA) with the universal primer set 27F/519R. The sequence data
were analyzed using a standard microbial diversity analysis pipeline, which consisted of two
major stages, denoising and chimera detection followed by microbial diversity analysis. The
overall diversity (which is determined by both richness and evenness, the distribution of
abundance among distinct taxa) was studied following 8 weeks of treatment. The number of
different species or species richness in each experimental group was studied using chao
index. Shannon diversity is commonly used to characterize the abundance and evenness of
the species present in a community and was used as an index of evenness in this study.
Measures of diversity were screened for group differences using two-way analysis of
variance (ANOVA).

Intestinal permeability

In vivo intestinal permeability was measured to assess barrier function by determining the
amount of FITC-dextran in the blood after it was orally administered as described previously
(Zakostelska et al., 2011). Briefly, food and water were withdrawn for 2 h and mice were
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orally gavaged with the permeability tracer (484 mg/kg body weight of FITC-labeled
dextran, 4.4kDa, MilliporeSigma). As mentioned, blood was collected 5 hours post-gavage
during animal sacrifice and centrifuged at 7,168 g for 10 min to obtain serum. The
fluorescence intensity was read in the serum using a BioTek FLx800 fluorescence plate
reader (excitation, 492 nm; emission, 525 nm) with Gen5 v3.02 software (BioTek
Instruments, Winooski, VT, USA). FITC-dextran concentrations were determined using a
standard curve generated by serial dilutions of FITC-dextran.

2.6 Gastric emptying and intestinal geometric center (intestinal transit)

Gastric emptying and intestinal transit were determined by assessing the distribution of a 70
kDa FITC conjugated dextran marker (70 kDa FITC-dextran; MilliporeSigma) throughout
the gastrointestinal tract of mice as described previously (Aube et al., 2006). To perform this
experiment, mice were fasted 10 hours then given 100 pL of FITC dextran (8.3 mg) via oral
gavage and intestines were collected 30 min later. To access intestinal motility, the stomach
(segment 1) and the small intestines (divided into equal 8 segments 2-9) were flushed with
PBS and washes were collected. Intestinal washes were centrifuged 16,128g for 5 min and
the fluorescence of supernatant was measured using a fluorescence plate reader (excitation,
492 nm; emission, 525 nm). Fasting for longer periods in rats has previously demonstrated
no effect on basal gastric emptying (Brito et al., 2015).

Gastric emptying was measured by subtracting FITC-dextran remaining in the stomach from
total dextran (in small intestine and stomach) and dividing this by total dextran. To get the
percentage of gastric emptying, the value obtained was multiplied by 100. Intestinal transit
was analyzed using the intestinal geometric center (IGC) of the distribution of dextran
throughout the intestine and was calculated following the equation described by Miller and
colleagues (Andreasson et al., 2016).

IGC = Z[(fraction of amount of FITCin each segment) X (segment number)]

Or

IGC = sN_ | FITC, x n

where Nis total number of segments, F/7C,is fraction amount of FITC in each segment and
n is the segment number.

2.7 Enzyme Linked Immunosorbent Assay (ELISA) for Ap and cytokines

Following the eight-weeks treatment paradigm, the animals were euthanized via CO,
asphyxiation followed by cervical dislocation and cardiac exsanguination. The brains and
ileums of each animal were collected for biochemical as well as histological procedures.
Right temporal cortices and ileums of the small intestines (after rinsing out contents) were
collected and flash frozen in liquid nitrogen and stored at —80 °C for subsequent use. A
small part of the flash frozen ileums and temporal cortices were weighed and lysed in ice
cold radioimmunoprecipitation assay buffer (RIPA) buffer (20 mM Tris, pH 7.4, 150 mM
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NaCl, 1 mM NazgVOy, 10mM NaF, 1 Mm EDTA, 1 mM EGTA, 0.2 mM
phenylmethylsulfonyl fluoride, 1% Triton, 0.1% SDS, and 0.5% deoxycholate) with protease
inhibitors (AEBSF 1 mM, aprotinin 0.8 p M, leupeptin 21 pM, bestatin 36 UM, pepstatin A
15 pM, E-64 14 pM). Additional DNase was added to digest DNA in the ileum samples. The
samples were mechanically homogenized using beads in a Bullet Blender Storm
homogenizer 24 (Next Advance, Inc. Troy, NY, USA) and later centrifuged to remove the
insoluble content. The resulting tissue lysates (supernatant) from temporal cortices and
ileums were used for soluble AB 1-40 and AR 1-42 ELISAs. The pellet or insoluble content
was re-suspended in 5M guanidine HCI/50 mM Tris HCI, pH 8.0 and samples were again
bullet blended and centrifuged (21,000 g, 4°C, 10 min) and the supernatant was removed and
used to determine insoluble Ap concentrations (AP 1-40 and AP 1-42 ELISA). The levels of
soluble and insoluble AB 1-40 and Ap 1-42 were quantified using commercially available
ELISA kits from MilliporeSigma. The levels of Ap 1-40 and A 1-42 (soluble and
insoluble) were reported as pg/mL per mg protein derived from a standard curve establish
for each protein. Protein concentrations of cell lysates were determined using the
bicinchoninic acid (BCA) protein determination assay (ThermoFisher Scientific).

For cytokines analyses, a portion of the flash frozen intestine as well as brain samples were
homogenized in 1X PBS containing protease inhibitors using a bullet blender at medium
speed followed by centrifugation at 21,000 g for 10 min. The levels of proinflammatory
cytokines (TNF-a, IL-1B and IL-6) and the proinflammatory marker protein, lipocalin, were
measured from the supernatants using commercially available ELISA kits (R&D Systems).
Total protein concentrations were assessed using the BCA assay and equal amounts of
protein were added per ELISA well. The results are expressed as pg/mL per mg of protein.

2.8 Western blot analysis

A portion of the flash frozen temporal cortices and ileums were prepared in RIPA buffer
containing protease inhibitors and bullet blended and centrifuged (21,000 g, 4°C, 10 min) to
remove insoluble content. DNase (50U/mL DNAsel) was added to RIPA buffer in ileum
samples preparation. Protein content of the cell lysates was determined using BCA protein
determination assay (Pierce Biotechnology, Rockford, IL, USA). The resultant supernatants
were boiled in sodium dodecyl sulfate (SDS) containing gel-loading sample buffer for 5
mins. 15 ug of each total protein extract was resolved on a 10% SDS polyacrylamide gel.
Separated proteins were transferred onto polyvinylidene difluoride membranes (PVDF) for
western blotting using anti-APP, BACE 1, GFAP, Iba-1, COX-2, PSD-95, synaptophysin,
synapsin 1, iNOS, cFos, occludin, GAPDH (loading control), and a-tubulin (loading
control) antibodies. Bands were visualized using enhanced chemiluminescence (GE
Healthcare, Piscataway, NJ). Chemiluminescence images were captured using an Aplegen
Omega Lum G imaging system. Optical densities were quantified using Adobe Photoshop
12.0 software. Optical density values were normalized to the relevant loading control
GAPDH/a-tubulin optical density values from the same membrane.

2.9 Eicosanoid analysis

Blood samples collected at the time of sacrifice were allowed to rest for 60 min at room
temperature and centrifuged at 7,168 g for 10 min to obtain serum. Serum eicosanoids were
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extracted using a one-step extraction with methanol as we previously described with minor
modifications (Brose, S.A. et al., 2013). Briefly, 20 uL of serum were mixed with 60 uL of
100% methanol containing 1 ng of PGE2-d9 and 10 ng of 20:4n-6-d8 (Cayman Chemicals,
Ann Arbor, MI) as internal standards. For temporal cortex eicosanoid analysis, ~20 mg of
flash frozen tissue was mixed with 100 uL of 100% methanol containing the same amounts
of internal standards. After spinning at 12,0009 for 10 min, supernatants were transferred to
silanized micro-vial inserts and analyzed using UPLC-MS/MS as we previously described
(Golovko and Murphy, 2008). LC separation was performed on a Waters ACUITY UPLC
HSS T3 column (1.8 uM, 100 A pore diameter, 2.1x150mm, Waters, Milford, MA, USA)
with an ACUITY UPLC HSS T3 precolumn (1.8 uM, 100 A pore diameter, 2.1x5mm,
Waters) at a temperature of 55°C. The LC system consisted of a Waters ACUITY UPLC
pump with a well plate autosampler at 8 °C. Ten microliters of sample were injected on
column.

For UPLC separation we used our previously described method (Brose, S.A. et al., 2013).
Solvent A consisted of water containing 0.1% formic acid and solvent B consisted of
acetonitrile with 0.1% formic acid. The flow rate was maintained at 0.45 mL/min. Solvent B
was held at 39% B for 0.5 min, then increased to 40.5% over 6.88 min, to 70% over 1.62
min, to 75% over 3 min, and further increased to 98 over 1.5 min where it was held for 5.3
min. For column re-equilibration, solvent B was returned to initial conditions over 0.2 mins
and hold at 39% for 2 min before next sample injection.

Eicosanoids and 20:4n-6 were analyzed using a triple quadrupole mass spectrometer (Xevo
TQ-S, Waters) with electrospray ionization operated in negative ion mode. The capillary
voltage was 2.35 kV and the cone voltage was 30V. The desolvation temperature was 550 °C
and the source temperature was 150 °C. The desolvation gas flow was 1000 L/hr, the cone
gas flow was 150 L/hr, and the nebulizer gas was at 7.0 Bar. MassLynx V4.1 software
(Waters) was used for instrument control, acquisition, and sample analysis.

All eicosanoids were quantified against PGE2-d9, and 20:4n-6 was quantified using 20:4n6-
d8, as internal standards. The deuterated PGE2 has been previously validated as an internal
standard for all PG analyzed (Marksteiner et al., 2018). The analytes were monitored in
MRM mode as previously described (Brose and Golovko, 2012) with the following mass
transitions: PGE2 - 351.18/271.13; PGD2 - 351.06/271.14; 6-ketoPGFla - 369.26/163.07;
PGF2a - 353.07/193.04; TXB2 - 369.20/169.00; 20:4n6 - 303.07/259.21; PGE2-d9 -
360.2042/280.17. The collision energies used were (V): PGE2 - 16; PGD?2 - 16; 6-
ketoPGFla - 24; PGF2a - 20; TXB2 - 12; PGE2-d9 - 16; 20:4n6 - 12; 20:4n6-d8 —12.

2.10 Bile acid analysis

Bile acids from serum and flash frozen cortical samples were separated from proteins by
mixing with methanol containing bile acid deuterium labeled standards (1 ng of taurocholic-
ds, cholic-d4, glycocholic-dy4, and 10 ng of chenodeoxycholic-d4, Medical Isotopes, Pelham,
NH). We used 20 uL of serum mixed with 60 uL of 100% methanol, and ~20 mg of cortex
mixed with 100 pL of 100% methanol. After spinning at 12,000g for 10 min, supernatants
were transferred to silanized microvial inserts and analyzed using UPLC-MS/MS in the
selected reaction monitoring and selected ion monitoring modes.
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UPLC separation was performed on a Waters ACUITY UPLC HSS T3 column (1.8uM, 100
A pore diameter, 2.1x150mm, Waters, Milford, MA) with an ACUITY UPLC HSS T3 pre-
column (1.8 pM, 100 A pore diameter, 2.1x5mm, Waters) at a temperature of 55°C using a
previously described method (Brose, S. et al., 2013). The LC system consisted of a Waters
ACUITY UPLC pump with a well plate autosampler at 8 °C. Ten microliters of sample were
injected on column. Solvent A was water containing 0.1% formic acid and solvent B was
acetonitrile with 0.1% formic acid. The flow rate was maintained at 0.45 mL/min. Bile acids
were eluted with increasing gradient of solvent B from 39% B 98% as we previously
described (Brose, S. et al., 2013).

Bile acids were analyzed using a triple quadrupole mass spectrometer (Xevo TQ-S, Waters)
with electrospray ionization operated in negative ion mode. MassLynx V4.1 software
(Waters) was used for instrument control, acquisition, and sample analysis. All bile acids
were quantified against deuterium labeled internal standards using selected ion monitoring
tracers. Reaction monitoring tracers were used for analyte confirmation. Tauro-cholic
(Finegold et al.), tauro-a.-muricholic (TaMC), tauro-w-muricholic (TwMC), tauro-f-
muricholic (TBMC), taurodeoxycholic (TDC), taurochenodeoxycholic (TCDC) were
quantified against TC-ds; glycocholic (GC) and glycolchenodeoxycholic (GCDC) were
quantified against GC-dg; cholic (C), a-muricholic (aMC), w-muricholic (wMC), and B-
muricholic (BMC) were quantified against C-d4; deoxycholic (Zakostelska et al.),
chenodeoxycholic (CDC), and litocholic (Finegold et al.) were quantified against CDC-d,4.

The following mass transitions (with collision energies indicated in parentheses (V)) were
used: TC, TaMC, and TwMC 514.40/123.90 (48); TC-d5 519.30/123.90 (48); TDC
498.32/123.91 (46); TCDC 498.29/123.91 (50); GC 464.30/402.12 (32); GCDC
448.30/386.40 (42); GC-d,4 468.32/406.12 (32); C, aMC, BMC, and wMC 407.31/343.18
(30); C-d4 411.33/346.96 (32); DC, CDC, and LC 391.29/373.17 (34); CDC-d4
395.26/377.30 (34).

Immunohistochemistry

Following the eight-week treatment paradigm the left brain hemisphere of each animal was
fixed in 4% paraformaldehyde and prepared for histologic analysis as described previously
(Nagamoto-Combs et al., 2016). Briefly, paraformaldehyde-fixed tissue was embedded in a
15% gelatin (in 0.1 M phosphate buffer) matrix and immersed in a 4% paraformaldehyde
solution for 2 days to harden the gelatin matrix followed by two changes of 30 % sucrose for
cryoprotection for two days each. The blocks were then flash frozen using dry ice/
isomethylpentane, and 40um serial sections were cut using a freezing microtome. Serial
sections of 40um were cut and stored at 4°C in PBS with 0.1% sodium azide until
immunostaining. Anti-Ap (1:1000), anti-GFAP (1:700), anti-Iba-1 (1:750) antibodies were
used for immunodetection in sections followed by incubation with biotinylated secondary
antibodies (1:2000 dilution; Vector Laboratories) and an avidin/biotin complex (Vector ABC
kit). Immunoreactivity was visualized using Vector VIP as the chromogen. The stained
sections were mounted onto gelatin-coated slides and coverslipped using VectaMount
(\Vector Laboratories) following a standard dehydrating procedure through a series of ethanol
concentrations and Histo-Clear (National Diagnostics, Atlanta, GA, USA). A Leica
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DM1000 microscope and Leica DF320 digital camera system (Leica Microsystems Inc.,
Buffalo Grove, IL, USA) were used to take images and quantification of immunostaining
was performed as described previously (Dhawan and Combs, 2012). Briefly, optical
densities from the temporal cortex from the same serial sections were measured using Adobe
Photoshop software (Adobe Systems). The values for each section were averaged (3
sections/brain, 6-7 brains per condition) and plotted.

2.13. Behavior test (Cross Maze)

Cross maze testing was performed to assess the working memory of WT and App/VL-G-F
animals. The maze consisted of four arms 30 cm long and 5 cm wide each arranged in a
cross configuration with a central 5 cm square area. Each arm had a 15 cm high wall along
each side and at the end and the central area of the maze was open for the duration of the
session. Mice were tested following the 8 weeks of VSL#3 supplementation. Each animal
was placed gently at a starting point at the end of one arm (constant for each animal) and
allowed to explore the maze freely for 10 min. The order of arm choices made by each
animal was recorded using a video camera mounted above the center of the maze and
analyzed using ANYmaze software (Stoelting Co., Wood Dale, IL). A correct alternation is
defined as visiting each of the four arms without re-visiting any arm. The number of
alternations were counted (defined as 4 consecutive entries into 4 different arms), and %
alternation for each mouse was calculated as follows: # alternations/(total entries-3). The
mice that made fewer than 12 choices in an alternation task were excluded from the analysis.
Mice were returned to their home cages following completion of behavior testing.

2.14 Statistical analysis

Statistical analyses were performed using IBM SPSS, version 26.0 (IBM SPSS Statistics for
Windows, Version 26.0. Armonk, NY: IBM Corp) employing two-way and one-way
ANOVA or Kruskall-Wallis test. The tests for outliers (Grubb’s Single Outlier test and
Rosner’s ESD Many Outlier test) and normality (Shapiro-Wilk W, Anderson-Darling,
Martinez-Inglewicz, Kolomogorov-Smirnov, and D’ Agostino Skewness, Kurtosis, and
Omnibus) were done using NCSS 12 (NCSS 12 Statistical Software (2018). NCSS, LLC.
Kaysville, Utah, USA, ncss.com/software/ncss). If the data followed a normal distribution,
two-way or one-way ANOVA were performed, as appropriate, to assess differences between
genotypes followed by a Tukey-HSD post-hoc test for performing multiple comparisons
between the studied groups (genotypes and treatments). If the data was not normally
distributed, the Kruskall-Wallis test was performed to assess statistical significance. The
results are presented as mean + S.E.M. Differences were considered significant when
p<0.05. All the plots given in the manuscript were made using GraphPad software (Prism
version 7.00 for Windows, GraphPad Software, La Jolla California USA).

3. Results

3.1 Fecal bacterial community composition differed between WT control and AD mice
and was affected by VSL#3 feeding

To determine whether differences in intestinal microbiome were a component of AD
pathophysiology, we studied bacterial diversity (Shannon Diversity index) and species
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richness (Chao 1 index) in fecal samples of C57BL/6 (WT) and Apg’VL-G-F (AD) mice with
and without eight weeks of dietary supplementation with VSL#3. Although there were no
differences between vehicle groups (WT veh and AppVL-G-F veh mice), Ap’VL-C-F mice fed
VSL#3 had a significant increase in both species richness and bacterial diversity (Fig. 1a, b)
which shows that probiotic supplementation improved (enhanced) both the different number
of microbial species (richness) and also increased the diversity of microbial species
(evenness) in animals. Beta diversity plotted in form of principle coordinate analysis (PCoA)
showed distinct cluster between WT and AppVE-G-F mice (Fig. 1c). The relative abundance
of different phyla was quantified to demonstrate significant differences (Fig. 1d). The ratio
of the two most abundant phyla, Firmicutes and Bacteroidetes, was different across
genotypes (WT and AgpVL-GF). An increase in abundance of Bacteroidetes and decreased
abundance of Firmicutes was observed in App’VL-G-* mice when compared to WT controls
(Fig. 1e). No significant difference was observed in other phyla (Proteobacteria,
Verrucomicrobia, Actinobacteria, Deferribacteres, Tenericutes) between vehicle groups (WT
veh and App’VL-G-F veh mice). The overall ratio of Firmicutes/Bacteroidetes was decreased
in AppVE-GF mice. However, probiotic supplementation of AgpVE-G+ mice resulted in
increased abundance of a few of the bacteria phyla (Verrucomicrobia, Actinobacteria and
two unknown phyla) with no change in the overall Firmicutes/Bacteroidetes ratio. Chao
richness demonstrated no differences between vehicle and VSL#3 fed WT mice but a
significant increase was observed in VSL#3 fed AppVL-G* mice compared to their
respective controls (Fig. 1a). Shannon diversity showed a similar lack of differences between
VSL#3 and vehicle treated WT mice while VSL#3 fed Apo™VL-G- mice showed a significant
increase in diversity compared to their respective controls (Fig. 1b). In agreement with this,
a PCoA plot showed similar clustering for WT vehicle and WT VSL#3 fed mice compared
to App’VL-G-F mice which demonstrated a very distinct pattern of clustering between vehicle
and VSL#3 fed mice (Fig. 1c). These data support the conclusion that VSL#3 feeding
significantly altered the enterotype of AppVL-C-F mice rather than WT mice.

3.2 AppNL-GF mice had increased intestinal permeability compared to WT control mice

Based upon the observed differences in fecal microbiome and the differences in particularly
the App’VL-G-F mice fed VSL#3, we anticipated differences in intestinal function. To test the
idea that increased leakiness may be a characteristic of disease, an /n vivo FITC-dextran
assay was performed. FITC-conjugated dextran (4 kDa) was administered orally to all the
mice and intestinal permeability was assessed by quantifying fluorescence in serum samples.
As anticipated, vehicle treated App’VL-G-F mice demonstrated clear intestinal dysfunction
with significantly increased intestinal permeability compared to vehicle treated WT mice
(Fig. 2a). However, supplementation with VVSL #3 attenuated the aberrant intestinal
permeability of the App’VL-G-F mice demonstrating a beneficial effect of probiotic feeding on
maintaining intestinal integrity. To examine gastrointestinal motility as another general
assessment of function, gastric emptying and the intestinal geometric center were
determined in the mice by assessing the distribution of a 70 kDa FITC conjugated dextran
throughout the gastrointestinal tract after oral gavage. No changes in either gastric emptying
or the intestinal geometric center were observed among the different groups with and
without VSL#3 supplementation (Fig. 2 b, ). This demonstrated that the intestinal
dysfunction was more specific to barrier function rather than motility.
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Intestinal inflammation was increased in AppN-"G-F compared to WT mice

Based upon the altered microbiome and apparently compromised barrier function, we
hypothesized that AppVL-GF mice would demonstrate an inflammatory phenotype in their
intestines. To quantify a change in immune phenotype, protein levels of pro-inflammatory
cytokines interleukin-1p (IL-1pB), interleukin-6 (IL-6), tumor necrosis factor a (TNF-a) and
lipocalin were examined by enzyme-linked immunosorbent assay (ELISA) in C57BL/6
(WT) and AgpVE-C-F mice ileums. As predicted, levels of IL-1f and 1L-6 were significantly
elevated in vehicle treated App’VL-GF mice (Fig. 3a, b) with no change in TNF-a levels
when compared to WT vehicle mice (Fig. 3c). However, the levels of IL-1p and TNF-a
were reduced following VSL#3 supplementation in Apo™VL-G-and WT, respectively.
Lipocalin (LCN-2), considered a robust marker of intestinal inflammation (Agostini et al.,
2014), was also measured in ileums of WT and AppVE-G- mice. Vehicle-treated AgpNL-G+
mice had significantly higher LCN-2 levels when compared to WT vehicle mice (Fig. 3d).
Probiotic supplementation of AgoVL-C-F mice decreased LCN-2 levels near to control
values. These results validated that App’VL-G- mice had a significantly elevated
proinflammatory environment in their small intestines as a function of disease that was
amenable to repair with VSL#3 feeding. ELISA was performed to assess the levels of AB in
the ileum. We did not observe any detectable AB 1-40 or 1-42 in App’VL-C-F mice regardless
of treatment (Supplemental Fig. 1). This is consistent with our prior study which only
detected colon A in younger 3-month-old mice (Manocha et al., 2019).

3.4 Probiotic supplementation decreased inflammatory and increased tight junction
proteins in ileums of WT control animals

In order to further quantify the intestinal dysfunction of the AppVt-GF mice and any
reparative ability of VSL#3 feeding, western blot analyses were performed. The levels of
various proteins including beta-secretase 1 (BACE 1), amyloid precursor protein, glial
fibrillar acidic protein (GFAP), CD68, cyclooxygenase-2 (COX-2), synapsin I, postsynaptic
density protein 95 (PSD-95), inducible nitric oxide synthase (iNOS), cFos, and the tight
junction protein, occludin, were quantified from ileal lysates of C57BL/6 (WT) and
AppVE-G-F mice. Somewhat surprisingly, protein levels of BACE1 and GFAP were
decreased in vehicle-fed AppVE-G-F mice when compared to vehicle C57BL/6 (WT) mice
(Fig. 4). COX-2 protein levels were also lower in vehicle treated AppNL-G+ compared to
vehicle C57BL/6 (WT) mice (Fig. 4). VSL#3 supplementation had no effect on levels of any
of the examined proteins in AgoVL-C-F mice (Fig. 4). On the other hand, VSL#3 feeding had
a dramatic effect on WT mice. Probiotic feeding significantly reduced CD68 and iNOS
protein levels in the WT mice (Fig. 4). Moreover, levels of the tight junction protein,
occludin, were significantly increased in WT mice supplemented with VSL#3 (Fig. 4). This
supported results from the permeability assay and the cytokine ELISAs indicating that
effects of the probiotic differed between genotypes.

3.5 Serum eicosanoids were elevated in AppN-"GF compared to WT mice and attenuated
with VSL#3 feeding

As one means of assessing the peripheral inflammatory state of disease, we examined
whether blood levels of eicosanoids were elevated in the AppVL-C-F mice and altered by
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probiotic feeding. The levels of serum eicosanoids prostaglandin D (PGD,), prostaglandin
E2 (PGE»), 6-keto-prostaglandin Fla (6-keto PGFy), prostaglandin F2a (PGF5,), and
thromboxane B2 (TXB2) along with arachidonic acid and docosahexaenoic acid were
estimated using mass spectrometry. Increased levels of PGE2, 6-keto PGF1,, PGF5,, and
TXB2 were observed in vehicle treated App’VL-G-F mice compared to WT controls (Fig. 5).
However, no significant difference was observed in either arachidonic acid or
docosahexaenoic acid levels between WT and AppVL-G-F mice. Interestingly, VSL#3
supplementation of App’VL-G-* animals significantly decreased serum eicosanoid levels of
PGEZ2, 6-keto PGF1,, and PGF,, when compared to the vehicle treated AppNL-C-F group
demonstrating a clear anti-inflammatory effect of the diet. These results demonstrated
eicosanoid differences in the pathophysiology of AD and a beneficial effect of probiotic
supplementation in reducing these inflammatory markers.

3.6 AppNL-G-F mice had a distinct serum bile acid profile compared to WT controls

Since serum prostaglandin changes were indicative of a disease phenotype, we next asked
whether other serum markers of lipid metabolism could also indicate disease. In particular,
in order to better compare to the changes in intestinal microbiota we quantified primary and
secondary bile acid levels. Both conjugated and unconjugated primary and secondary bile
acids were assessed using mass spectrometry. The primary bile acids a-muricholic acid, -
muricholic acid, w-muricholic acid, cholic acid (CA) and chenodeoxycholic acid (CDCA)
were significantly reduced in serum samples of AgpVL-G+ mice when compared to WT
controls (Fig. 6). However, muricholic acid levels conjugated with taurine (tauro-a + w -
muricholic acid, tauro-B-muricholic acid) were significantly elevated in vehicle treated
AppNE-GF compared to WT mice (Fig. 6). Taurine conjugated deoxycholic acid,
chenodeoxycholic acid, taurodeoxycholic, and tauro-chenodeoxycholic were also increased
in ApoNE-GF compared to WT mice (Fig. 6). Secondary bile acids, deoxycholic and
lithocholic acid, were significantly reduced in Apg’VL-G vehicle treated compared to WT
mice (Fig. 6).

VSL#3 supplementation of AppVL-C-F animals altered only taurodeoxycholic acid levels by
decreasing concentrations compared to App’VL-GF vehicle treated mice. On the other hand, a
significant decrease in unconjugated primary and secondary bile acids were observed in
VSL#3 supplemented WT mice when compared to their vehicle treated controls. Levels of
a-muricholic acid, p-muricholic acid, w-muricholic acid, CA, chenodeoxycholic acid,
deoxycholic acid, lithocholic acid, glycocholic acid (GCA), and ursodeoxycholic acid were
all attenuated in WT mice supplemented with VSL#3 compared to their respective controls
(Fig. 6). These data verified that specific serum levels of both primary and secondary bile
acids were unique to the AD mice, much like the prostaglandins, verifying a dysfunction of
lipid metabolism in these animals. However, although WT mice responded robustly to
VSL#3 supplementation with attenuated bile acid levels, the AgpVL-G-* bile acid levels were
largely resistant to the effect of the probiotic diet.
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3.7 Probiotic supplementation had no effect on A accumulation, cytokines, or gliosis in

AppNL-GF mice
Since VSL#3 feeding attenuated intestinal inflammation, improved intestinal leakiness, and
attenuated select serum eicosanoids and bile acid levels, we determined whether any
communication of benefit was transferred to the brains by quantifying Ap and gliosis.
Specifically, we performed immunohistochemistry for AB, GFAP, and Iba-1. As expected,
the results showed increased A deposition in AgpVL-G-F mice when compared to control
animals (Fig. 7). Astrogliosis and microgliosis were also increased significantly in
AppVL-G-F brains correlating with the increased Ap deposition. However, VSL#3
supplementation had no significant ability to attenuate either gliosis or Ap plague load (Fig.
7.

In order to provide a more quantifiable assessment of brain Ap levels, ELISAs were next
performed. The levels of Ap 1-40 and AB 1-42, both soluble and insoluble, were assessed
from the temporal cortices of WT and AppVL-G-* mice (Fig. 8). As expected, AppNL-C-F
mice had significantly elevated levels of soluble and insoluble A 1-40 and 1-42 (Fig. 8).
However, probiotic supplementation to AppVL-G-F animals had no effect on AB levels in
brain. To further quantify gliosis-associated changes, western blots were performed to
quantify GFAP and Iba-1 levels long with various other protein levels in the temporal cortex
of AppNL-GF mice. BACE 1, amyloid precursor protein, GFAP, lba-1, COX-2,
synaptophysin, PSD-95, iNOS, cFos and occludin were examined. The levels of GFAP and
Iba-1 along with the neuronal activity marker, cFos, and PSD-95 were all increased in
AppNE-GF compared to WT mice (Fig. 9). However, consistent with the lack of effect
observed via immunohistochemistry, VSL#3 supplementation did not alter levels of any of
the proteins examined.

As a final assessment of overall inflammatory state, levels of several cytokines and LCN-2
were quantified from the brains. Concentrations of IL-1p, IL-6, TNF-a, and LCN-2 were
determined by ELISA in WT and AppVL-G-F mice. Increased TNF-a is known as a key
element in inflammatory cascades and was increased in App’VE-G-# compared to WT mice
(Fig. 10). Lipocalin was also elevated in Apg’VL-G-F mice compared to controls. The lack of
differences between WT and App’VL-G- |L-6 levels may be due to reduced brain ELISA
sensitivity, actually no significant differences, or a reciprocal relationship with TNFa
(YYimin and Kohanawa, 2006). However, probiotic supplementation had no effect on any of
the pro-inflammatory cytokines or LCN-2 levels in the brain.

3.8 AppNL-G-F mice had a unique brain eicosanoid profile compared to WT mice

For consistency, we quantified levels of brain eicosanoids PGD5, PGE,, 6-keto PGF1,
PGF,., and TXB2 along with arachidonic acid and docosahexaenoic acid using mass
spectrometry. A decrease in levels of PGD», 6-keto PGF1,, and PGF,, were observed in
vehicle treated App™VL-C-F mice to WT vehicle controls, which is the opposite of what was
observed in the serum samples (Fig. 11). On the other hand, brain TXB2 and
docosahexaenoic acid levels were increased in the vehicle-treated App’VL-G- compared to
wild type mice (Fig. 11). This confirmed a disease-associated brain difference of these
bioactive lipid metabolites. More importantly, there was one consistency of elevated TXB2
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levels in both serum and brains of App’VL-G+ mice. VSL#3 supplementation increased
arachidonic acid levels in the AppVL-G mouse brains with no effect on eicosanoid levels.
However, VSL#3 feeding significantly decreased PGD,, PGE,, 6-keto PGF1,, and PGF,, in
WT mice demonstrating a genotype selective, potent effect on arachidonic acid metabolism
(Fig. 11).

3.9 AppNL-G-F mice had a distinct brain bile acid profile compared to WT mice

Since a dramatic serum profile difference in bile acids existed between AppVL-G-* and WT
mice, we assessed whether similar concentration differences existed in the brain. Both
conjugated and unconjugated primary and secondary bile acids were quantified from the
temporal cortex of the mice using mass spectrometry (Fig. 12). w-muricholic acid levels
were significantly lower in vehicle treated AppVt-G-F compared to WT mice, with no
differences in a or p-muricholic acid levels. Taurocholic acid, taurodeoxycholic, tauro a+
muricholic acid, and tauro-B muricholic acid levels were also decreased in AppVL-G-+
compared to WT mice which is opposite of what we observed in serum. CA and
deoxycholic acid levels were also significantly lower in Apo’VL-G vehicle-treated mice
when compared to controls (Fig. 12). Despite the differences in concentrations across brain
and serum analysis, there were consistently lower levels of w-muricholic acid, CA, and
deoxycholic acid in both serum and brains of AppNL-G+ compared to WT mice. VSL#3
supplementation of App’VL-G-* animals resulted in no difference in any of the bile acids
when compared to vehicle AppVL-G-F mice unlike the reduction in taurodeoxycholic acid
observed in serum (Fig. 12). On the other hand, significant decreases in all taurine-
conjugated bile acid levels, taurocholic acid, taurodeoxycholic, tauro a+ w muricholic acid,
and tauro-p muricholic acid were observed in VSL#3 supplemented WT mice (Fig. 12). This
is consistent with the observed serum changes in bile acid levels in which WT mice were
more responsive to VSL#3 feeding compared to App’VL-G- mice. Lithocholic acids and
glycochenodeoxycholic acid (GCDCA) were not detected in the temporal cortex.

3.10. Probiotic supplementation had no effect on memory function in AppNL-G-F mice

Since memory problems are one of the first signs of cognitive impairment related to AD, we
tested the mice for working memory using a cross-maze rodent behavior test. As expected,
vehicle-treated AppVL-G-F mice had reduced alternations compared to vehicle-treated WT
mice suggesting an impairment in memory function (Fig. 13). However, VSL#3
supplementation had no significant effect on memory performance in either the AppVL-G-#
or WT mice.

4.0 Discussion

We have demonstrated a largely undescribed component of pathophysiology manifesting in
the intestines of the App’VL-G-F mouse model of AD and addressed it using a dietary
intervention of probiotic medical food. Although AD is not classically associated with
intestinal dysfunction, there are several reports indicating this may be the case. For example,
constipation is common among elderly dementia patients (Bassotti et al., 2007; Sandman et
al., 1983). Volvulus, constipation, and megacolon have also been significantly associated
with AD (Sonnenberg et al., 1994). We and others have shown A and phospho-tau
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immunoreactivity in AD intestines (Dugger et al., 2016; Joachim et al., 1989; Puig et al.,
2015). This study provides compelling evidence, using the App’VL-G-F mouse model of AD,
that a component of the disease pathophysiology is characterized not only by a distinct
intestinal dysbiosis and serum/brain bile acid and eicosanoid profiles but also increased
intestinal inflammation and permeability. Supplementation of animals with probiotic,
VSL#3, for eight weeks altered the gut microbiota and produced a significant decrease in
intestinal permeability, serum eicosanoids levels, and intestinal inflammation. These data
provide validation of a new therapeutic strategy of using probiotics for the treatment of the
AD-associated intestinal pathophysiology. However, our findings also demonstrate that
mechanisms regulating communication of intestinal changes to the brain require further
elucidation as our ability to demonstrate brain changes was limited. We are cautious in our
overall interpretation of results as the WT and Age™VL-G- mice were not littermate controls
and additional characterization of the plethora of VSL#3-mediated brain effects is needed.
However, since there were numerous treatment differences within both the wild type and the
AppVL-GF lines, independently, the findings have relevance to probiotic feeding effects, in
particular.

Fecal dyshiosis was a significant aspect of the intestinal manifestation of disease we
observed in in the AppVL-G mouse model of AD. We identified a change in the ratio of
Firmicutes/Bacteroidetes, comparing WT to AppVL-C-F mice. Interestingly, changes in this
ratio are also observed in various metabolic disorders and conditions including obesity and
aging in both humans and rodents (Ley et al., 2006; Mariat et al., 2009). Prior studies
primarily relying upon the APP/PS1 or 3xTg mouse lines have also documented a distinct
disease enterotype that differs with age and correlates with cognitive dysfunction (Bauerl et
al., 2018; Brandscheid et al., 2017; Park et al., 2017; Shen et al., 2017; Zhang et al., 2017).
Discrepancies in the abundance of phyla previously reported in APP/PS1 line versus our
findings in the App™VL-C-F mice may be due to differences in mutant APP expression, mouse
ages, or even housing and diet differences. Others have shown that extended oral
antibacterial treatment can lead to decreased plaque load and altered gliosis in the APP/PS1
line supporting the idea that intestinal bacteria actively contribute to disease (Minter et al.,
2016). Perhaps our limited brain effects are due to a lower treatment time, dosage, or the
particular choice of probiotic we used. We fully appreciate that there are species differences
in intestinal microbiota when comparing mice to humans. For example, the high abundance
of Lactobacillus and scarcity of Faecelibacterium in murine intestines have exactly the
opposite ratio in humans (Hugenholtz and de Vos, 2018). Nevertheless, we observed a very
similar decrease in Firmicutes and increase in Bacteroidetes in the fecal samples of
AppNE-GF mice as has been reported from the intestinal microbiome of AD subjects
compared to age- and sex-matched individuals (Vogt et al., 2017). These phyla are heavily
involved in metabolism of undigested food as well as digestion of dietary fibers and
polyphenols by a complex energy harvesting mechanism generating short chain fatty acids
butyrate, acetate, and propionate (SCFASs) (Macfarlane and Macfarlane, 2003). Altered
abundance of these phyla may indeed affect the intestinal permeability and inflammatory
changes we observed in AgpVL-G+F mice.

Our approach to attenuating these intestinal aspects of disease relied upon administering the
medical food, VSL#3, to alter the microbiota. Although the mechanisms underlying the
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therapeutic effects of VSL#3 are not completely known, it has been suggested that VSL#3
elicits its effects through changing gut microbiota compaosition, inhibition of bacterial
translocation, modulation of immune cell responses, enhanced expression of tight junction
proteins, increased production of cell surface mucin, reduced adhesion of pathogens to the
intestinal mucosa, increased production of antimicrobial compounds, increased epithelial
cell survival, and production of bacteria-derived metabolites including SCFAs (Abalan et al.,
1990; Dai et al., 2012; Madsen et al., 2001; Pagnini et al., 2010; Uronis et al., 2011; Wang et
al., 2018; Yadav et al., 2013). Based upon these previous observations, we hypothesized that
VSL#3 supplementation would attenuate the intestinal aspects of disease. Supplementing the
AD mice with probiotic for eight weeks resulted in increased abundance of Verrucomicrobia
and Actinobacteria, supporting the ability of VSL#3 to alter the gut bacterial composition in
the App’VL-G-F mice. Actinobacteria represent one of the largest bacterial phyla and are
Gram-positive filamentous bacteria with a high G+C content in their genomes. Metagenomic
studies from human fecal samples have revealed Actinobacteria as one of the six dominant
phyla (Eckburg et al., 2005). Within this phylum, higher numbers of Bifidobacterium are
associated with reduced intestinal inflammation and improved epithelial barrier integrity
(Krumbeck et al., 2018; Mendes et al., 2018; Paveljsek et al., 2018). Akkermansia
muciniphila of the Verrucomicrobia phylum is known to metabolizes mucin to produce small
chain fatty acids, propionate and acetate, in particular (Ottman et al., 2017). High levels of
A. muciniphilia are also generally associated with a healthy intestinal tract with lower levels
correlating with obesity, diabetes, appendicitis, and inflammatory bowel disease (Dao et al.,
2016; Karlsson et al., 2012; Plovier et al., 2017; Png et al., 2010; Rajilic-Stojanovic et al.,
2013; Swidsinski et al., 2011; Zhang et al., 2013). Even though these phyla changes from
VL#3 feeding were robust, it was surprising that the fecal microbiome changes were not
reflective of the species in VSL#3. Although VSL#3 has been demonstrated to be relatively
viable up to 2 hours in simulated gastric and intestinal fluid (Mecchione et al., 2018), it is
possible that the bacteria did not survive long enough to colonize the intestines.
Alternatively, high amount of host DNA or limited sequencing depth likely limited our
ability to identify low abundance species (Pereira-Marques et al., 2019). It is not entirely
expected, however, that probiotics will be able to replicate sufficiently to colonize and
displace the resident rodent commensal bacteria. In fact, the probiotics may serve simply as
transient stimuli, of either living or dead bacteria, to both the resident intestinal microbiome
as well as the host intestinal cells to exert their influence (Zmora et al., 2018). In addition,
our analysis of fecal microbiome may not accurately reflect bacteria that were effective in
adhering to the mucosa to colonize and future comparison will require assessment of
mucosal and fecal microbiome during disease and intervention.

Unlike our study focused on intestinal components of disease, several groups have published
efforts to manipulate the intestinal microbiota in AD mice to affect the brain through the so-
called gut-brain axis. There are several mechanisms proposed by which probiotic can
modulate brain functions including vagal signaling (Bravo et al., 2011), neuronal pathways
(Baik et al., 2014), microbial metabolites such as short chain fatty acid including acetate,
butyrate, and lactate (Macfabe, 2012; Macfarlane and Macfarlane, 2003; Moretti et al.,
2011), and bacterial-immune interaction (Donato et al., 2010; Zareie et al., 2006). It is
unclear why we did not observe robust brain effects on Ap plaque load, gliosis or cytokine
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changes in our probiotic fed mice. It could be possible that our feeding paradigm or the
particular probiotic choice may have minimized our ability to observe any brain effects. In
addition, our use of females only may explain the lack of changes in gliosis and cytokines
following probiotic supplementation. Sex differences in the clinical phenotype and
progression of AD have been well documented (Cavedo et al., 2018). In fact, recent studies
have shown sex-specific effects of microbiome perturbations on cerebral Ap amyloidosis
and microglia phenotypes. Male but not female APP/PS1 mice demonstrated a significant
reduction of Ap deposition along with microglial morphological alterations following
antibiotic treatment (Dodiya et al., 2019). Others have reported robust observation in the
brain from longer interventions. For example, feeding a probiotic containing
Bifidobacterium longum and Lactobacillus acidophilusto male APP/PS1 mice starting at 3
months for 20 weeks resulted in decreased plaque area without affecting microglia numbers
(Abraham et al., 2019). 12-weeks of combined treatment of L. plantarum with memantine
ameliorated cognitive deterioration, decreased Ap levels in the hippocampus, and protected
neuronal integrity and plasticity (Wang et al., 2020). Feeding 3xTg-AD mice a probiotic
mixture at eight weeks for an additional 16 weeks resulted in decreased markers of oxidative
stress (Bonfili et al., 2018). A similar study feeding 3xTg-AD mice the same probiotic
mixture demonstrated that it was sufficient to attenuate levels of Ap, plasma cytokines, and
cell death in the AD mice (Bonfili et al., 2017). Collectively, these findings support the idea
that manipulating the intestinal microbiota in rodents can improve intestinal aspects of
disease, as we have demonstrated, but also exert benefits in the brain given a particular
treatment paradigm.

Prostaglandins are one of the possible molecules communicating a gut-brain response. For
example, a disrupted intestinal barrier results in translocation of luminal contents including
microbes and their products into the systemic circulation which certainly have detrimental
consequences, including activation of the peripheral immune system (Brenchley and Douek,
2012). Prostaglandins are inflammatory lipid mediators that can be released from immune
cells to cross the blood brain barrier and are important communication molecules connecting
the brain and the systemic immune system. We observed a significant increase in serum
levels of PGE2, 6-keto PGFy,, PGFy, and TXB, in AppNL-G+F mice supporting the
existence of systemic inflammation. Moreover, this increase in lipid mediators was
attenuated by probiotic feeding correlating with the observed decrease in proinflammatory
cytokines noted in the intestines. These results are consistent with a previous study that
showed a significant decrease in eicosanoids levels and colitis following VSL#3 treatment in
a rat model of experimental colitis (Shibolet et al., 2002). Interestingly, only TXB2 was
elevated in the brains of AppVL-G+ mice but was not attenuated by VVSL#3 feeding. Previous
studies have demonstrated that activated microglial robustly secrete TXB2 in the CNS
(Giulian et al., 1996). Therefore, increased microglial production of TXB2 in the brains of
the App’VL-G-F mice could have masked any probiotic-dependent attenuation of blood-
derived TXB2 in the brain. It appears that, although elevated TXB2 was a consistent blood
and brain biomarker of disease, intestinal microbiota changes only influenced the increase in
the serum. Additional optimization of the feeding paradigm may better address whether the
brain elevation of TXB2 can be attenuated with dietary probiotic intervention.
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Another possible communicating molecule from the intestine to the brain could be bile
acids. Bile acids are capable of influencing neurotransmission, neuroendocrine responses,
physiology, and neurogenesis indicating an important role for these signaling mediators in
brain homeostasis (McMillin and DeMorrow, 2016). Interestingly, a dramatic difference in
bile acid concentrations in the serum of ApoN--C-F mice was observed, particularly a
decrease in secondary bile acids, unconjugated primary bile acids and increase in most of the
conjugated primary bile acids was found when compared to WT mice. Gut microbiota
composition can modify the bile acid profile through a broad range of reactions including
conjugation and deconjugation resulting in formation of secondary bile acids (Duboc et al.,
2013; Jones et al., 2014; Musso et al., 2011; Ridlon et al., 2014; Theriot et al., 2014).
Interestingly, alteration in the bile acid profile has been associated with cognitive
impairment in AD (Andy et al., 2016; Bauer et al., 1991). Our mass spectrometric analysis
of serum showed a significant increase in taurine conjugated muricholic acid (tauro-a.-
muricholic acid, tauro-B-muricholic acid) in vehicle treated AgpVL-G- mice when compared
to controls. Taurine conjugated deoxycholic acid (taurodeoxycholic), chenodeoxycholic acid
(tauro-chenodeoxycholic) and ursodeoxycholic acid were also increased in AppVE-GF mice.
Increased conjugated bile acids in the serum suggests decreased bile salt hydrolase (BSH)
enzyme-producing bacteria in the intestine including Lactobacillus, Bifidobacterium,
Clostridium, andBacteroides sps. (Begley et al., 2006).

Surprisingly, many of the bile acids (primary and secondary) were significantly reduced in
ApoNL-G-F brains compared to controls consistent with a study performed using APP/PS1
mice showing decreased levels of CA, w-muricholic acid, TCA, and tauro-a and -
muricholic acids compared to wild type controls (Pan et al., 2017). This suggests a complex
regulation in which the levels of bile acids in the serum are regulated independently from
brain. Nevertheless, since bile acid production can be modulated by metabolic activity of the
gut microbiota, it is likely that the dysbiosis observed in the ApgNL-GF intestines are related
to the altered bile acid profiles in the brains. For example, although tauroursodeoxycholic
acid (TUDCA) was elevated in the serum of ApgNL-G-F mice, TUDCA levels were
drastically decreased in AppVL-G+ mouse brains compared to controls. TUDCA is a
neuroprotective bile conjugate and has been studied in several animal models of
neurodegenerative disease, including Huntington’s and Parkinson’s disease as well as brain
injury (Keene et al., 2002; Keene et al., 2001; Sun et al., 2017). Recently, the therapeutic
efficacy of exogenously provided TUDCA has also been reported in APP/PS1 mice
(Dionisio et al., 2015; Nunes et al., 2012). However, VSL#3 feeding provided no change in
brain levels of TUDCA in AppNL-G-F mice and actually decreased levels in WT mice. In
fact, probiotic treatment increased brain concentrations of p-muricholic acid with a decrease
in taurine conjugated muricholic acid, deoxycholic and ursodeoxycholic acid in only WT
mice suggesting VSL#3 decreased bile acid taurine conjugation in a genotype selective
fashion. Only DCA was found to be decreased in both brain and serum samples of
AppNL-G-F compared to WT mice. These results are supported by previous studies
suggesting that bile acids may be synthesized locally in the brain directly from cholesterol
and are not from hepatic origin (Mano et al., 2004; Quinn, 2013). Therefore, further studies
are required to investigate if bile acids in the brain are unique to the disease phenotype and
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determine whether manipulation of their concentrations could be targeted as a therapeutic
strategy.

We observed that VVSL#3 feeding for eight weeks had no significant effect on memory
improvement. This lack of change could be related to the particular probiotic or the
paradigm we employed. For example, our use of probiotics at an advanced stage of
amyloidosis/gliosis may not be ideal. Some recent literature suggests that probiotic
treatment alone is not effective in improving spatial memory in AD mice requiring, for
example, a combined treatment of exercise and probiotic to increase brain performance
(Abraham et al., 2019). Future studies are required to test probiotic interventions singly or in
combination in a variety of models and paradigms to best assess the potential of this
therapeutic strategy.

In summary, our study provides evidence of an intestinal manifestation of disease using the
ApNL-G-F mouse model. The pathology included increased permeability and inflammatory
state and correlated with elevated levels of select prostaglandins and bile acids in the serum.
Probiotic supplementation exerted a beneficial effect by reducing intestinal inflammation
and permeability in correlation with altered levels of select serum prostaglandins and bile
acids in both wild type and Ap’VL-G- mice. In addition, VSL#3 feeding had a significant
effect on select prostaglandins and bile acids in the brains of wild type mice demonstrating a
novel effect of this dietary supplementation. However, brain changes associated with AD,
including increased cytokine levels, Ap plaque load, and gliosis, were resistant to the
particular probiotic intervention paradigm we employed. Further study will better define the
intestinal dysfunction of AD in both mouse models and humans to determine whether it
influences brain changes. Dietary manipulation through probiotic intervention appears to be
an attractive means of attenuating the intestinal aspect of disease.
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Highlights

. AppNL-GF demonstrated increased intestinal permeability correlating with
dysbiosis

. AppVE-GF mice had altered serum bile acids and prostaglandins compared to
controls

. Probiotic supplementation of ApoVL-C-F mice attenuated intestinal
dysfunction

. Probiotic fed AppVt-G-F mice had minimal changes in gliosis and plaque load

. There is potential for probiotic intervention in AD
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supplementation. Microbial richness was calculated based on Chaol index (a) and microbial
richness and evenness on the Shannon index (b). The mean value (and confidence interval)

in each group are also illustrated (c). Principle coordinate analyses (PCoA) plot for

unweighted UniFrac distances between C57BL/6 (WT) and Apg’VL-G+ mice (d). Relative

abundance of dominant bacterial phyla in fecal samples of C57BL/6 (WT) and Ap,
mice. The relative abundances are based on the proportional frequencies of the DNA

L-G-F

sequences that were classified at the phylum level. 6 animals per group were examined (€)
Each bar graphs shows the different bacterial phylum altered in AgpVL-C- mice when
compared to C57BL/6 (WT) vehicle treated mice. Data are represented as mean + S.E.M.
Significant differences were determined by two-way analysis of variance (ANOVA), *
p<0.05 (n=6). The statistical analysis was not performed on phylum Deferribacteres and

Tenericutes due to less average relative abundance of these phyla.
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Effects of VSL#3 supplementation on intestinal permeability and motility in C57BL/6 (WT)
and AppVL-GF mice. Permeability and motility assays were performed on C57BL/6 (WT)

and ApoVL-G-F mice following 8 weeks of vehicle or VVSL#3 supplementation. (a)

Concentration of 4kDa FITC-conjugated dextran in serum as measured after 5 hours of oral
gavage. To quantify motility mice were gavaged with 70 kDa FITC-conjugated dextran and
(b) percentage gastric emptying and (c) intestinal transit were determined by assessing the
dextran distribution throughout the gastrointestinal tract after 30 min. Data are represented
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as mean + S.E.M. Significant differences were determined by two-way ANOVA, * p<0.05
(n=7 and outlier removal resulted in statistical analysis from n=6-7).
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Effect of VSL#3 supplementation on pro-inflammatory cytokines and lipocalin (LCN-2) in
ileums of C57BL/6 (WT) and App’VL-G-F mice. Protein levels of (a) interleukin-1p (IL-1),

(b) IL-6, (c) tumor necrosis factor (TNF-a), and (d) lipocalin (LCN-2) levels were

quantified from lysate prepared form ileums of vehicle and VSL#3 supplemented mice by
enzyme-linked immunosorbent assay (ELISA). Data are represented as mean = S.E.M.
Significant differences were determined by two-way ANOVA, * p<0.05 (n=7 and outlier
removal resulted in statistical analysis from n=6-7).
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LEAP

armabesd 1101

Effect of VSL#3 supplementation on inflammatory and tight junction proteins in ileums of
C57BL/6 (WT) and App’VL-G+ mice. lleums from the mice were lysed and resolved via
SDS-PAGE and western blotted using anti-BACE, anti-GFAP, anti-Iba-1, anti-APP, anti-
CD-68, anti-synapsin-1, anti-Cox-2, anti-PSD-95, anti-iNOS, anti-cFos, anti-occludin and
anti-GAPDH antibodies. Three representative western blots from 6 animals analyzed are
shown in the figure. Quantification shows arbitrary densitometry units of each protein signal
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normalized to its respective GAPDH loading control. Data are represented as mean + S.E.M.
Significant differences were determined by two-way analysis ANOVA, * p<0.05.

Neurobiol Aging. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kaur et al. Page 36

Serum Eicosanoids

n.s ¥
3 ~ 257 23
5 v _Ew A
% = 201
£ 21 4 et
e e & 1.5 T
s T F : am .
= v v E 107 A
= . =
o0 v ) A
.
g - Zos{ o° .
2 A 4 v
= -7 - ° #1
0 - T T T 0.0 T T T T
1c\e (T2 VERPRRY: CREP R\ W Wele NSV eGPV
o N g VM GrgeneT NG e A ARNTERNE N
wt W P PP Wt N AP
84 ~ 0.84
3 * kd - * x
= £
o0
;E 6 A £ 0.6 L
E . F
g E 4 L ¥ = 0.4 o
g2 A = d L
a A‘ T e=s Y
CEEES M= =0 0.2 - =4
] . v z . | l-l v
& =
© o-—E—iﬂ—ﬂﬂ" ’ ' & 0.0 . , r .
GO SV e i GFYSY ac\e SV e GFYSY
o yeWe 1 VP GFy W NL o veW 3 VPN Gy e NL
Wt W A‘m\ ApP Wt » '“,p\ ApP
m L 10007
U9 * - | v
~ " v E R M
8 = 8001 "
E 401 2 v & iy
) = ° =
£ 30 ° v 3 600 ._..p ¥ Aa
) T [ ] A v o0
= A 2] A
< = ]
Fof (B 2 |F 3
. =
g ) -.l < 2004
= 104 L] =
= <
) " 0 T T T T
0 T T T 13 L\e =\ VI S LR AT V)
E (e NSV Grg e 6N
acle SV o e GFYSY TV T YT G
e AP RTS \ Cagi LA W ApP
wi* ok AP N o AvP o
=2 600 .
B [}
£ e A XY
| A
fg 400 o L =y vy
« A
2 L2 & X
= A
2
S 2001
¥
=
o
2
=]
3
< n
g 0 T r r T

ac\e SL ac\e FFYSV
o NN g VO GF e NGTN
Wt h ,\pp\ : ApP

Fig. 5.

Ef?’ect of VSL#3 supplementation on serum concentrations of eicosanoids in C57BL/6 (WT)
and AppVL-GF mice. (a) PGD;, (b) PGE; (c) 6-keto PGF1, (d) PGF,, (e) thromboxane (f)
arachidonic acid (Raatz et al.) (g) docosahexaenoic acid were measured by mass
spectrometry in serum collected following 8 weeks of probiotic supplementation. Data are
represented as mean + S.E.M. Significant differences were determined by two-way ANOVA,
* p<0.05 (n=7). Prostaglandin D was below the limit of detection (LOD) in several samples
so statistical analysis was not performed on this analyte.
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Fig. 6.

Ef%ect of VSL#3 supplementation on different serum bile acid concentrations. Both
conjugated and unconjugated primary and secondary bile acids (cholic, chenodeoxycholic
acid, muricholic acid, deoxycholic acid, lithocholic acid) were estimated in serum samples
using mass spectrometry. Data are represented as mean = S.E.M. Significant differences
were determined by two-way ANOVA, * p<0.05 (n=7).
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Fig. 7.
Effect of VSL#3 supplementation on Ap accumulation and gliosis in brains of C57BL/6

(WT) and AppVL-C-F mice. Representative immunohistochemical staining for (a) A (b)
GFAP, and (c) Iba-1 are shown from temporal cortex. The representative images shown were
taken at 20x. Quantitation of immunostaining was performed, and optical density values
were averaged and shown in bar graphs. Data are represented as mean + S.E.M. Significant
differences were determined by two-way ANOVA, * p<0.05 (n=7), Scale bar 50um.
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Effect of VSL#3 supplementation on brain Ap levels. The levels of amyloid-beta 1-40 (A
1-40) and 1-42 (AB 1-42), both soluble and insoluble, were assessed in temporal cortices of
C57BL/6 (WT) and ApgpVL-G+ mice using enzyme-linked immunosorbent assay (ELISA). 7
animals per group were examined. Data are represented as mean + S.E.M. Significant
differences were determined by two-way ANOVA, * p<0.05.
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Fig. 9.

Effect of VSL#3 supplementation on different inflammatory proteins and a neuronal activity
marker in the temporal cortex. The levels of inflammatory proteins, GFAP and Iba-1, along
with neuronal activity marker protein, cFos, and post-synaptic protein PSD-95 were
measured in temporal cortex lysates. Three representative western blots from 6 animals
analyzed per group are shown with a-tubulin used as a loading control. Quantification
shows arbitrary densitometry units of each protein signal normalized to a.-tubulin. Data are
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represented as mean + S.E.M. Significant differences were determined by two-way ANOVA,
*
p<0.05.
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Effect of VSL#3 supplementation on pro-inflammatory cytokines in brains of C57BL/6
(WT) and AgoVE-C-F mice. Protein levels of (a) interleukin-1p (IL-1p), (b) IL-6, (c) tumor
necrosis factor (TNF-a), and (d) lipocalin (LCN-2) from temporal cortices were examined
by enzyme-linked immunosorbent assay (ELISA). (n=7 and outlier removal resulted in

statistical analysis from n=6-7). Data are represented as mean + S.E.M. Significant

differences were determined by two-way ANOVA, * p<0.05.
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Effect of VSL#3 supplementation on brain concentrations of eicosanoids in C57BL/6 (WT)
and AppVL-G-F mice. (a) PGD, (b) PGE,, (c) 6-keto PGF14, (d) PGF2q, () thromboxane,
(f) Arachidonic acid, and (g) Docosahexaenoic acid were measured using mass spectrometry
in temporal cortices after 8 weeks of treatment. Data are represented as mean + S.E.M.
Significant differences were determined by two-way ANOVA, * p<0.05 (n=7 for AppNL-C+
mice and n=8 for WT mice).
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Effect of VSL#3 supplementation on bile acid concentrations in the brain. Both conjugated
and unconjugated primary and secondary bile acids (cholic, chenodeoxycholic acid,
muricholic acid, deoxycholic acid, lithocholic acid) were estimated in temporal cortex using
mass spectrometry. Data are represented as mean + S.E.M. Significant differences were

determined by two-way ANOVA, * p<0.05 (n=7 for App’Vt-G* mice and n=8 for WT mice).

For bile acid levels found below the LOD such as a-muricholic acid, glycocholic acid,

ursodeoxycholic acid, statistical analysis was not performed.
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Fig.13.
Effect of VSL#3 supplementation on memory in C57BL/6 (WT) and Apg’VL-C+ mice. All

mice were subjected to cross maze testing for working memory after 8 weeks of treatment
and the percentage of alternation were calculated and plotted. Data are represented as mean
+ S.E.M. Significant differences were determined by two-way ANOVA, * p<0.05 (n=15).
Mice that made fewer than 12 choices in an alternation task were excluded from the
analysis.
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