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Abstract: Mechanisms linking intestinal bacteria and neurodegenerative diseases such as Alzheimer’s
disease (AD) are still unclear. We hypothesized that intestinal dysbiosis might potentiate AD,
and manipulating the microbiome to promote intestinal eubiosis and immune homeostasis may
improve AD-related brain changes. This study assessed sex differences in the effects of oral probiotic,
antibiotics, and synbiotic treatments in the AppNL-G-F mouse model of AD. The fecal microbiome
demonstrated significant correlations between bacterial genera in AppNL-G-F mice and Aβ plaque
load, gliosis, and memory performance. Female and not male AppNL-G-F mice fed probiotic but not
synbiotic exhibited a decrease in Aβ plaques, microgliosis, brain TNF-α, and memory improvement
compared to no treatment controls. Although antibiotics treatment did not produce these multiple
changes in brain cytokines, memory, or gliosis, it did decrease Aβ plaque load and colon cytokines in
AppNL-G-F males. The intestinal cytokine milieu and splenocyte phenotype of female but not male
AppNL-G-F mice indicated a modest proinflammatory innate response following probiotic treatment
compared to controls, with an adaptive response following antibiotics treatment in male AppNL-G-F

mice. Overall, these results demonstrate the beneficial effects of probiotic only in AppNL-G-F females,
with minimal benefits of antibiotics or synbiotic feeding in male or female mice.

Keywords: Alzheimer’s disease; probiotic; VSL#3; antibiotics; synbiotic; prebiotic; microbiome;
cytokines; splenocytes; immune response

Highlights

1. Probiotic feeding reduced Aβ plaque load and improved memory in AppNL-G-F female
mice.

2. Probiotics decreased microgliosis and TNF-α levels in AppNL-G-F female mice with no
effects in male mice.

3. Oral antibiotic treatment reduced Aβ plaque load in AppNL-G-F male mice with no
effects in female mice.

4. Probiotic feeding stimulated innate immune response changes in AppNL-G-F female
spleens.

5. Antibiotic treatment stimulated acquired immune response changes in AppNL-G-F male
spleens.

1. Introduction

Accumulating evidence suggests that bidirectional communication between the central
nervous system (CNS) and the enteric nervous system (ENS) and the gut microbiota plays a
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central role in this interaction. The gut microbiota performs functions including metaboliz-
ing food and drugs [1,2], providing nutrients from dietary carbohydrates [3,4], maintaining
the gut barrier integrity [5], immunomodulation [6], and protecting against pathogens [7],
thus helping to maintain a stable gut ecosystem [8]. Alterations in the composition of
gut microbiota, or dysbiosis, is associated with various gastrointestinal disorders such as
inflammatory bowel disease and colon cancer [9,10], as well as extra-intestinal diseases
such as metabolic syndrome, obesity, allergies, autism, anxiety, depression, and neurode-
generative diseases [11–13]. In addition, recent advances in research of Alzheimer’s disease
(AD) etiology points towards an altered gut microbiota leading to a peripheral/systemic
inflammatory response that affects brain functions [14–16]. Although the mechanisms are
unclear, numerous complex interactions between intestinal microbiota and the immune sys-
tem likely influence intestinal, circulating, and brain immune cells in a fashion contributing
to AD [17,18].

The intestinal microbiota has a profound impact on shaping the host immune sys-
tem. It regulates both the innate and adaptive immune systems by stimulating B cell and
antibody responses and the differentiation of T helper cells [19]. Recently, an association
of specific bacterial species with the development of particular T cell subtypes has been
found. For example, segmented filamentous bacteria in the gut can promote inflammatory
bowel diseases, experimental autoimmune encephalomyelitis, and autoimmune arthritis
by inducing Th17 cell differentiation [20,21]. On the other hand, the spore-forming com-
ponent of indigenous intestinal microbiota belonging to the genus Clostridium promotes
the accumulation of regulatory T cells (Tregs), which are anti-inflammatory and prevent
gut inflammation [22]. Neuroimmune modulation by the microbiota regulates responses
to neuroinflammation, brain injury, autoimmunity, and neurogenesis and, therefore, con-
tributes to the etiopathogenesis or manifestation of neurodevelopmental, psychiatric, and
neurodegenerative diseases [23].

Several experimental approaches have been used in animal models to understand the
effects of gut microbiota in diseases, including germ-free mouse models, manipulation
of gut microbiota with antibiotics, fecal microbial transplantation, and administration
of probiotics or prebiotics [24]. We have previously published that the gut microbiota is
involved in AD pathophysiology, and probiotic intervention reduces intestinal permeability,
inflammation, and anxiety in the AppNL-G-F mouse AD model [25,26]. Probiotics are live
microorganisms that confer a health benefit on the host when administered at adequate
amounts. They are known for alleviating gastrointestinal symptoms, enhancing gut-barrier
functions, protecting against infectious diseases by blocking pathogenic bacteria, competing
with pathogens and toxins for adherence to the intestinal epithelium, enhancing gut-barrier
functions, and, most importantly, modulation of the immune system [27,28].

In this study, we provided a combination of two broad-spectrum non-absorbable
antibiotics, vancomycin and neomycin, along with an anti-fungal, pimaricin, (ABX) in the
drinking water for ten days to C57BL/6J and AppNL-G-F mice to deplete intestinal bacterial
communities, followed by treatment with either a probiotic or a prebiotic in their diet for
60 days. Two other groups of animals were treated only with antibiotics for ten days or only
with VSL#3 for 60 days. Overall, we observed that probiotic and antibiotic interventions
significantly altered fecal microbiota relative to controls, and response to interventions was
significantly different between sexes. In particular, we observed that AppNL-G-F females
with VSL#3 supplementation had significantly fewer Aβ plaques, lower gliosis, and lower
brain cytokine levels and improved memory relative to control animals. No effect of
VSL#3 supplementation was observed in male AppNL-G-F animals, although they showed
reduced Aβ plaques following antibiotics treatment. These changes correlated with a
probiotic-dependent increase in colonic Th2 associated cytokines and activated splenic
macrophages in AppNL-G-F females. An opposite trend was observed in AppNL-G-F males,
where probiotic treatment had minimal effects, but antibiotics treatment increased colonic
levels of Th1, Th2, and Th17 cytokines and increased splenic T cells. Thus, our study
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demonstrates a differential innate versus adaptive immunomodulatory impact of probiotic
and broad-spectrum antibiotics on female versus male AppNL-G-F mice, respectively.

2. Materials and Methods
2.1. Animals

AppNL-G-F mice were obtained from Dr. Takaomi C. Saido, Laboratory for Prote-
olytic Neuroscience, RIKEN Center for Brain Science, Japan. APP is not overexpressed
in AppNL-G-F mice, but pathogenic Aβ is elevated due to effects from three mutations as-
sociated with familial AD. An APP construct containing a humanized Aβ region, which
includes the Swedish “NL”, the Iberian “F”, and the Arctic “G” mutations, was used [29].
This model was selected to avoid potential artifacts introduced by APP overexpression. A
total of 70 male and female AppNL-G-F (AD) and 70 male and female C57BL/6J (wild type,
WT) mice (total 140 mice) were used at 2–3 months of age. Five to seven mice were used for
each analysis, as described in each figure legend. Our C57BL/6J mice were from an in-house
colony originally obtained from Jackson Laboratories. Upon receiving the AppNL-G-F mice,
they were bred with the in-house C57BL/6J mice for several generations, then maintained
as a homozygous colony. However, since the homozygous colonies were not littermate
controls, they were not compared across genotypes. Animal use was approved by the
University of North Dakota Institutional Animal Care and Use Committee. The animals
were provided food and water ad libitum and housed with a 12-h light/dark cycle.

2.2. Animals and Treatment

Male and female C57BL/6J and AppNL-G-F mice were randomly assigned into five
experimental groups as shown in Figure 1A: (1) vehicle (Veh), (2) supplemented with
probiotic VSL#3 (VSL#3), (3) treated with antibiotics only (ABX), (4) treated with antibiotics
plus probiotic (ABX + VSL#3), and (5) treated with antibiotics plus probiotic and prebiotic
(ABX + Syn). Antibiotics treatment was given before the supplementation of prebiotics
and probiotics. Animals in the antibiotics group were given an oral non-absorbable an-
tibiotic cocktail treatment (vancomycin 0.5 mg/mL, neomycin 5 mg/mL, and pimaricin:
1.25 µg/mL) in drinking water for ten days, while animals in other groups were given
regular water for the same period. After the antibiotics treatment, the animals in the probi-
otic or prebiotic group were supplemented with VSL#3 or prebiotic in a regular powered
diet (Envigo-Harlan Teklad 22/5 rodent diet, 8640). The treatment was given for eight
weeks, and the dose of probiotic VSL#3 (4 × 109 CFU/day/25 g mice) was calculated
based on the body surface area normalization method from the recommended human
dose of VSL#3 [30,31]. According to the manufacturer’s information, human colonization
takes place in 2–3 weeks. However, we elected a longer period of 8 weeks based on the
known resistance of mice to probiotic colonization [32]. VSL#3® is a commercially available
probiotic cocktail (Alfa Sigma USA, Inc. Covington, LA, USA. Lot No. 809158) of eight
strains of lactic acid-producing bacteria: Lactobacillus plantarum, Lactobacillus delbrueckii
subsp. Bulgaricus, Lactobacillus paracasei, Lactobacillus acidophilus, Bifidobacterium breve, Bifi-
dobacterium longum, Bifidobacterium infantis, and Streptococcus salivarius subsp. Thermophilus.
The prebiotic used in our study, Prebiotin™ prebiotic fiber supplement with oligofructose-
enriched-inulin (Jackson GI Medical, Harrisburg, PA, USA), was supplemented at a dose of
1.2 mg/day/20 g mouse body weight in a regular powdered diet. The amount of prebiotic
was calculated based on the human dose.
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Figure 1. Study design and treatment effects of probiotic and antibiotics on learning and memory. (A) General experi-

mental procedure and a timeline of the study. (B) Animals at 4–5 months of age were assessed for learning and memory 

using a passive avoidance task. The image shows the neurobehavior training setup, where a mild foot shock was used as 

an unconditioned stimulus on day 1 (training day) and the step-through latencies were measured when animals entered 

Figure 1. Study design and treatment effects of probiotic and antibiotics on learning and memory. (A) General experimental
procedure and a timeline of the study. (B) Animals at 4–5 months of age were assessed for learning and memory using
a passive avoidance task. The image shows the neurobehavior training setup, where a mild foot shock was used as an
unconditioned stimulus on day 1 (training day) and the step-through latencies were measured when animals entered from
a lit compartment to a dark compartment. (C) The passive avoidance task results are shown as step-through latency on day
two and are expressed as mean ± SEM. Significant differences were determined by one-way analysis of variance, * p < 0.05
(n = 7).
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2.3. Antibodies and Reagents

Antibiotics including vancomycin (V2002-5G), neomycin (N6386-100G), and pimaricin
(P9703-25MG) were purchased from MilliporeSigma (Burlington, MA, USA). FITC-dextran
was purchased from MilliporeSigma (Burlington, MA, USA), and ELISA kits for TNF-α,
IL-1β, and IL-10 were purchased from R&D Systems (Minneapolis, MN, USA). Antibodies
against GFAP and Aβ were purchased from Cell Signaling Technology Inc. (Danvers, MA,
USA). The anti-Iba1 antibody was purchased from Wako Chemicals USA, Inc. (Richmond,
VA, USA). Elite Vectastain ABC reagents, Vector VIP, biotinylated anti-rabbit, and anti-
mouse antibodies were purchased from Vector Laboratories Inc (Burlingame, CA, USA).
ZymoBIOMICS DNA Kits D4300 (Zymo, Irvine, CA, USA), A Quantibody® Mouse Cy-
tokine Array (QAM-TH-17; RayBiotech, Inc., Norcross, GA, USA), and blood and chocolate
agar plates (Thermo Fisher Scientific, Rockford, IL, USA) were also used. Ghost dyeTM

Violet 510 was purchased from Tonbo Biosciences (San Diego, CA, USA). The antibodies
and the clones used in flow cytometry experiments are detailed in Table 1.

Table 1. Reagents used for flow cytometry.

Dye/Antibody Clone Fluorochrome Source

Fixable/Viability dye BV510 Tonbobio
Fc Block Biolegend

CD45 30F11 PErCPCY5-5 Biolegend
CD3 17A2 FITC Biolegend
CD4 RM4-5 BV605 Biolegend

CD25 PC61 PE Biolegend
CD28 37.51 BV421 Biolegend

CD62L MEL-14 PECY7 Biolegend
CD69 H1.2F3 APC Biolegend

CD11b M1/70 PE Biolegend
CD14 PECY7 Biolegend
CD36 APC Biolegend
F4/80 BM8 BV421 Biolegend
LY6C HK1-4 APC/FIRE750 Biolegend
CD4 RM4-5 BV605 Biolegend

CD25 PC61 APC Biolegend
FOXP3 FJK-16s PE eBioscience

2.4. Fecal Sample Collection and Microbiome Analysis

After eight weeks of VSL#3 treatment, each mouse was placed 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 minute of being placed into a
clean cage. When a mouse did not pass stool within 30 min, the mouse was gently picked
up vertically by the tail for 20–30 s until a pellet was excreted and collected. Samples
were stored at 4 ◦C until all samples were collected and later stored at −80 ◦C until DNA
isolation for microbiome analysis. The DNA from stool samples were isolated using a
Zymo kit (Zymo Research, Irvine, CA, USA) and resolved on a 1% agarose gel (w/v)
containing SYBR Safe DNA Gel Stain (Invitrogen Co., Carlsbad, CA, USA) and visualized
under ultraviolet light to assess the quality of isolated DNA samples. The samples were
sent to the Washington University Genome Sequencing Center core facility for microbiome
analysis via 16S rRNA sequencing, and the following protocol was used for analysis.
Seven PCR amplicons representative of all nine 16S variable regions using the primers
indicated in Table 2 were generated using the Fluidigm Access Array System. Reaction
mixture components included 10× Fast Start High Fidelity buffer without MgCl2, 25 mM
MgCl2, dimethyl sulfoxide, 10 mM PCR Grade Nucleotide Mix, 0.05 U/µL of 5 U/µL
FastStart High Fidelity Enzyme Blend, 20× Access Array Loading Reagent, 1 µL DNA,
and molecular grade water. The BioMark HD system from Fluidigm was employed for
PCR amplification. Reaction products were indexed with ten unique base pair sequences
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via seven rounds of PCR to combine each index sequence. Forty-eight sample libraries
were constructed via sample pooling and bead purification used for cleaning. Illumina
MiSeq sequencer (2 × 150 base pair kit) was used for library sequencing. Amplification and
sequencing were performed at the Genome Technology Access Center at the McDonnell
Genome Institute at Washington University in St. Louis. Demultiplexed reads from the
seven amplicons were analyzed using the Multiple 16S Variable Region Species-Level
Identification (MVRSION) pipeline [33] to generate a list of microbial species with their
corresponding number of reads for each sample. Default parameters were employed for
the MVRSION analysis in conjunction with the Silva 16S database, and data were rarefied
to a depth of 18,000 reads. Diversity analysis was run for the following sample groupings:
male, female. The taxonomic classification results of MVRSION were post-processed via
QIIME for the core set of diversity analyses, including alpha and beta diversity, alpha
rarefaction, and group significance.

Table 2. Primers sequences associated with the seven PCR amplicons covering nine variable regions
in the bacterial 16S rRNA gene.

Name Sequence

V1-V2_F TCGTCGGCAGCGTCAGAGTTTGATCCTGGCTCAG
V2_F TCGTCGGCAGCGTCAGYGGCGIACGGGTGAGTAA

V3_2_F TCGTCGGCAGCGTCCCTACGGGAGGCAGCAG
V4_F TCGTCGGCAGCGTCGTGCCAGCMGCCGCGGTAA

V5-V6_F TCGTCGGCAGCGTCAGGATTAGATACCCTGGTA
V6_1_F TCGTCGGCAGCGTCAAACTCAAAKGAATTGACGG

V7-V8_F TCGTCGGCAGCGTCGYAACGAGCGCAACCC
V1-V2_R GTCTCGTGGGCTCGGTGCTGCCTCCCGTAGGAGT

V2_R GTCTCGTGGGCTCGGCYIACTGCTGCCTCCCGTAG
V3_2_R GTCTCGTGGGCTCGGGTATTACCGCGGCTGCTGG

V4_R GTCTCGTGGGCTCGGGGACTACHVGGGTWTCTAAT
V5-V6_R GTCTCGTGGGCTCGGCRRCACGAGCTGACGAC
V6_1_R GTCTCGTGGGCTCGGACGAGCTGACGACARCCATG

V7-V8_R GTCTCGTGGGCTCGGGACGGGCGGTGWGTRC

2.5. Passive Avoidance Test for Learning and Memory Assessment

Learning and memory in animals were tested using a passive avoidance task following
completion of the treatment paradigm. The step-through passive avoidance test apparatus
(Gemini Avoidance System, San Diego Instruments, San Diego, CA, USA) consisted of
illuminated and nonilluminated chambers (25 cm × 20 cm × 20 cm) separated by a guil-
lotine door (5 cm × 5 cm). The floor of the illuminated and nonilluminated chambers is
composed of 2 mm diameter stainless steel rods spaced 6 mm apart. During the acquisition
test session, mice were gently placed in the illuminated compartment, and the guillotine
door between the two chambers was opened 10 s later. When mice entered the nonillumi-
nated chamber, the door automatically closed, and an electrical foot shock (0.9 mA, 3 s) was
delivered through the stainless-steel rods. The retention trial session was carried out after
24 h, and the mice were again placed in the illuminated chamber. The step-through latency
or the time taken to enter the nonilluminated chamber was then measured. If the mouse
did not enter the nonilluminated chamber within 300 s, the retention trial was ended, and
the step-through latency time was scored using 300 s as the upper limit.

2.6. Immunohistochemistry

Following the completion of the 8-week treatment paradigm, mice were euthanized
with CO2 asphyxiation and intracardially perfused with PBS to harvest the brains. The
left brain hemisphere from each animal was fixed in 4% paraformaldehyde and prepared
for histologic analysis as described previously [34]. Briefly, paraformaldehyde-fixed tissue
was embedded in a 15% gelatin (made in 0.1 M phosphate buffer) matrix and immersed
in a 4% paraformaldehyde solution for two days, followed by two changes of 30% su-
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crose for cryoprotection, two days each. The blocks were then flash-frozen using dry
ice/isomethylpentane, and 40 µm serial sections were cut on a Leica sliding microtome
and stored at 4 ◦C in PBS with 0.1% sodium azide until used for immunostaining. Anti-Aβ

(1:1000), anti-GFAP (1:1000), and anti-Iba1 (1:750) antibodies were used for immunodetec-
tion with biotinylated secondary antibodies (1:2500 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 increasing ethanol concentrations and Histo-Clear (National
Diagnostics, Atlanta, GA, USA). Images were acquired using a Hamamatsu NanoZoomer
2.0 HT system to quantify immunostaining, as described previously [26]. Optical densities
from the temporal cortices from two serial sections per mouse were measured using Adobe
Photoshop software (Adobe Inc., San Jose, CA, USA). All sections were immunostained and
analyzed simultaneously to minimize variability. The background value in an unstained
tissue area for each section was set to zero using the curve tool before quantifying the
stained areas. The optical density values from two sections/brain and seven brains per
condition were averaged and plotted for Aβ, GFAP, and Iba1 staining.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) for Cytokines

Brains and colons collected from each animal were used for biochemical as well as
histological procedures. Right temporal cortices and colon were collected, flash-frozen
in liquid nitrogen, and stored at −80 ◦C for subsequent use. For cytokines analyses, a
portion of the flash-frozen parietal cortex was homogenized in 1X PBS containing CHAPS
detergent and protease inhibitors using a Bullet Blender Storm homogenizer 24 (Next
Advance, Inc, Troy, NY, USA) at medium speed followed by centrifugation at 13,000 rpm
for 10 min to collect supernatants. The levels of proinflammatory cytokines, TNF-α, IL-1β,
and IL-6, were measured from the supernatants using commercially available ELISA kits
(R&D Systems). Total protein concentrations were assessed using the BCA assay (Pierce
Biotechnology, Rockford, IL, USA), and equal amounts of protein were added to ELISA
wells. The results are expressed as pg/mL per mg of protein.

2.8. Antibody Array Detection of Cytokine Levels Using a Mouse Th1/Th2/Th17 Array

Cytokine levels were measured using a Quantibody Mouse Cytokine Array (QAM-TH-
17; RayBiotech, Inc., Norcross, GA, USA), which is a multiplexed sandwich ELISA-based
quantitative array platform on a glass slide. Multiple cytokines, including IFN-γ, IL-1β,
IL-10, IL-12p70, IL-13, IL-17A, IL-17F, IL-2, IL-21, IL-22, IL-23p19, IL-28A, IL-4, IL-5, IL-
6, MIP-3α (CCL20), TGF-β, and TNF-α, were quantitatively detected according to the
manufacturer’s instructions. One standard glass slide was divided into 16 wells of identical
cytokine antibody arrays. Each antibody, together with the positive controls, was arrayed
in quadruplicate. Cytokines were quantified from their respective standard curves. The
data were analyzed with software provided by the company, and results are represented as
fold-change compared to controls.

2.9. Spleen Immune Cell Phenotyping by Flow Cytometry

Spleens were removed from male and female C57BL/6J and AppNL-G-F mice randomly
assigned into the five experimental groups described above. Single-cell splenic suspensions
were prepared by mashing the spleen using the plunger end of a 1 mL syringe through
a 70 µm strainer (ThermoFisher, Waltham, MA, USA) and were collected into 5 mL of
Ca/Mg free PBS containing 2% fetal calf serum (HyClone, Logan, UT, USA) (FACS buffer).
Cells were washed once, and red blood cells were lysed in RBC lysis buffer (BioLegend,
San Diego, CA, USA) for 5 min at room temperature. Single cells were stained for 30 min
at 4 ◦C with a fixable viability dye, Ghost Dye Violet 510 (Tonbo Biosciences, San Diego,
CA, USA), to distinguish live from dead cells and ensure proper gating and analysis of
viable cells. Cells were pre-incubated for 10 min on ice with a purified recombinant anti-
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CD16/32 antibody dilution to block Fc receptors. (Fc block, BioLegend, San Diego, CA,
USA). After blocking, splenocytes were divided into panels for staining with a cocktail of
fluorochrome-conjugated antibodies to characterize surface and/or intracellular markers
on (a) monocytes/macrophages (PE-CD11b, PECy7-CD14, BV421-F4/80, APC-CD36, and
APC Fire750-Ly6C); (b) naïve and activated T cells (FITC-CD3, BV605-CD4, PE-CD25,
BV421-CD28, PECy7-CD62L, and APC-CD69); and (c) Tregs (FITC-CD3, BV605-CD4, APC-
CD25, and PE-FoxP3). PerCPCy5-CD45 was added to each panel for leukocyte gating.
For FoxP3 staining, we used the FoxP3 Transcription Factor Staining Buffer Set (Thermo
Fisher), following the manufacturer’s instructions, after surface staining was completed.
Cells were stained in a volume of 50 µL and incubated at 4 ◦C overnight. A Symphony
A3 (BD Biosciences, San Jose, CA, USA) flow cytometer was used to collect a minimum
of 20,000 total events. Single stained and fluorescence minus one (FMO) control for
every fluorochrome used in the experiment were included to fine-tune compensation
and facilitate gating, respectively. The source of the antibodies and the clones used in
the study are detailed in Table 1. Data were analyzed using FlowJo V 10.7.1 (BD) after
eliminating cell doublets and debris by gating on FSC-H vs. FSC-A and FSA-A vs. SSC-A,
respectively. Total live CD45+ leukocytes were identified by excluding the cells stained with
the Live/Dead fixable viability dye. Dimensionality reduced visualization of t-distributed
stochastic neighbor embedding (t-SNE) was run using FlowJo V 10.7.1 software. Samples
were downsampled to 4960–5000 events, and analysis was run on equal numbers of events
per sample. We determined the downsampling number based on the sample with the
fewest events acquired. Samples from each group were concatenated into a single file for
tSNE analysis. tSNE plots were analyzed with different perplexities to reach an output of
visually distinct populations in the spleen with the following parameters (iterations = 5000,
perplexity = 30). Cell subsets were identified, manually gated, and overlaid onto tSNE
plots and assigned different colors.

2.10. Correlational Analysis

A Pearson’s correlation analysis was performed to understand the association between
gut microbiota or changes in the bacterial composition and the brain changes observed
in animals with antibiotics and VSL#3 treatments. Correlation values greater than 95%
were calculated by the MATLAB (version R2017b) and are shown with an asterisk. After
correlation, the FDR correction was used to calculate adjusted p-values and significant
results are presented.

2.11. Statistical Analyses

Statistical analyses were performed using Graphpad Prism (Prism version 7.00 for
Windows, GraphPad Software, La Jolla, CA, USA). Strains and genotypes were compared
separately within their five treated groups. Outliers and normality were assessed on each
dataset, except the behavior data, using the Grubb’s and Shapiro–Wilk tests, respectively.
If the data followed a normal distribution, one-way ANOVA multiple comparisons with
a post-hoc Tukey’s honesty significant difference (HSD) was performed. However, in
datasets that were not normally distributed, a non-parametric test with post-hoc Dunn’s
test was performed. All plots were generated using GraphPad software. An unpaired
t-test was used to compare the basal genus differences in male and female C57BL/6 wild
type and male and female AppNL-G-F mice without any treatment. Results were presented
as mean values ± the standard error of the mean (SEM). Differences were considered
significant when p < 0.05 and indicated in the figure legend as appropriate.
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3. Results
3.1. Antibiotics and Probiotic Treatment Had Sex-Dependent Effects on Learning and Memory in
Wild Type and AppNL-G-F Mice

Since our prior work has shown behavioral impairment in this line as early as 3 months
of age [35], we evaluated the effect of probiotic and antibiotics treatments on learning and
memory using a passive avoidance task following completion of the treatment paradigm
(Figure 1B). The step-through latency, or the time taken by an animal to enter from a lit
compartment to a dark compartment, was measured. Vehicle-treated AppNL-G-F female
mice had decreased step-through latency, which was increased following antibiotics, VSL#3,
or antibiotics + synbiotic treatments, demonstrating beneficial effects of both VSL#3 and an-
tibiotics treatments in these mice (Figure 1C). On the other hand, vehicle-treated AppNL-G-F

male mice showed a higher basal step-through latency with no additional improvements
with any of the treatments indicating overall better memory performance than female mice
regardless of the interventions (Figure 1C). Neither male nor female C57BL/6J wild type
mice had differences in performance across the treatment groups (Figure 1C).

3.2. Antibiotics and Probiotic Treatments Had Sex-Dependent Effects on Aβ Plaque Load in
AppNL-G-F Mice

Since both VSL#3 and antibiotics treatment improved memory in AppNL-G-F female
mice, we further assessed whether these treatments also affected the Aβ plaque load
in their brains. Therefore, we performed immunohistochemistry for Aβ on serial brain
sections from male and female AppNL-G-F mice following the treatment. As expected,
vehicle-treated AppNL-G-F mice had robust brain Aβ deposition. However, VSL#3 treatment
reduced Aβ plaque immunoreactivity only in female AppNL-G-F mice with no effects in
males compared to their respective vehicle-treated groups (Figure 2A–D). On the other
hand, antibiotics treatment of AppNL-G-F male mice produced a significant reduction in Aβ

immunoreactivity compared to vehicle controls (Figure 2B). These results demonstrated
sex-dependent differential effects of antibiotics and probiotic treatments in which probiotics
attenuated plaque load in females and antibiotics in males.

3.3. Antibiotics and Probiotic Treatment Had Sex- and Strain-Dependent Effects on Gliosis in Wild
Type and AppNL-G-F Mice

Since Aβ levels were reduced following VSL#3 supplementation and antibiotics treat-
ment in females and males, respectively, we examined whether the associated gliosis would
also be affected. We again performed immunohistochemistry using serial brain sections
from the C57BL/6J and AppNL-G-F mice. VSL#3 feeding decreased Iba1 immunoreactivity
compared to vehicle controls in AppNL-G-F females with no effects on AppNL-G-F males or
wild type mice (Figure 3A–F). Antibiotics treatment had no impact on Iba1 immunoreac-
tivity in either AppNL-G-F male or female mice compared to vehicle controls (Figure 3A–F).
Interestingly, wild type females, but not males, treated with antibiotics in all three groups,
antibiotics, antibiotics + VSL#3, and antibiotics + synbiotic, showed significant increases in
Iba1 immunoreactivity compared to vehicle controls indicating exacerbation of microgliosis
following antibiotics treatment (Figure 3A–F).

We next assessed astrogliosis in the treatment groups using an anti-GFAP antibody to
stain serial brain sections. VSL#3 treatment had no significant effects on male or female
C57BL/6J or AppNL-G-F immunoreactivity (Figure 3G–L). On the other hand, antibiotics
treatment resulted in a marked increase in GFAP immunoreactivity in all the antibiotics-
treated groups in AppNL-G-F females compared to vehicle controls, suggesting increased
astrocyte activation (Figure 3G–L).
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Figure 2. Effect of probiotic and antibiotics treatments on Aβ accumulation in AppNL-G-F brains. Representative im-
munohistochemical staining images for Aβ from temporal cortices of mice treated with vehicle, VSL#3, antibiotics (ABX),
antibiotics+VSL#3 (ABX + VSL), and antibiotics+VSL#3+prebiotic (ABX + Syn) are shown for (A) female and (B) male
AppNL-G-F mice. (C,D) Quantitation of immunostaining was performed from two sections from each animal, and optical
density values were averaged and presented as mean ± SEM. Significant differences were determined by a one-way analysis
of variance, * p < 0.05 (n = 7). Scale bars are 100 µm (10×) and 50 µm (20×).
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Figure 3. Effect of probiotic and antibiotics treatments on Iba1 and GFAP immunoreactivity. Representative immunohisto-
chemical staining images for (A,B) Iba1 and (G,H) GFAP from temporal cortices of female and male WT and AppNL-G-F mice
treated with vehicle, VSL#3, antibiotics (ABX), antibiotics+VSL#3 (ABX + VSL), and antibiotics+VSL#3+prebiotic (ABX+Syn)
are shown. Quantitation of (C–F) Iba1 and (I–L) GFAP immunostaining was performed from two sections from each animal,
and optical density values were averaged and presented as mean ± SEM. Significant differences were determined by a
one-way analysis of variance, * p < 0.05 (n = 7). Scale bars are 50 µm (20×).

3.4. Antibiotics and Probiotic Treatment Had Sex-Dependent Effects on Brain Cytokines in Wild
Type and AppNL-G-F Mice

Since glial immunoreactivity changes were observed in female AppNL-G-F brains follow-
ing treatments, we assessed select brain cytokine concentrations next. Levels of the proin-
flammatory cytokines IL-6, IL-1β, and TNF-α, were quantified from parietal cortex lysates.
VSL#3 supplementation decreased TNF-α levels in both wild type and AppNL-G-F females
compared to vehicle controls with no significant effect on the other cytokines (Figure 4A,B).
In fact, treatments with probiotic including VSL#3 alone, antibiotics + VSL#3, and antibi-
otics + synbiotic all decreased TNF-α levels compared to vehicle controls in AppNL-G-F

female mice (Figure 4A,B). Interestingly, antibiotics treatment increased IL-6 levels in wild
type female mice compared to vehicle controls (Figure 4A). In contrast, concentrations
of all three cytokines were decreased in antibiotics-treated wild type males compared to
vehicle controls. (Figure 4C). In addition, brain cytokine levels were not altered by any
treatment in AppNL-G-F males compared to their vehicle controls (Figure 4D). These results
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also provide convincing evidence that treatments with probiotics and antibiotics had sex-
and strain-specific effects on the brain.
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Figure 4. Effect of probiotic and antibiotics treatments on proinflammatory cytokines in female and male mice. Protein
levels of interleukin-6 (IL-6), IL-1β, and tumor necrosis factor (TNF-α) were quantified from lysates prepared from parietal
cortices of WT (A) and AppNL-G-F (B) female mice and WT (C) and AppNL-G-F (D) male mice treated with vehicle, VSL#3,
antibiotics (ABX), antibiotics+VSL#3 (ABX + VSL), and antibiotics+VSL#3+prebiotic (ABX + Syn). Lysates were analyzed by
enzyme-linked immunosorbent assay (ELISA). Data are presented as mean ± SEM. Significant differences were determined
by one-way analysis of variance, * p < 0.05 (n = 7).

3.5. Antibiotics and Probiotic Treatment Had Sex-Dependent Effects on the Intestinal Microbiome
of Wild Type and AppNL-G-F Mice

Based on the differential effects of treatments on male and female mice, we hypothe-
sized that this was due to sex differences in the basal intestinal microbiome or microbiome
response to the treatments. Therefore, the composition of fecal bacterial communities in
wild type and AppNL-G-F mice was examined using 16S rRNA sequencing following the
treatments. Interestingly, several genera were more abundant in males compared to females
in both wild type and AppNL-G-F mice. Specifically, we found an increase in Enterohabdus,
Prevotella, Alistipes, Parabacteroides, Mucispirillium, Streptococcus, Intestinimonas, Candidatus
Arthromitus, Clostridium, Anaerostipes, Oscillibacter, Ruminiclostrodium, Parasutterella, and
Helicobacter in wild type males when compared to wild type females (Figure S1). Similarly,
increases in Prevotella, Alistipes, Parabacteroides, Clostridium, Adlercrutzia, Bacteroides, and
Akkermansia were observed in AppNL-G-F males compared to AppNL-G-F females (Figure S1).
In contrast, Lactobacillus was decreased in both wild type and AppNL-G-F males compared to
females. In addition, there were several common genera in low or high abundance based
on a male or female comparison in both wild type and AppNL-G-F mice (Figure S1). These
results made it clear that sex differences in microbiota composition exist in both wild type
and AppNL-G-F mice, which may contribute to sex-specific effects of VSL#3 and antibiotics
in male and female mice.

After defining the basal sex differences, we assessed how the various treatment af-
fected the microbiota composition. At the genus level, VSL#3 treatment of wild type
females resulted in the increased relative abundance of several bacterial taxa, including
Parabacteroides, Streptococcus, Clostridium, Oscillibacter, Helicobacter, Mucispirillum, Intestini-
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monas, and Desulfovibrio and a decrease in abundance of Lactobacillus compared to vehicle-
treated animals (Figure 5). On the other hand, antibiotics treatment of wild type females
increased the abundance of Bifidobacterium, Romboutsia, Dubosiella, Parasutterella, Akkerman-
sia, and Turicibacter and decreased Blautia, Candidatus Arthromitus, Alistipes, Clostridium,
Parabacteroides, Dorea and Oscillibacter compared to vehicle-treated mice. Antibiotics +
VSL#3 supplementation in wild-type females increased the abundance of Streptococcus,
Enterorhabdus, Ruminococcus, and Akkermansia and decreased Parabacteroides and
Lactobacillus compared to those in wild-type females to vehicle-treated mice. Antibi-
otics + synbiotics supplementation in these animals increased Bacteroides, Streptococcus,
Enterorhabdus, and Ruminiclostridium and decreased Lactobacillus, Allistipes, Parabacteroides,
and Eubacterium compared to vehicle controls (Figure 5). AppNL-G-F female mice supple-
mented with VSL#3 had increased abundance of Streptococcus, Faecalibaculum, Anaerotrun-
cus, and Parasutterella and decreased Candidatus Arthromitus, Prevotella, and Dorea when
compared to their vehicle controls. In contrast, antibiotics treatment of AppNL-G-F females
increased the abundance of Bacteroides, Alistipes, Turicibacter, Ruminococcus, Romboutsia,
Anaerotruncus, and Akkermansia and decreased abundance of Candidatus Arthromitus, Lacto-
bacillus, and Dorea compared to vehicle controls (Figure 5). Antibiotics + VSL#3 treatment
increased Streptococcus, Enterorhabdus, Parabacteroides, and Ruminiclostridium and decreased
Bacteroides, Erysipelatoclostridium, and Alistipes when compared to vehicles. The antibiotics
+ synbiotic-treated group of female mice showed increased abundance of Streptococcus,
Enterorhabdus, Parabacteroides, and Helicobacter and decreased Bifidobacterium, Bacteroides,
Dorea, and Alistipes abundance compared to vehicle-treated mice (Figure 5).

In wild type male mice, treatment with VSL#3 increased abundance of Corynebacterium,
Brevibacterium, Streptococcus, Staphylococcus, and Faecalibaculum and decreased abundance of
genera such as Prevotella compared to the vehicle group. Antibiotics treatment of WT males
increased Bacteroides, Allistepes, and Ruminococcus and decreased Pervotella, Lactobacillus,
Parabacteroides, Helicobacter, and Intestinimonas compared to vehicle mice (Figure 5). An-
tibiotics + VSL#3 treatment increased Bifidobacterium, Ruminicoccus, Erysipelatoclostridium,
Turicibacter, Parasutterella, and Akkermansia and decreased Prevotella, Helicobacter, Mucispir-
illum, and Intestinimonas. Wild type male mice treated with the antibiotics + synbiotic
showed increased abundance of Streptococcus and Ruminocccus and decreased abundance
of Mucispirillum, Intestinimonas, and Helicobacter. In contrast, AppNL-G-F males treated with
VSL#3 had increased Mucispirillium, Blautia, Intestinimonas, and Helicobacter abundance
and decreased Prevotella, Aldlercreutzia, Faecalibaculum, and Akkermansia abundance when
compared to vehicle-treated males. Antibiotics treatment of AppNL-G-F males resulted in
increased abundance of Candidatus Arthromitus, Alistipes, and Erysipelatoclostridium and
decreased Prevotella, Faecalibaculum, and Akkermansia abundance compared to vehicles. An-
tibiotics + VSL#3 treatment increased abundance of Enterorhabdus and Blautia and decreased
abundance of Aldlercreutzia, Prevotella, and Fecalibaculum, when compared to vehicle-treated
AppNL-G-F males. Antibiotics + synbiotic feeding increased the abundance of Bacteroides
and streptococcus and decreased Prevotella abundance compared to vehicle males (Figure 5).

3.6. Specific Gut Bacterial Compositions Were Associated with Brain Changes in C57BL/6J and
AppNL-G-F Mice

Following treatments, we explored the relationship between gut microbiota and brain
changes by performing Pearson’s correlational analysis between microbiota composition
and brain changes, including behavior, Aβ plaque load, and Iba1/GFAP immunoreactivity.
The results showed significant correlations between brain changes and bacterial genera
(p < 0.05). In wild type females, a significant positive correlation existed between Iba1
immunoreactivity and genera, including Akkermansia, Parasutterella, Turicibacter, Romboutsia,
and Bifidobacterium, while a negative correlation was observed with the genera Feacalibacu-
lum, Dorea, Candidatus Arthromitus, Alistipes, and Bacteroides (Figure 6). Astrocyte GFAP
immunoreactivity positively correlated with the genera Acetatifacter and Bifidobacterium and
negatively correlated with the genera Candidatus, Arthromitus, and Eubacterium (Figure 6).
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In female AppNL-G-F mice, the genus Anaerotruncus was negatively correlated, and the
genus Candidatus Arthromitus was positively correlated with brain Iba1 immunoreactiv-
ity (Figure 6). Interestingly, the same genera correlated, but in a reverse fashion, with
the learning and memory associated behavioral changes in AppNL-G-F females (Figure 6).
Aβ immunoreactivity in AppNL-G-F females positively correlated with Prevotella, Parabac-
teroides, and Eisenbergiella and negatively correlated with Ruminiclostridium, Oscillibacter,
and Streptococcus (Figure 6). GFAP immunoreactivity positively correlated with Akker-
mansia, Turicibacter, Ruminococcus, Romboutsia, Eisenbergiella, Allistipes, and Bacteroides and
negatively correlated with Anaerostipes, Lactobacillus, and Enterorhabdus (Figure 6).
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Figure 5. Effects of probiotic and antibiotics treatments on gut bacterial diversity in female and male mice. The relative
abundance (%) of dominant bacterial genera in fecal samples of C57BL/6 (WT) and AppNL-G-F mice treated with vehicle,
VSL#3, antibiotics (ABX), antibiotics+VSL#3 (ABX + VSL), and antibiotics+VSL#3+prebiotic (ABX + Syn) are plotted as bar
charts. The relative abundances are based on the proportional frequencies of the DNA sequences classified at the genus
level. Seven animals per group were examined. Thus, each color represents a different bacterial genus.
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Figure 6. Correlation of Aβ, behavior, and gliosis with fecal microbiome genera in female and male mice. Heatmaps show
the Pearson’s correlation between specific gut genera and brain changes observed in control, probiotic-, and antibiotics-
treated groups. Blue to red are r values ranging from negative 1 to positive 1: red color, positive correlation; blue color,
negative correlation. The asterisk indicates a significant correlation (more than 95%) between genus and brain data.
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Wild type males had positive correlations of Iba1 immunoreactivity and behavior with
genera, including Erysipelatoclostridium, Ruminicoccus, Acetatifacter, Alistipes, and Bacteroides
and a negative correlation with the genera Turicibacter and Parabacteroides. In wild type
males, a positive correlation was found between GFAP immunoreactivity and the genera
Bifidobacterium, Corynebacterium, Staphylococcus, Streptococcus, Fecalibaculum, and Akker-
mansia and a negative correlation with the genera Candidatus Arthromitus, Anaerostipes,
and Clostridium (Figure 6). In AppNL-G-F males, Iba1 immunoreactivity positively corre-
lated with the bacterial genera Oscillibacter, Eisenbergiella, Anaerostipes, Eubacterium, and
Lactobacillus and negatively correlated with the genera Akkermansia, Turicibacter, and Faecal-
ibaculum (Figure 6). GFAP immunoreactivity in AppNL-G-F males negatively correlated with
Ruminococcus and positively correlated with Bacteroides. Interestingly, genera including
Erysipelatoclostridium, Acetatifacter, Candidatus Arthromitus, Alistipes, and Enterorhabdus
negatively correlated with Aβ immunoreactivity and positively correlated with behavior
in AppNL-G-F males (Figure 6).

3.7. Gut Microbiota Alteration Had Sex-Specific Effects on Intestinal Permeability and Colon
Cytokine Levels

An imbalance in gut microbiota, or dysbiosis, is known to affect intestinal permeability.
Since we observed differences in gut microbiota composition in wild type and AppNL-G-F

mice with and without treatments, we further investigated whether basal state or treatment-
induced differences in intestinal leakiness were present in the mice. An in vivo FITC-
dextran assay was performed in which FITC-conjugated dextran (4 kDa) was administered
orally to animals, and intestinal permeability was assessed by quantifying the level of
fluorescence in their serum samples. There was no difference in intestinal permeability
across any group of wild type or AppNL-G-F female mice (Figure S2). However, we observed
a significantly higher amount of FITC-dextran in the serum of the antibiotics + VSL#3-
treated group in wild type males, suggesting compromised intestinal permeability in this
group compared to controls (Figure S2). A similar increase in intestinal permeability was
observed in the antibiotics + synbiotic treatment group of AppNL-G-F males (Figure S2).

Since the gut microbiota is well known to modulate host immune response and al-
ter intestinal and circulating levels of cytokines [36,37], we next assessed changes in the
intestinal cytokine levels across treatments despite lack of differences in gut leakiness.
The levels of several Th1, Th2, and Th17 cytokines were measured in colon tissue using
a cytokine array. Wild type females had decreased TNF-α, IL-28A, IL-21, IL-17A, and
IL-12p70 levels and an increase in MIP-3α following VSL#3 supplementation compared to
vehicle-treated mice (Figure 7). Antibiotics, antibiotics + VSL#3, and the antibiotics + synbi-
otic groups in wild type females also had decreased IL-12p70 and IL-17A levels compared
to controls (Figure 7). In addition, IL-28A and IL-5 concentrations were decreased in the
antibiotics + synbiotic groups compared to vehicle wild type females (Figure 7). On the
other hand, AppNL-G-F females had increased IL-2 levels following VSL#3 supplementation
and increased IL-6, IL-13 and IL-17F after antibiotic treatment compared to vehicle-treated
controls (Figure 7). The antibiotics + synbiotic group of AppNL-G-F females had increased
IL-2, IL-10, IL-12 p70, IL-13, L-17A, and TGF-β levels compared to vehicle-treated mice
(Figure 7). On the other hand, all treatments decreased IL-6 levels in the wild type males
compared to vehicle controls (Figure 8). Antibiotics treatment also decreased IL-23 and
increased IL-13 levels in wild type males compared to vehicle controls (Figure 8). VSL#3
treatment did not affect cytokine levels in AppNL-G-F males compared to vehicle controls
(Figure 8). However, the antibiotics treatment of AppNL-G-F males stimulated a marked
increase in IL-2, IL-5, IL-10, IL-12p70, IL-28A, IFN-γ, TGF-β, and IL-17A levels, and de-
creased in IL-17F compared to vehicle mice (Figure 8). The antibiotics + synbiotic group of
male AppNL-G-F mice had increased IL-28A and IL-23 levels but decreased IL-17F compared
to vehicle-treated mice (Figure 8).
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Figure 7. Quantification of colon levels of Th1, Th2, and Th17 cytokines in female C57BL/6J (WT) and AppNL-G-F mice.
Colons were lysed from vehicle, VSL#3, antibiotics (ABX), antibiotics+VSL#3 (ABX + VSL), and antibiotics+VSL#3+prebiotic
(ABX + Syn) female WT mice to quantify cytokine levels via commercial slide array. Data are presented as fold change with
respect to controls (n = 5). If the controls values were zero, we used 0.1 as an arbitrary value for that group to calculate the
fold change in that dataset. Significant differences were determined by a one-way analysis of variance, * p < 0.05, ** p < 0.01.
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Figure 8. Quantification of colon levels of Th1, Th2, and Th17 cytokines in male C57BL/6J (WT) and AppNL-G-F mice. Colons
were lysed from vehicle, VSL#3, antibiotics (ABX), antibiotics+VSL#3 (ABX+VSL), and antibiotics+VSL#3+prebiotic (ABX +
Syn) male WT mice to quantify cytokine levels via commercial slide array. Data are presented as fold change with respect to
controls (n = 5). If the controls values were zero, we used 0.1 as an arbitrary value for that group to calculate the fold change
in that dataset. Significant differences were determined by a one-way analysis of variance, * p < 0.05, ** p < 0.01.
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3.8. Antibiotics and Probiotic Treatments Altered Peripheral Immune Cell Phenotype in a Sex-and
Genotype-Dependent Fashion

To examine whether the microbiome manipulations altered peripheral immune cell
phenotype or circulating cytokines as a possible communication mechanism to the brain,
we quantified levels of select Th1, Th2, and Th17 cytokines in serum and phenotyped the
spleen immune subsets. Wild type females had decreased IL-12p70, IL-17A, and IL-28A in
both the VSL#3- and antibiotics-treated groups compared to vehicle controls (Figure S3).
Antibiotics treatment also decreased IL-12p70, IL-17A, IL-28, and IL-23 while increasing IL-
13 in female wild type compared to vehicle mice (Figure S3). On the other hand, antibiotics
treatment of AppNL-G-F females increased serum levels of IL-4, IL-6, IL-10, and IL-12p70
compared to vehicle-treated mice while these cytokines were reduced in the antibiotics
+ VLS#3-treated group (Figure S3). No effects of VSL#3 on circulating cytokines were
observed in AppNL-G-F females (Figure S3). All treatments decreased IL-12p70 levels in wild
type male mice compared to vehicle-treated controls (Figure S4). No significant effects of
VSL#3 were observed in AppNL-G-F males compared to vehicle-treated mice, although the
antibiotics treatment decreased levels of IL-22 and increased IFN-γ in serum (Figure S4).

Dissociated splenocytes from the treatment groups were immunophenotyped as an
additional measure of monitoring peripheral immune changes due to probiotic, antibiotics,
or synbiotic interventions. VSL#3 treatment resulted in a significant increase in CD11b-,
F4/80-, and CD14-expressing macrophages in female AppNL-G-F mice compared to their
vehicle controls (Figure 9). Although no differences in total CD3 or CD4 lymphocytes
were observed across the treatment groups in male or female AppNL-G-F mice, there was a
significant increase in CD3+/CD4+CD25+ activated T cells in the antibiotics-treated male
group compared to vehicle-treated controls (Figure 10). A similar activation pattern of
CD3+/CD4+CD25+ cells was observed in male wild type antibiotic + probiotic treated
mice compared to their vehicle controls (Figure 10). We characterized T-regulatory cells
(Tregs) based on the co-expression of FoxP3+CD25+ cells to enable the delineation of
immunoregulatory subsets in addition to CD4+ CD25+ activated/effector T cells. Data
presented in Figure 10 suggest that antibiotics treatment increased FoxP3 expressing CD4+

CD25+ T cells in both WT and AppNL-G-F male mice with no female effects.
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overlaid to visualize the subsets. (A) The data presented are representative tSNE plots for female AppNL-G-F mice, generated 

by concatenating individual samples in each treatment group with the following parameters: iterations: 5000 and perplex-

ity: 30. (B–E) Bar graphs show the mean ± SEM of the percentage of CD11b+, F4_80+, CD11b+F4_80+, and CD14+F4_80+ cells 

across different treatment groups in female and male C57BL/6 (WT) and App NL-G-F mice (n = 3–4 mice/group). Statistically 

significant differences were computed by a one-way ANOVA, * p < 0.05, ** p < 0.005. 

Figure 9. Upregulation of CD11b+, F4_80+, CD11b+F4_80+, and CD14+F4_80+ macrophages in VSL#3-treated female App
NL-G-F mice. Splenocytes were stained with a panel of cell surface markers and measured by flow cytometry. tSNE analysis
was run on 4960–5000 live CD45+ single cells per sample using all surface markers, and manually gated populations were
overlaid to visualize the subsets. (A) The data presented are representative tSNE plots for female AppNL-G-F mice, generated
by concatenating individual samples in each treatment group with the following parameters: iterations: 5000 and perplexity:
30. (B–E) Bar graphs show the mean ± SEM of the percentage of CD11b+, F4_80+, CD11b+F4_80+, and CD14+F4_80+ cells
across different treatment groups in female and male C57BL/6 (WT) and App NL-G-F mice (n = 3–4 mice/group). Statistically
significant differences were computed by a one-way ANOVA, * p < 0.05, ** p < 0.005.
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Figure 10. Upregulation of CD4+CD25+ T and FoxP3 expressing CD4+CD25+ T regulatory cells following antibiotics treat-

ment in male WT and App NL-G-F mice. (A) Splenocytes were stained with surface markers directed against a panel of T cell 

markers and measured by flow cytometry. Representative heat map dot plots from male App NL-G-F mice showing the per-

centage of CD4+CD25+ T cells gated on viable CD45+CD3+ cells. Numbers in each quadrant indicate the percentage of cells. 

The heat map color varies from blue to red, indicating relative under and over-representation of the percentage of cells, 

respectively. Bar graphs display mean ± SEM of the percentage of CD4+CD25+ T cell across different treatment groups in 

Figure 10. Upregulation of CD4+CD25+ T and FoxP3 expressing CD4+CD25+ T regulatory cells following antibiotics
treatment in male WT and App NL-G-F mice. (A) Splenocytes were stained with surface markers directed against a panel of T
cell markers and measured by flow cytometry. Representative heat map dot plots from male App NL-G-F mice showing the
percentage of CD4+CD25+ T cells gated on viable CD45+CD3+ cells. Numbers in each quadrant indicate the percentage of
cells. The heat map color varies from blue to red, indicating relative under and over-representation of the percentage of cells,
respectively. Bar graphs display mean ± SEM of the percentage of CD4+CD25+ T cell across different treatment groups
in female and male C57BL/6 (WT) and App NL-G-F mice (n = 3–4 mice/group). Statistically significant differences were
computed by one-way ANOVA, * p < 0.05, ** p < 0.005. (B) Splenocytes were stained with surface markers directed against a
panel of T cell markers and measured by flow cytometry. Representative heat map dot plots from male App NL-G-F mice
showing the percentage of CD25+FoxP3+ Tregs gated on viable CD45+/CD3+CD4+ cells. Numbers in each quadrant indicate
the percentage of cells. The heat map color varies from blue to red, indicating relative under- and over-representation of the
percentage of cells, respectively. Bar graphs display mean ± SEM of percentage of CD25+FoxP3+ Tregs across different
treatment groups in female and male C57BL/6 (WT) and App NL-G-F mice (n = 3–4 mice/group). Statistically significant
differences were computed by one-way ANOVA, * p < 0.05, ** p < 0.005.



Cells 2021, 10, 2370 22 of 28

4. Discussion

The dietary interventions had different effects on memory performance and plaque
load in male versus female mice. For example, there was no effect of any treatment
on memory in male AppNL-G-F mice compared to controls. This lack of change was not
surprising, since males did not demonstrate a behavioral phenotype compared to wild type
mice. Recent studies performed using both male and female AppNL-G-F mice showed greater
impairment in social behavior and weaker performance in social olfactory discrimination
in females versus males, suggestive of sex differences in behavior impairment in this
particular model of AD [38]. It was equally surprising that all treatment groups improved
memory in female AppNL-G-F mice. This change suggests that any treatment altering the
intestinal microbiome can benefit females, perhaps linking intestinal microbiome changes
and memory more tightly in females than males. However, it was compelling that probiotic
treatment alone decreased plaque load in female mice, whereas all treatments that involved
antibiotics treatment, regardless of subsequent probiotic or synbiotic feeding, did not.
Although the mechanism is unclear, this suggests that the neuronal, immune, or metabolic
environment caused by VSL#3 feeding facilitates plaque reduction, but an antibiotics-
mediated removal of bacteria disrupts intestine biology enough that VSL#3 can no longer
provide benefit. Changes in plaque load are not correlative with memory improvement,
in general, since behavior improved following probiotic and antibiotics treatments, but
plaque load decreased only with probiotic intervention. Human data also indicate that Aβ

load does not necessarily correlate with cognitive impairment [39].
It was surprising that VSL#3 feeding and antibiotic plus synbiotic treatment did not

attenuate plaque load in males, while antibiotics alone did. Perhaps particular bacteria
in males are more important for plaque deposition, and their depletion by antibiotics
promotes clearance, while synbiotic feeding returns the male intestine to a state of disease-
promoting dysbiosis. Our findings are similar to a recent report describing the ability of
long-term antibiotics treatment to reduce Aβ deposition and microglial morphological
alterations selectively in male but not female APP/PS1 mice [40]. These differential effects
of treatments in male and female animals could be due to the high abundance of distinct
intestinal bacterial genera, such as Prevotella, Parabacteroides, Clostridium, and Alistipes,
and low abundance of Lactobacillus in males versus females. Another study also showed
sex-specific effects of vancomycin and ciprofloxacin-metronidazole in male versus female
mice [41]. Our data indicate that although both sexes demonstrated Aβ plaque deposition,
female AppNL-G-F mice had a more robust memory deficit at this age compared to males.

Based on the commonly observed plaque-associated gliosis and inflammatory changes
in human AD brains and AD mouse models, we expected glial immunoreactivity and
cytokine changes to parallel the differences in plaque load. Instead, we observed a decrease
in Iba1 immunoreactivity only in females with probiotic treatment. This correlated with
probiotic treatment, which was the only one that decreased amyloid plaque load in females,
suggesting that microgliosis in females is related to plaque load. It is unclear why Iba1
immunoreactivity did not reduce in males given antibiotics, even though this reduced
plaque load. Perhaps continued microgliosis was occurring due to a role in plaque clearance.
Surprisingly, we observed a disconnect between Iba1 and GFAP immunoreactivity changes.
For example, all antibiotics treatments increased GFAP immunoreactivity above untreated
controls in female AppNL-G-F mice. Thus, it appears that depleting gut bacteria leads to
astrogliosis regardless of a probiotic or synbiotic follow-up protocol. The observation
that no treatment affected GFAP immunoreactivity in male AppNL-G-F mice indicated that
astrocyte and plaque staining are not tightly coupled in males. Previously, it has been
reported that the microglial response in human AD brains correlates with Aβ plaque size,
whereas the astrocytic response does not [42]. It has been suggested that Aβ serves as a
chemotactic signal for activating microglia, and astrocytes primarily respond to plaque-
associated neuritic damage [42]. Interestingly, the gut microbiome controls IFNγ secretion
from meningeal NK cells to regulate a subset of TRAIL expressing astrocytes, limiting CNS
inflammation by inducing T cell apoptosis [43]. Overall, our data indicate that Aβ plaque
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load and memory performance correlate more with microglial than astrocyte activation in
AppNL-G-F females.

The probiotic treatment was sufficient to reduce brain TNF-α levels in female AppNL-G-F

mice, and the reason for a TNF-α selective effect of probiotic treatment observed in females
is unclear. Trinitrobenzene sulfonic acid (TNBS) treatment, which is used in animals to
induce colitis-like gut inflammation, leads to increased brain TNF-α and reduced memory
performance in mice, supporting an association of gut–brain interaction, elevated brain
TNF-α, and decreased memory [44]. Although no changes in the levels of male AppNL-G-F

brain cytokines were observed with any treatment compared to their respective untreated
controls, this was not unexpected, since treatments did not alter GFAP or Iba1 immunore-
activity. However, based on the robust intestinal cytokine changes observed in males
following at least antibiotics treatment, it may suggest that gut bacterial changes are not
communicating inflammatory events to the brain in males. On the other hand, altering the
female intestinal microbiome through probiotic intervention, in particular, was sufficient
to decrease brain TNF-α and microglial reactivity, supporting the notion that a gut–brain
communication mechanism existed in females.

Consistent with this notion of glial and immune changes corresponding better with
behavioral performance compared to plaque load in female mice, we assessed relationships
between specific intestinal bacterial genera and brain changes. In AppNL-G-F females, bacte-
rial genera Anaerotruncus and Candidatus Arthromitus were significantly correlated with
both the behavior and Iba1 immunoreactivity in a reverse manner and did not correlate with
Aβ levels. Previous reports also showed that probiotics suppress opportunistic pathogens
by promoting the growth of Anaerotruncus, a genus known to induce Tregs [45,46]. Can-
didatus Arthromitus is a segmented filamentous bacterium that plays a role in regulating
intestinal immune functions and is associated with an inflammatory imbalance by eliciting
a T helper (Th) 17 immune response in the intestinal lamina propria of mice [47,48]. A
decrease of this genus following probiotic and antibiotics treatments in AppNL-G-F females
suggests it may potentially affect memory.

On the other hand, the abundance of Prevotella and Eisenbergiella positively correlated
with Aβ levels. Prior work reported a similar increase in AD mice associated with increased
severity of cognitive impairment, most likely by disrupting mucosal barrier function and
increasing intestinal permeability [49,50]. Prevotella is an efficient mucin degrader in the
intestine and promotes gastrointestinal dysfunction in diabetes and autism. Furthermore,
the increased abundance of Bacteroides, Alistipes, Turicibacter, Ruminococcus, Romboutsia,
and Akkermansia positively correlated with increased astrogliosis in female AppNL-G-F

mice. Several of these genera have already been described as critical in inflammation
and disease [51,52]. For example, Turicibacter and Romboutsia are short-chain fatty acid-
producing bacteria that increased in the antibiotics-treated AppNL-G-F females and correlated
with increased GFAP immunoreactivity. These data continue to support the idea that
bacterial composition changes, specifically in females, may significantly contribute to a
microglial inflammatory phenotype affecting behavior.

In AppNL-G-F males, several genera correlated with Aβ and behavior but in a reverse
fashion. Specifically, increased relative abundance of genera including Erysipelatoclostrid-
ium, Acetatifacter, Candidatus Arthromitus, Alistipes, and Enterorhabdus following antibiotics
treatment in AppNL-G-F males positively correlated with behavior and negatively correlated
with Aβ immunoreactivity. Among these, Acetatifacter are acetate and butyrate-producing
bacteria, Enterorhabdus, which are beneficial for maintaining the mucosal epithelial barrier,
and Alistipes have protective roles in diseases such as colitis and autism spectrum disor-
der [53,54]. These data suggest that the use of antibiotics in male AppNL-G-F mice resulted
in an enhanced abundance of anti-inflammatory bacterial populations, correlating with the
reduced plaque load in their brains. Another recent study using AppNL-G-F, AppNL-F, and
wild type mice indicates that the microbiome correlates with behavior, but that the APP
genotype in these models modulates this association, possibly by altering the types and
number of taxa that reside in the gut [55].
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Our assessment of colon and serum cytokine profiles coupled with splenocyte pheno-
typing confirmed that the male versus female immune response to the microbiome manipu-
lations was quite different. The modest proinflammatory response elicited by probiotic feed-
ing characterized by increased IL-2 and IL-5 levels and increased macrophage/monocytic
lineage subsets supported activation of an innate response in the female intestines. Our
tSNE-based visualization approach revealed the presence of distinctly unique subsets in
VSL#3-treated female AppNL-G-F mice, specifically the macrophage marker, F4_80+ cells,
that shares surface expression with both CD11b and CD14. The dramatic expansion of these
CD11b+/F4_80+ and CD14+F4_80+ populations in the VSL#3-treated female AppNL-G-F mice,
but not in other treatment groups or male mice, compels further investigations. CD14 is
important in the cascade of events involved in recognizing, binding, and cellular responses
to bacterial LPS [56]. The increase in CD14 expressing macrophages drives speculation
for a correlation between the relative abundance of gram-negative gut microbiota and the
induction and expansion of the macrophages following VSL#3 treatment. The endotoxin
produced by a diverse gut microbiota may stimulate the influx of splenic macrophage
subsets and activate the innate immune system in the periphery and the brain. Although
future work needs to define a communication mechanism to the brain, this treatment corre-
lated with the maximum benefits, including improved memory, reduced plaque load and
microgliosis, and attenuated brain TNF-α. We have not yet resolved why male AppNL-G-F

mice did not respond to the probiotic with similar cytokine and splenocyte changes or why
they developed a robust proinflammatory T cell response following antibiotics treatment.

Nonetheless, it is impressive that perturbation of the gut microbiota with antibiotics
treatment conferred an adaptive immune response with increased frequency of CD4+CD25+

T cells in the male (WT and AppNL-G-F) but not the female mice. The mechanisms underlying
the host immunity–microbiome axis is unknown. However, specific metabolites of gut
microbes have been reported to maintain the Th17 (IL-17A and IL-17F)/Tregs (TGF-β,
IL-10) homeostasis and protective levels of Th1 (IFN-γ) responses [57,58].

Although the antibiotics treatment had few benefits in males or females, the decrease
in male plaque load suggests that this proinflammatory response communicates to the brain
to facilitate the reduction. This idea is further supported by the fact that treatment with
either probiotic or synbiotic attenuated the proinflammatory intestinal changes in the males,
correlating with no reduction in plaque load compared to untreated controls. Dysbiosis due
to antibiotics treatment resulted in a significant increase in both CD4+CD25+ T cells and
FoxP3 expressing CD4+CD25+ T regulatory cells in male wild type and AppNL-G-F mice. It
is intriguing what role FoxP3 expression in these cells might play, as it is generally believed
that CD4+CD25+ T cells expressing the transcription factor, FoxP3 (Tregs), are involved
in regulatory functions and suppression of proinflammatory cytokines. Therefore, it is
possible that these cells are activation-induced FoxP3+ T effector cells lacking regulatory or
suppressive functions and may partially contribute to the proinflammatory IL-2, IL-5, IFN-
γ, IL-17A, and IL-17F colonic cytokine profile observed in male wild type and AppNL-G-F

mice. These assessments indicate that male versus female gut microbiome manipulations
have sex-selective effects on peripheral immune cell phenotype that correspond to differing
changes in the brain.

In conclusion, these results demonstrate that transiently depleting gut bacteria with
antibiotic treatment has a long-term effect on the brain. More importantly, it appears that
probiotic intervention alone, and not following an antibiotic pretreatment, is particularly
useful in females for improving multiple AD parameters. Therefore, considerations for
therapeutic gut microbiome manipulation in AD may need to consider the basal gut
microbiota composition and sex.
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10.3390/cells10092370/s1, Figure S1: Microbiome difference in the fecal samples of C57BL/6J (WT)
and AppNL-G-F female and male mice, Figure S2: Effect of probiotic and antibiotics treatments on
intestinal permeability in female and male C57BL/6J (WT) and AppNL-G-F mice, Figure S3: Quantifi-
cation of Th1, Th2, and Th17 cytokines in the serum of female C57BL/6J (WT) and AppNL-G-F mice,
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Figure S4: Quantification of Th1, Th2, and Th17 cytokines in the serum of male C57BL/6J (WT) and
AppNL-G-F mice.
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