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Introduction: The gutmicrobiota (MB), although one of themain producers of Aβ
in the body, in physiological conditions contributes to the maintainance of a
healthy brain. Dysbiosis, the dysbalance between Gram-negative and Gram-
positive bacteria in the MB increases Aβ production, contributing to the
accumulation of Aβ plaques in the brain, the main histopathological hallmark
of Alzheimer’s disease (AD). Administration of prebiotics and probiotics,
maintaining or recovering gut-MB composition, could represent a
nutraceutical strategy to prevent or reduce AD sympthomathology. Aim of this
research was to evaluate whether treatment with pre- and probiotics could
modify the histopathological signs of neurodegeneration in hippocampal CA1
and CA3 areas of a transgenic mouse model of AD (APP/PS1 mice). The
hippocampus is one of the brain regions involved in AD.

Methods: Tgmice andWt littermates (Wt-T and Tg-T) were fed daily for 6months
from 2months of age with a diet supplemented with prebiotics (a multi-extract of
fibers and plant complexes, containing inulin/fruit-oligosaccharides) and
probiotics (a 50%–50% mixture of Lactobacillus rhamnosus and Lactobacillus
paracasei). Controls were Wt and Tg mice fed with a standard diet. Brain sections
were immunostained for Aβ plaques, neurons, astrocytes, microglia, and
inflammatory proteins that were evaluated qualitatively and quantitatively by
immunofluorescence, confocal microscopy and digital imaging with
ImageJ software.

Results:Quantitative analyses demonstrated that: 1) The treatment with pre- and
probiotics significantly decreased Aβ plaques in CA3, while in CA1 the reduction
was not significant; 2) Neuronal damage in CA1 Stratum Pyramidalis was
significantly prevented in Tg-T mice; no damage was found in CA3; 3) In both
CA1 and CA3 the treatment significantly increased astrocytes density, and GFAP
and IBA1 expression, especially around plaques; 4) Microglia reacted differently in
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CA1 and CA3: in CA3 of Tg-T mice there was a significant increase of CD68+
phagocytic microglia (ball-and-chain phenomic) and of CX3CR1 compared
with CA1.

Discussion: The higher microglia reactivity could be responsible for their more
efficient scavenging activity towards Aβ plaques in CA3 in comparison to CA1.
Treatment with pre- and probiotics, modifying many of the physiopathological
hallmarks of AD, could be considered an effective nutraceutical strategy against AD
symptomatology.

KEYWORDS

astrocytes, ball-and-chainmicroglia, neurodegeneration, beta-amyloid, CA1 hippocampus,
CA3 hippocampus, phagocytosis, microbiota

1 Introduction

The statement by the Greek physician Hippocrates more than
2,000 years ago “all diseases begin in the gut” is still intriguing and
continues to influence medical doctors and researchers (Cryan et al.,
2019). However, the questions whether and how the gut and its
microbiota contribute to the onset and/or progression of
neurodegeneration remain unanswered. What we do know is that
neurological disorders such as AD, Parkinson’s disease (PD), and
amyotrophic lateral sclerosis are characterized by the gradual
accumulation of abnormal proteins in the central nervous system
(Jucker and Walker, 2018), and one of the histopathological
hallmarks of AD is the accumulation of misfolded Aβ peptides
that organize into fibrils that precipitate and form plaques in brain
parenchyma (Glenner and Wong, 1984; Koyama et al., 2012).
Several studies have shown that the MB-gut system is a major
site of Aβ production (Pallebage-Gamarallage et al., 2012), and,
together with the diet regulates the presence of Aβ in the intestinal
epithelium (Galloway et al., 2019). The accumulation of intestinal
APP from the early stages of AD (Brandscheid et al., 2017) is mainly
characterized by the increase of Gram-negative and decrease of
Gram-positive bacteria (Kowalski and Mulak, 2019). Dysbiosis, the
quantitative and qualitative changes of MB, causes morphological
modifications and dysfunction of both the intestinal barrier,
involved in neuroinflammatory responses (Iadecola et al., 1999),
and of the blood brain barrier (BBB) (Mayer and Tillisch, 2011;
Sharon et al., 2016; Brown, 2019). How dysbiosis contributes to
neuronal degeneration remains to be determined, but accumulating
evidences show that APP/PS1 transgenic mice produce excessive
amounts of Aβ, harbor an altered microbiota (Harach et al., 2017)
and show neurodegeneration (McGowan et al., 1999). Studies on the
composition of the gut microbiota in APP/PS1 mice demonstrate
that levels of Aβ in the CNS increase and spatial learning and
memory is impaired (Shen et al., 2017). Furthermore, patients with
neurodegeneration have dysbiosis (Kesika et al., 2021).

Aberrant accumulation of Aβ in the gut and activation of
intestinal innate immunity appear before the onset of CNS
neuroinflammation in AD mice, an amyloid-β protein precursor
(AβPP) overexpressing transgenic mouse model (Semar et al., 2013).
Similarly, intestinal dysbiosis, intestinal epithelial barrier
dysfunction, and vascular Aβ deposition in the intestine occur
before the onset of cerebral Aβ deposition in AD Tg2576 mice.
Aβ deposition is also detected in intestinal autopsies of AD patients
(Honarpisheh et al., 2020), suggesting that the accumulation of Aβ

in the gut precedes that in the brain. When Aβ reaches the brain, its
overload or defective clearance may cause its accumulation,
promoting fibril organization and plaque deposition (Brown, 2019).

These data suggest that specific individualized nutritional
interventions could be an effective strategy to modify Aβ
production and aggregation. However, there is a lack of research
aimed at clarifying the relationship between gut dysbiosis, gut Aβ
accumulation, and AD onset. Early manipulation of gut physiology
and microbiota to possibly prevent AD pathology needs further
investigation.

Neuronal loss and memory impairment in AD are mainly
associated with accumulation of extracellular Aβ and intracellular
deposits of hyperphosphorylated tau. The presence of microglia
around plaques and their interaction with Aβ has been extensively
documented both in AD patients and in transgenic mouse models of
AD (Stalder et al., 1999; Serrano-Pozo et al., 2014), but their exact
role is not yet understood. Microglia, rapidly recruited around newly
formed plaques (Meyer-Luehmann et al., 2008) express receptors
capable of binding and phagocytosing Aβ (Lee and Landreth, 2010;
Doens and Fernández, 2014). However, in later stages of the disease
microglia lose their ability to remove and destroy Aβ (Krabbe et al.,
2013). Thus, microglia activation seems to play a dual role in the
pathogenesis of AD: first, reducing Aβ accumulation by increasing
its phagocytosis, but later contributing to neurotoxicity and synapse
loss by triggering various proinflammatory cascades (Sarlus and
Heneka, 2017).

Under physiological conditions, astrocytes exhibit their classical
morphology, protruding their processes to establish millions of
contacts with synapses and vascular capillaries to modulate vital
functions, maintain homeostasis, and provide trophic support to
neurons (Schiweck et al., 2018). Astrocytes become reactive when
challenged by various insults, such as BBB disruption in AD
(Erickson and Banks, 2013). Reactive astrocytes are important
components of the plaque microenvironment in the brains of AD
patients, infiltrating and enveloping Aβ deposits with their processes
(Perez-Nievas and Serrano-Pozo, 2018). Reactive astrocytes around
Aβ plaques exhibit high phagocytic activity and activated autophagy
(Yue and Hoi, 2023), while expressing and releasing cytokines that
alter the permeability and organization of the BBB (Abbott, 2002),
one of the early events in the pathogenesis of AD. Alterations of the
BBB, as those caused by dysbiosis, allow the passage of
proinflammatory factors, of immune cells from the periphery, of
peptides such as Aβ, changing the composition of brain
environment and brain cell homeostasis. These data suggest that
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dysbiosis-dependent changes of astrocytic functions may be
responsible for decreased disposal of Aβ peptides, increasing Aβ
plaque formation (Wang et al., 2017). However, the idea that
astrocytes activation is always a negative phenomenon is rapidly
changing, giving way to the new concept of a more complex and
more diverse role of astrocytes in various neuropathological
disorders (Verkhratsky et al., 2013; Burda and Sofroniew, 2014).
Reactive astrocytes show functional diversity in AD pathology,
promoting neuroprotection through Aβ degradation and
clearance but also contributing to Aβ-triggered pathological
processes. The gut microbiota can modulate and suppress the
inflammatory state of astrocytes, with important consequences
for neuroinflammation (Rothhammer et al., 2018). An in-depth
characterization of the mechanisms that control astrocytes and the
role of prebiotics and probiotics on their phenotypic modification is
still lacking.

The present work focused on the study of the effects of a diet
enriched in prebiotics and probiotics on the alterations of neurons
and glia in the Stratum Pyramidale (SP) and Stratum Radiatum (SR)
of hippocampal CA1 and CA3 of APP/PS1 mice, a transgenic model
of AD. The pre- and probiotics were administered together since
prebiotics are substrates of many bacteria strains such as the
Firmicutes, that decrease with age (Cattaneo et al., 2017;
Galloway et al., 2019; Sun et al., 2020), and sustain the survival
of the Lactobacilli present in our probiotic preparation. The results
of this research will help to understand the beneficial effects of pre-
and probiotics on the hallmarks of AD pathogenesis. As the diet is
one of the most effective approaches to modify the microbiota, food-
based therapies, influencing its composition, can modify the
function of the central nervous system with very few, if any,
side effects.

2 Materials and methods

2.1 Animals

Male and female APP/PS1 mice (8 months old) were bred and
treated in the animal house facility of the University of Florence by
the team of Prof. Vannucchi’s. The experimental protocols were
approved by the Italian Ministry of Health (Aut. N. 53/2022-PR).
The authors further attest that all efforts were made to minimize the
number of animals used and their suffering, as reported in the
Guidelines McGill Module-1. APP/PS1 mice have human
transgenes for APP, bearing the Swedish mutation, and PSEN1,
containing an L166P mutation (Radde et al., 2006; Maia et al., 2013).
The main feature of this model is the very rapid development of
amyloid deposition in the brain. Mice display amyloid plaques in the
cortex and hippocampus already at 3 months of age. Animals were
housed at 23 ± 1°C under a 12 h light-dark cycle (lights on at 07:00)
and were fed a standard laboratory diet with ad libitum access
to water.

The following groups were used in the study:

- Wild type mice (Wt): littermate mice that do not possess
gene mutations.

- Wt mice + pre- and probiotics (Wt-T): littermate mice,
administered with the pre- and probiotic enriched diet.

- Transgenic mice (Tg): APP/PS1 mice that have human
transgenes for APP and PSEN1.

- Tg mice + pre- and probiotics (Tg-T): APP/PS1 mice,
administered with the pre- and probiotic enriched diet.

Wt-T and Tg-T mice were fed with a pre- and probiotics
enriched diet for 6 months, from the end of the 2 month to the
end of the 8 month of age. Pre- and probiotics were administered
orally via food and water and were made available to the mice for a
total of 12 h per day. The probiotic was provided by Synbiotec srl
(Camerino, MC) and was a mixture of L. rhamnosus IMC 501 and L.
paracasei IMC 502 (50:50, bacterial density 109 cells/g). Prebiotics: a
multi-extract of fibers and plant complexes, containing inulin/FOS.
Probiotics: a 50%–50% mixture of the bacteria strains: Lactobacillus
rhamnosus and Lactobacillus paracasei. The weight and food intake
of the mice was monitored daily.

2.2 Samples preparation

Mice of the appropriate age (8 months) were anesthetized
(ketamine-dexmedetomidine solution, 80–120 mg/Kg + 0.5–1.0 mg/
Kg, respectively, s.c.), and euthanized by guillotine. Subsequently,
the brain was extracted and divided sagittally in two. One of the
half brains was fixed overnight with ice-cold paraformaldehyde
(4% paraformaldehyde in phosphate-buffered saline, PBS, pH 7.4).
After 48 h of cryoprotection in 18% sucrose/PBS, the emibrain was
immersed in a solution of isopentane at −50°C for 40 s and then cut
in 40 μm-thick brain coronal sections with a cryostat. Sections
were stored at −20°C in anti-freezing solution (40% PBS, 30%
Ethylene-Glycol, 30%, Glycerol, v/v) until immunohistochemistry.
The other half brain was quickly frozen and kept at −80°C for
further analyses.

2.3 Immunohistochemistry

Immunohistochemistry was performed on mice brain
coronal sections at the dorsal hippocampus level (−1,700 µm,
posterior from Bregma) with the free-floating method
(Giovannini et al., 2002; Lana et al., 2014). The antibodies
used (see Table 1) and the protocols of the different
immunostainings are reported below.

Before incubation with primary antibodies, all sections were
incubated for 60 min with Blocking Buffer (BB) containing 10%
Normal Goat Serum (Product Code: S-1000, Vector, Burlingame,
CA, United States) in PBS-TX (0.3% Triton X-100 in PBS). All
antibodies were dissolved in BB.

2.3.1 NeuN + GFAP + IBA1 triple labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C in a
solution with two primary antibodies, a mouse anti-NeuN antibody
to immunostain neurons (1:400 in BB) and a rabbit anti-IBA1
antibody to immunostain total microglia (1:300 in BB).

Day 2: Sections were incubated for 2 h at room temperature in
the dark with AlexaFluor 635 goat anti-rabbit secondary antibody
(1:400 in BB) and then for 2 h with a solution of AlexaFluor 635 goat
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TABLE 1 Antibodies used for immunohistochemistry. All antibodies are diluted in BB solution.

Antibodies used for immunohistochemistry

Target Antigen Supplier Catalog # Antibody Host Usage Diluition

Beta-amyloid
plaques

Abeta Biolegend (Dedham, MA, United States) 39320-200 Monoclonal Ms Primary 1:200
5 μg/mL

Neurons NeuN Millipore (Billerica, MA, United States) MAB377 Monoclonal Ms Primary 1:400
2.5 μg/mL

Astrocytes GFAP Millipore MAB3402X Monoclonal Ms Primary Alexa Fluor
488 conjugated

1:500
2 μg/mL

Total microglia IBA1 Wako (Osaka, JP) 016-20001 Policlonal Rb Primary 1:300
1.67 μg/mL

Total microglia IBA1 Wako 011-27991 Policlonal Gt Primary 1:200
3 μg/mL

CD68 CD68 AbCam (Cambridge, United Kingdom) ab125212 Monoclonal Rb Primary 1:200
2.5 μg/mL

CX3CR1 CX3CR1 AbCam ab308613 Monoclonal Rb Primary 1:200
2.4 μg/mL

Rabbit FC Rabbit FC Thermo Fisher (Waltham, MA,
United States)

A21206 Polyclonal Dn Secondary Alexa Fluor 488 1:400
5 μg/mL

Mouse FC Mouse FC Thermo Fisher A31570 Polyclonal Dn Secondary Alexa Fluor 555 1:400
5 μg/mL

Rabbit FC Rabbit FC Thermo Fisher A31577 Polyclonal Gt Secondary Alexa Fluor 635 1:400
5 μg/mL

Goat FC Goat FC Thermo Fisher A21082 Polyclonal Dn Secondary Alexa Fluor 635 1:400
5 μg/mL

FIGURE 1
Enlargements of representative confocal images of CA1 SR exemplifying the quantitative analysis of astrocytes (A) and microglia (B), counterstained
with DAPI. The open arrows indicate astrocytes (A) andmicroglia (B) that can be easily recognized not only from their immunostaining and shape, but also
from the presence of DAPI nuclear staining. (A) Each counted astrocyte was characterized by the colocalization of GFAP immunostaining (green) and
DAPI staining (blue). (B) Each counted microglia cell was characterized by the colocalization of IBA1 immunostaining (green) and DAPI staining
(blue). Scale bar: 50 μm (A,B).
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anti-rabbit secondary antibody (1:400 in BB) plus AlexaFluor
555 donkey anti-mouse secondary antibody (1:400 in BB). Finally
astrocytes were immunostained using a mouse anti-GFAP antibody
conjugated with the fluorochrome AlexaFluor 488 (1:500 in BB).

2.3.2 Abeta + IBA1 double labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C
in a solution containing two primary antibodies: a mouse

FIGURE 2
Analysis of Aβ plaques in CA1 and CA3 hippocampus of Tg and Tg-T mice. (A,B) Representative confocal images of Aβ immunostaining (green) in
CA1 hippocampus of a Tg (A) and a Tg-T (B)mice. Scale bar: 50 μm. (C)Quantitative analysis of Aβ plaques/mm2 in CA1 StratumRadiatum (SR) of Tg (n = 7)
and Tg-T mice (n = 6; *P < 0.05 vs. Tg, Student’s t test). (D,E) Representative confocal images of Aβ immunostaining (green) in CA3 hippocampus of a Tg
(D) and a Tg-T (E)mice. Scale bar: 50 μm. (F)Quantitative analysis of Aβ plaques/mm2 in CA3 SR of Tg (n = 5) and Tg-Tmice (n = 6, P = 0.4668 vs. Tg,
n.s., Student’s t test). Data reported in all graph bars are expressed as mean ± SEM.
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anti-Abeta antibody (1:200, in BB) plus a rabbit anti-IBA1 antibody
(1:300, in BB).

Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with a solution of AlexaFluor
488 donkey anti-rabbit (1:400, in BB) plus AlexaFluor 555 donkey
anti-mouse (1:400, in BB).

2.3.3 NeuN + CD68 + IBA1 triple labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C with a
solution containing three primary antibodies: a mouse anti-NeuN
antibody (1:400, in BB) plus a rabbit anti-CD68 antibody (1:200, in
BB) and a goat anti-IBA1 antibody (1:200, in BB).

FIGURE 3
Analysis of neurons in CA1 and CA3 areas of Wt, Wt-T, TG and Tg-T mice. (A–D) Representative confocal images of NeuN immunostaining of
neurons (red) in CA1 of Wt (A), Wt-T (B), Tg (C) and Tg-T (D)mice. Scale bar: 100 μm. (E)Quantitative analysis of neurons/mm2 in CA1 Stratum Pyramidale
(SP) of Wt (n = 9), Wt-T (n = 5), Tg (n = 5) and Tg-T mice (n = 6); Statistical analysis: One-way ANOVA: F (3, 24) = 6.307, P = 0.0032; Newman-Keuls post-
test: **P < 0.01 Tg vs. Wt, and vs. Wt-T; *P < 0.05 Tg vs. Tg-T. (F–I) Representative confocal images of NeuN immunostaining of neurons (red) in
CA3 ofWt (F), Wt-T (G), Tg (H) and Tg-T (I)mice. Scale bar: 100 μm. (J)Quantitative analysis of neurons/mm2 in CA3 SP of Wt (n = 9), Wt-T (n = 6), Tg (n =
5) and Tg-Tmice (n = 6). Statistical analysis: One-way ANOVA: F (3, 25) = 1.563, P=0.2265, not significant. Data reported in all graph bars are expressed as
mean ± SEM.
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FIGURE 4
Analysis of astrocytes in CA1 areas of Wt, Wt-T, Tg and Tg-T mice. (A–D1) Representative confocal images of GFAP immunostaining of
astrocytes (green) and neurons (red) in CA1 of a Wt (A,A1), a Wt-T (B,B1), a Tg (C,C1) and a Tg-T (D,D1) mice. Scale bar: 100 μm (A–D). (A1–D1)
magnifications of the framed areas in the corresponding panels in SP above. Scale bar: 20 μm. (A2–D2) magnifications of the framed areas in the
corresponding panels in SR above. Scale bar: 20 µm. (E,G)Quantitative analysis of astrocyte density (cells/mm2) in the CA3 SP (E) and SR (G) ofWt
(n = 9), Wt-T (n = 6), Tg (n = 5) and Tg-T mice (n = 6). (E) Statistical analysis: One-way ANOVA: F (3, 25) = 17.97, P < 0.0001; Newman-Keuls post-test:
***P < 0.01 Wt vs. all other groups). (G) Statistical analysis: One-way ANOVA: F (3, 25) = 12.75, P < 0.0001; Newman-Keuls post-test: ***P < 0.01Wt vs.
all other groups. (F,H)Quantitative analysis of GFAP expression per astrocyte (% positive pixels/cell) in CA1 SP (F) and SR (H) of Wt (n = 9), Wt-T (n = 6),

(Continued )
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Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with a solution of AlexaFluor
488 donkey anti-rabbit (1:400, in BB) plus AlexaFluor
635 donkey anti-goat (1:400, in BB). Finally, sections were
incubated with a solution of AlexaFluor 488 donkey anti-
rabbit (1:400, in BB) plus AlexaFluor 635 donkey anti-goat (1:
400, in BB) plus AlexaFluor 555 donkey anti-mouse (1:
400, in BB).

2.3.4 CX3CR1 + IBA1 double labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C
with a solution of two primary antibodies: a rabbit anti-CX3CR1
antibody (1:200, in BB) and a goat anti-IBA1 antibody (1:
200, in BB).

Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with AlexaFluor 488 donkey anti-
rabbit (1:400, in BB) plus AlexaFluor 635 donkey anti-goat (1:
400, in BB).

2.4 Microscopy acquisition and images
quantitative analyses

All sections were mounted onto gelatin-coated slides using
Vectashield mounting medium with DAPI (Vectashield Product
Code #H-1200, Vector, Burlingame, CA, United States) and then
observed under a LEICA TCS SP8 confocal laser scanning
microscope (Leica Microsystems CMS GmbH, Mannheim,
Germany) equipped with 20X, 40X or 63X objective (z step:
1.2 µm, 0.6 µm or 0.3 µm respectively). Frequency of acquisition
was 200 Hz and frame of acquisition was 1,024 pixels x
1,024 pixels. Confocal scans were acquired keeping all
parameters constant.

Confocal acquisitions were performed in the Regions of Interest
(ROI) CA1 and CA3 areas of the hippocampus (Lorente De Nó,
1934; Li et al., 1994). The CA1 and CA3 ROI were subdivided into
two subregions Stratum Pyramidalis (SP) and Stratum Radiatum
(SR) (Amaral and Lavenex, 2007; Lana et al., 2016). All quantitative
analyses were performed on z-projection of 10 consecutive z
confocal scans (20X objective, z step 1.2 µm, total thickness
12 µm) using the software ImageJ software (National Institute of
Health, http://rsb.info.nih.gov/ij).

Density of neurons, beta amyloid plaques, astrocytes and
microglia were expressed as plaques or cell/mm2. For the
quantification of astrocytes and microglia we counted GFAP
or IBA1 immunostained cells which were counterstained with
DAPI, as exemplified by the arrows in Figures 1A, B. We
evaluated the density of two population of microglia, total

microglia and “ball-and-chain” microglia. The latter are
characterized by spherical phagocytic pouches (ball) at the tip
of microglial terminal branches (chain), the so-called ball-and-
chain structures, which can phagocytose apoptotic debris or a
small quantity of other substances (Sierra et al., 2010). Ball-and-
chain microglia were included in the quantification if they had at
least one pouch with dimensions above 10 μm, measured using
the analyze tool of ImageJ.

Quantitative analyses of GFAP and IBA1 expression/cell was
obtained from the percentage of GFAP + or IBA1 + pixels above a
threshold level/number of astrocytes or microglia using the
threshold tool on ImageJ (see Gerace et al., 2021).

To further characterize microglia cells population, we
investigated reactive microglia with CD68 and CX3CR1
immunostaining. We quantified CD68 (or CX3CR1) expression/cell
as total number of CD68+ (or CX3CR1+) pixels above a threshold
level/number of CD68+ (or CX3CR1+) cell.

2.5 Statistical analysis

Data are presented as means ± SEM. Statistical significance
were evaluated by Student’s t-test, one-way ANOVA followed by
Newman-Keuls multiple comparison test or by two-way
ANOVA followed by Bonferroni post test, as required. All
statistical analyses were performed using GraphPad PRISM
v. 5 for Windows (GraphPad Software, San Diego, CA,
United States). A probability value (P) of <0.05 was
considered significant.

3 Results

3.1 The pre- and probiotics enriched diet
decreases Aβ plaques in CA3 but not in
CA1 hippocampus of APP/PS1 mice

Beta-amyloid plaques were immunolabelled using an anti-Aβ
antibody in hippocampal sections of 8 months old APP/PS1 mice
(Figures 2A, D, Tg) and of APP/PS1 mice fed with pre- and
probiotics (Figures 2B, E, Tg-T). Immunostaining in CA1
(Figures 2A, B) and CA3 (Figures 2D, E) hippocampal areas
were acquired by confocal microscopy. Quantitative analyses of
Aβ plaques density in the Stratum Radiatum (SR) of CA1
(Figure 2C) and CA3 areas (Figure 2F) demonstrated that Aβ
plaques density (plaques/mm2) was significantly lower in CA3 of
Tg-T (−27%) than in CA3 of Tg. The density of Aβ plaques was not
significantly different in CA1 of Tg-T mice in comparison with Tg
mice (−29%).

FIGURE 4 (Continued)

Tg (n = 5) and Tg-T mice (n = 6). (F) Statistical analysis: One-way ANOVA: F (3, 25) = 7.703, P < 0.001; Newman-Keuls post-test: **P < 0.01 Wt vs. Tg
and Wt vs. Tg-T). (H) Statistical analysis: One-way ANOVA: F (3, 25) = 7.8, P < 0.001; Newman-Keuls post-test: **P < 0.01 Wt vs. Tg and Wt vs. Tg-T. Data
reported in all graph bars are expressed as mean ± SEM.
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FIGURE 5
Analysis of astrocytes in CA3 areas of Wt, Wt-T, Tg and Tg-T mice. (A–D1) Representative confocal images of GFAP immunostaining of astrocytes
(green) and neurons (red) in CA3 of a Wt (A,A1), a Wt-T (B,B1), a Tg (C,C1) and a Tg-T (D,D1) mice. Scale bar: 100 μm (A–D). (A1–D1)magnifications of the
framed areas in the corresponding panels in SP above. Scale bar: 20 μm. (A2–D2) magnifications of the framed areas in the corresponding panels in SP
above. Scale bar: 20 µm. (E,G)Quantitative analysis of astrocyte density (cells/mm2) in the CA3 SP (E) and SR (G) of Wt (n = 9), Wt-T (n = 6), Tg (n = 5)
and Tg-T mice (n = 6). (E) Statistical analysis: One-way ANOVA: F (3, 25) = 26.61, P < 0.0001; Newman-Keuls post-test: ***P < 0.001 Wt vs. Tg and Tg-T;
**P < 0.01 Wt-T vs. Wt). (G) Statistical analysis: One-way ANOVA: F (3, 25) = 23.03, P < 0.0001; Newman-Keuls post-test: *P < 0.05 Wt vs. Wt-T; ***P <
0.001 Wt vs. Tg and Tg-T. (F)Quantitative analysis of GFAP expression per astrocyte (% positive pixels/cell) in CA3 SP (F) of Wt (n = 8), Wt-T (n = 6), Tg (n =
5) and Tg-T mice (n = 6). Statistical analysis: One-way ANOVA: F (3, 24) = 6.826, P < 0.01; Newman-Keuls post-test: **P < 0.01 Wt vs. Tg; *P < 0.05 Wt vs.

(Continued )
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3.2 The pre- and probiotics enriched diet
protected neurons in CA1 hippocampus of
APP/PS1 mice

We evaluated the density of CA1 and CA3 pyramidal neurons
using immunohistochemical staining with anti-NeuN antibody
(Figure 3, red) in hippocampal sections of the four experimental
groups. Representative images of NeuN immunostaining in CA1
(Figures 3A–D) and CA3 (Figures 3F–I) hippocampal areas were
acquired by confocal microscopy, and quantitative analyses of
neuronal density in the Stratum Pyramidalis (SP) of CA1
(Figure 3E) and CA3 areas (Figure 3J) were performed.

Quantitative analyses shown in the graphs (Figures 3E, J for
CA1 and CA3, respectively) demonstrated that the density of
neurons in CA1 SP of Tg mice was significantly lower than in
CA1 of Wt mice (−20% compared with Wt, Figure 3E). In Tg-T
mice, we found that the density of CA1 SP neurons was
significantly higher than in Tg mice, and not statistically
different from that of Wt mice. The decreased degeneration of
neurons (−8%) indicates that the treatment has a
protective effect.

In the CA3 region of Tg mice, the density of SP neurons was not
significantly different among the four experimental groups, as
demonstrated by statistical analysis (Figure 3J).

3.3 The pre- and probiotics enriched diet
modified astrocytes activation in CA1 and
CA3 hippocampus of APP/PS1 mice

Astrocytes were visualized by immunohistochemistry using an
anti-GFAP antibody (Figures 4, 5, green) in CA1 and
CA3 hippocampal sections of of the four experimental groups.
Neurons were counterstained with anti NeuN antibody (Figures
4, 5). Images of fluorescent immunostaining were taken separately in
CA1 (Figures 4A–D2) and CA3 hippocampal regions (Figures
5A–D2) with confocal microscopy and qualitative and
quantitative analyses were performed separately in CA1 and
CA3 SP and SR. From the representative confocal images, it is
apparent that astrocytes are more numerous and more reactive in
the hippocampus of both Tg and Tg-T mice, and are localized
especially around plaques (See Figures 9F, F1, G, H).

The graphs in Figure 4 show the density of astrocytes and GFAP
expression/astrocyte in CA1 SP (Figures 4E, F) and CA1 SR (Figures
4G, H) of the four experimental groups. Quantitative analysis
performed in CA1 SP showed that astrocytes density increased
significantly in CA1 SP of Tg mice and in both Wt-T and Tg-T
mice in comparison toWtmice (Figure 4E,Wt-T + 97% vs.Wt; Tg +
64% vs. Wt; Tg-T + 91% vs. Wt). The expression of GFAP/cell, as a
marker of astrocyte activation, increased in CA1 SP of Tg and Tg-T

mice vs. Wt mice (Figure 4F, Tg + 122% vs. Wt; Tg-T +
119% vs. Wt).

Quantitative analysis performed in CA1 SR showed that
astrocytes density increased significantly in the CA1 SR of Tg
mice and in both Wt-T and Tg-T mice (Figure 4G, Wt-T + 56%
vs. Wt; Tg + 42% vs. Wt; Tg-T + 44% vs. Wt). The expression of
GFAP/cell increased in CA1 SR of both Tg and Tg-T vs. Wt mice
(Figure 4H, Tg + 116% vs. Wt; Tg-T 114% vs. Wt).

The graphs in Figure 5 show astrocytes density and GFAP
expression/astrocyte in CA3 SP (Figures 5E, F) and CA3 SR
(Figures 5G, H) of the four experimental groups. Quantitative
analysis performed in CA3 SP showed that astrocytes density
increased significantly in the CA3 SP of Wt-T mice, and, even more
consistently, in both Tg and Tg-T mice in comparison to Wt mice
(Figure 5E, Wt-T + 157% vs. Wt; Tg + 263% vs. Wt; Tg-T + 364% vs.
Wt). The expression of GFAP/cell, as a marker of astrocyte activation,
increased significantly in CA1 SP of Tgmice, but in CA3 SP of Tg-T the
effect was less intense, although still significant in comparison to Wt
mice (Figure 5F, Tg + 135% vs. Wt; Tg-T + 80% vs. Wt).

Quantitative analysis performed in CA3 SR showed that
astrocytes density increased significantly in the CA3 SR of Wt-T,
Tg and Tg-T mice in comparison with Wt mice (Figure 5G, Wt-T +
19% vs. Wt; Tg + 53% vs. Wt; Tg-T + 60% vs. Wt). The expression of
GFAP/cell increased in CA3 SR of both Wt-T, Tg and Tg-T mice vs.
Wt mice (Figure 5H, Wt-T + 67% vs. Wt; Tg + 198% vs. Wt; Tg-T +
200% vs. Wt).

3.4 The pre- and probiotics enriched diet
modified microglia reactivity in CA1 and
CA3 hippocampus of APP/PS1 mice

To perform the characterization of microglia on hippocampal
sections of the four experimental groups, microglia were
immunolabelled with anti-IBA1 antibody in CA1 (Figures
6A–D2) and CA3 (Figures 7A1–D2) and reactive microglia with
CD68 antibody (Figures 8A–D). Images of fluorescent
immunostaining were taken in SP and SR of CA1 and
CA3 hippocampal areas with confocal microscopy. The
quantitative analyses of microglia were performed in CA1 and
CA3 SP and SR, separately. From the representative images
shown in Figures 6A1–D2, 7A1–D2, it is apparent that microglia
changed their morphological features in CA3, and, to a lesser extent
in CA1, especially around amyloid plaques (see Figures 9A, H).

The density of microglia increased significantly in CA1 SP of
Wt-T, Tg and Tg-T mice in comparison to Wt mice (Figure 6E, Wt-
T + 113% vs. Wt; Tg + 66% vs. Wt; Tg-T + 140% vs. Wt). The
expression of IBA1/cell increased in CA1 SP of Wt-T, Tg and Tg-T
mice vs.Wtmice (Figure 6F,Wt-T + 129% vs.Wt; Tg + 113% vs.Wt;
Tg-T + 112% vs. Wt).

FIGURE 5 (Continued)

Tg-T. (H)Quantitative analysis of GFAP expression per astrocyte (% positive pixels/cell) in CA3 SR ofWt (n = 9), Wt-T (n = 6), Tg (n = 5) and Tg-Tmice
(n = 6). Statistical analysis: One-way ANOVA: F (3, 25) = 23.03, P < 0.0001; Newman-Keuls post-test: *P < 0.05Wt vs. Wt-T; ***P < 0.001Wt vs. Tg and Tg-
T. Data reported in all graph bars are expressed as mean ± SEM.
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FIGURE 6
Analysis of total microglia in CA1 areas of Wt, Wt–T, Tg and Tg-Tmice. (A–D1) Representative confocal images of IBA1 immunostaining of microglia
(green) and neurons (red) in CA1 of aWt (A,A1), aWt-T (B,B1), a Tg (C,C1) and a Tg-T (D,D1) mouse. Scale bar: 100 μm (A–D). (A1–D1)magnifications of the
framed areas in the corresponding panels in SP above. Scale bar: 20 μm. (A2–D2) magnifications of the framed areas in the corresponding panels in SR
above. Scale bar: 20 µm. (E,G)Quantitative analysis of microglia density (cells/mm2) in the CA1 SP (E) and SR (G) of Wt (n = 9), Wt-T (n = 6), Tg (n = 5)
and Tg-Tmice (n = 6). (E) Statistical analysis: One-way ANOVA: F (3, 25) = 15.45, P < 0.0001; Newman-Keuls post-test: ***P < 0.001Wt-T and Tg-T vs.Wt;
*P < 0.05 Tg vs. Wt. (G) Statistical analysis: One-way ANOVA: F (3, 25) = 16.48, P< 0.0001; Newman-Keuls post-test: **P < 0.01 Wt vs. Wt–T, ***P <
0.001 Tg and Tg–T vs. Wt. (F,H)Quantitative analysis of IBA1 expression per microglia (% positive pixels/cell) in CA1 SP (F) and SR (H) of Wt (n = 9), Wt-T

(Continued )
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Quantitative analysis showed that microglia density increased
significantly in the CA1 SR of Wt-T, Tg and Tg-T mice (Figure 6G,
Wt-T + 53% vs. Wt; Tg + 78% vs. Wt; Tg-T + 87% vs. Wt). The
expression of IBA1/cell increased in CA1 SR of Wt-T, Tg and Tg-T
mice in comparison toWtmice (Figure 6H,Wt-T + 213% vs.Wt; Tg
+ 112% vs. Wt; Tg-T + 143% vs. Wt).

The density of microglia increased significantly in CA3 SP of
Wt-T, Tg and Tg-T mice in comparison to Wt mice (Figure 7E, Wt-
T + 102% vs. Wt; Tg + 210% vs. Wt; Tg-T + 193% vs. Wt. The
expression of IBA1/cell increased in CA3 SP of Wt-T mice vs. Wt
mice (Figure 7F, Wt-T + 72% vs. Wt).

Quantitative analysis showed that microglia density increased
significantly in the CA3 SR of Tg and Tg-T mice in comparison to
Wt mice (Figure 7G, Tg + 108% vs. Wt; Tg-T + 113% vs. Wt).
Quantitative analysis showed that expression of IBA1/cell increased
significantly in the CA3 SR of Wt-T, Tg and Tg-T mice (Figure 7H,
Wt-T + 172% vs. Wt; Tg + 78% vs. Wt; Tg-T + 99% vs. Wt).

Furthermore, from the qualitative analyses shown in Figures
7A1–D2, it is apparent that in CA3 SR of Tg and Tg-T mice
microglia underwent a phenomic modification forming the so-
called ball-and-chain cells (Sierra et al., 2010) characterized by
the presence of spherical phagocytic pouches (ball, open arrows
in Figures 7C2, 7D2) at the tip of microglia terminal branches
(chain, arrows).

A further carachterization of ball-and chain microglia was
performed. Microglia were immunostained with IBA1 (green),
and CD68 (red) and nuclei were counterstained with DAPI
(blue) in both CA1 and CA3 (Figures 8A–D). It is evident from
the qualitative confocal images in Figures 8A–D that ball-and-chain
microglia were not present in CA3 SR of Wt andWt-T mice. On the
contrary, Figures 8C, C1, 8D, D1 show the presence of many ball-
and-chain microglia in CA3 SR of Tg and Tg-Tmice, respectively. In
CA3 SR of Tg and Tg-T mice the ball-and-chain microglia were
positive for CD68 immunostaining (evidenced by the yellow-orange
colour in Figures 8C, C1, 8D, D1), an indication that they were in a
reactive state. Quantitative analyses of microglia activation, defined
as CD68-positive pixels/microglia in CA1 SR and CA3 SR are shown
in Figures 8E, F, respectively. In CA1 SR of Tg mice, microglia
activation was significantly higher than in Wt and Wt-T mice, and
was decreased significantly by the treatment (Figure 8E: Tg + 559%
vs. Wt; Tg-T + 295% vs. Wt). Furthermore, quantitative analyses of
CD68-positive pixels/microglia showed that in CA1 SP of Tg mice,
microglia activation was significantly higher than in Wt and Wt-T
mice (Figure 8G: Tg + 217% vs. Wt; Tg-T + 524% vs. Wt), and was
increased significantly by the treatment (Figure 8G: Tg-T + 97% vs.
Tg). In addition, in CA3 SR of Tg mice, microglia activation was
significantly higher than in Wt and Wt-T mice, and it was further
increased by the treatment (Figure 8F: Tg + 368% vs. Wt; Tg-T +
526% vs. Wt).

We analyzed the expression of the fraktalkine receptor,
CX3CR1, and we found that it did not change significantly in

CA1 SR of any of the experimantal groups (Figure 8H). In
CA3 SR of Tg mice, CX3CR1 expression was significantly higher
than in Wt and Wt-T mice, and it was further increased by the
treatment (Figure 8I: Tg + 83% vs. Wt; Tg-T + 249% vs. Wt; Tg-T +
42% vs. Tg).

It is interesting to note that in CA3 SR of Tg and Tg-Tmice, ball-
and-chain microglia were disposed around plaques, as demonstrated
in the qualitative confocal image shown in Figures 9A–A2 (green,
immunostaining for IBA1, red immunostaining for Abeta), while far
from the plaques the phenotype of microglia (open arrows) was not
different from those of Wt or Wt-T mice. Indeed, in CA1 or CA3 SR
of Wt and Wt-T mice ball-and-chain microglia were extremely rare
(Figure 9A), as also evinced by the quantitative analysis (Figure 9B).
The quantitative analyses, performed in CA1 SR and CA3 SR of Tg
and Tg-T mice, demonstrated that in both Tg and Tg-T mice, the
density of ball-and-chain microglia in CA1 SR was very low and it
was significantly lower than in CA3 SR (Figure 9B). Furthermore, in
CA1 SR there was no significant difference between Tg and Tg-T
mice. In CA3 SR the treatment increased significantly ball-and-
chain microglia (Tg-T + 34% vs. Tg). Statistical analysis carried out
by two-way ANOVA with Area and Treatment as the two variables
revealed that there was a significant main effect for Treatment, F (1,
18) = 5.51, P = 0.0029, Area, F (1, 18) = 82.65, P < 0.001, and
Interaction Treatment-Area: F (1,18) = 3.46, P = 0.0138. Bonferroni
post test showed that there was a significant difference between areas
(P < 0.001, CA3 vs. CA1), and treatment with pre-and pro-biotics
significantly increased ball-and chain formation in CA3 SR only (P <
0.001, Tg-T vs. Tg).

The spherical pouches of ball-and-chain microglia (Sierra et al.,
2010) can phagocytose small quantity of substances such as beta-
amyloid. Figure 9A1 shows the enlargement of the framed area in
Figure 9A. Figure 9A2 is the z-stack of five consecutive confocal
scans for a total thickness of 1.5 µm, taken in the depth of the pouch
of a ball-and-chain microglia. The yellow-orange colour evidenced
by the open arrow indicates that beta-amyloid (red) is being
phagocytosed by the microglia cell (green).

The density of ball and chain microglia in CA1 and CA3 SR
shown in Figure 9B was correlated with the density of amyloid
plaques quantified in the same area, Figures 9D, E for CA1 SR and
CA3 SR, respectively. Ball-and-chain phagocytic microglia showed a
significant correlation with plaque density in CA3 SR (Figure 9E,
R2 = 0.37, significant) but not in CA1 SR (Figure 9D, R2 = 0.141, not
significant). From the data reported in Figure 9E, it appears that in
CA3 SR of Tg-Tmice (white circles), at the same density of ball-and-
chain microglia, amyloid plaques were lower than in Tg mice (black
circles), confirming that the treatment boosts the protective effects
of microglia in Tg-T mice. The same is not true in CA1 SR of Tg-T
mice (Figure 9D). Figure 9C shows the quantitative analysis of the
percentage of ball and chain microglia on plaques in CA1 and
CA3 SR of Tg and Tg-T mice. In CA3 SR of Tg and Tg-T mice, a
signifiucantly high percentage of ball-and-chain microglia was

FIGURE 6 (Continued)

(n = 6), Tg (n = 5) and Tg-Tmice (n = 6). (F) Statistical analysis: One-way ANOVA: F (3, 25) = 8.498, P < 0.001; Newman-Keuls post-test: **P < 0.01Wt
vs. all other groups). (H) Statistical analysis: One-way ANOVA: F (3, 25) = 14.14, P < 0.001; Newman-Keuls post-test: ***P < 0.001 Wt-T vs. Wt, **P <
0.01 Tg and Tg-T vs. Wt. Data reported in all graph bars are expressed as mean ± SEM.
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FIGURE 7
Analysis of total microglia in CA3 areas of Wt, Wt-T, Tg and Tg-T mice. A–D1 Representative confocal images of IBA1 immunostaining of microglia
(green) and neurons (red) in CA3 of aWt (A,A1), aWt-T (B,B1), a Tg (C,C1) and a Tg-T (D,D1) mouse. Scale bar: 100 μm (A–D). (A1–D1)magnifications of the
framed areas in the corresponding panels in SP above. Scale bar: 20 μm. (A2–D2)magnifications of the framed areas in the corresponding panels above,
showing the presence of ball-and-chain microglia in Tg and Tg-T CA3 SR (spherical phagocytic pouches are indicated by open arrows, microglia
branches by white arrows). Scale bar: 20 µm. (E,G)Quantitative analysis of microglia density (cells/mm2) in the CA3 SP (E) and SR (G) of Wt (n = 9), Wt-T
(n = 6), Tg (n = 5) and Tg-T mice (n = 6). (E) Statistical analysis: One-way ANOVA: F (3, 25) = 18.66, P < 0.0001; Newman-Keuls post-test: ***P < 0.001 Tg
and Tg-T vs. Wt;, **P < 0.01 Wt-T vs. Wt. (G) Statistical analysis: One-way ANOVA: F (3, 25) = 7.187, P< 0.001; Newman-Keuls post-test: **P < 0.01 Tg and
Tg-T vs. Wt. (F,H)Quantitative analysis of IBA1 expression permicroglia (% positive pixels/cell) in CA3 SP (F) and SR (H) ofWt (n = 9), Wt-T (n = 6), Tg (n = 5)

(Continued )
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located around plaques in comparison to CA1 SR (** P < 0.01 Tg
CA3 vs. Tg CA1 and Tg-T CA3 vs. Tg-T CA1), showing that
microglia in CA3 is more reactive than in CA1.

In CA1 and CA3 SR of Tg and Tg-T mice, astrocytes are more
numerous and more activated around plaques, as shown in the
representative confocal image of Figures 9F, F1 in which many
activated astrocytes (GFAP positive, green) surround an Aβ plaque
(red). Astrocytes surrounding the plaque with their branches were
much bigger than those far from the plaque, indicated by the open
arrows. The quantitative analyses, performed in CA1 SR and
CA3 SR of Tg and Tg-T mice, demonstrated that in CA3 SR of
Tg-T mice, the treatment increased significantly the percent of
astrocytes located around plaques (Figure 9G, Tg-T + 140% vs.
Tg). Statistical analysis carried out by two-way ANOVA with Area
and Treatment as the two variables revealed that there was a
significant main effect for Treatment, F (1, 24) = 33.89, P =
0.0001, Area, F (1, 24) = 9.16, P < 0.027, and Interaction
Treatment-Area: F (1, 24) = 18.28, P = 0.00358. Bonferroni post
test showed that there was a significant difference between areas (P<
0.001, CA3 vs. CA1), and treatment with pre-and pro-biotics
significantly increased astrocytes around plaques only in CA3 SR
of Tg-T mice (P < 0.001, Tg-T vs. Tg).

Figure 9H shows a representative confocal image with triple
immunohistochemistry of astrocytes (GFAP, red), microglia (IBA1,
green) and Aβ (blue) taken at the boundaries between CA3 SP and
SR of a Tg-T mouse. It is evident that activated astrocytes and ball-
and-chain microglia surrount the Aβ plaqueand ball-and-chain
microglia phagocytose Aβ (open arrow). Far from the plaques
microglia and astrocytes have a phenomic typical of non-
reactive cells.

4 Discussion

In this study, we evaluated the effects that a 6-month diet
enriched in pre- and probiotics might have on neurodegeneration
and on the histopathological hallmarks of AD in the hippocampus of
APP/PS1 mice, a cerebral area involved in the pathogenetic
mechanisms of AD. It has been demonstrated that at this age
APP/PS1 mice have well developed plaques and already show the
pathophysiological signs of AD (Radde et al., 2006). We performed a
thorough analysis, encompassing the evaluation of plaque density,
neuronal degeneration and glia phenomic modifications, and
differentiated the effects in CA1 and CA3 hippocampal areas,
which are known to respond differently to insults. Interestingly,
we found that treatment with pre- and probiotics decreased Aβ
plaque deposition, improved neuroprotection, and caused
modification of astrocytes and microglia phenomic, mainly in
CA3, and to a lesser extent in CA1 hippocampus.

We found that the treatment with pre- and probiotics
significantly decreased the density of Aβ plaques in CA3 SR

while in CA1 the reduction was not significant. Neuronal damage
in CA1 SP was significantly prevented in Tg-T mice, while no
damage was found in CA3. These are remarkable results, indicating
that a diet additioned with pre- and probiotics might be of help in
the prevention of neurodegeneration, especially if started early in life
and in subclinical conditions such as mild cognitive impairment.
Neurons and glia not only cooperate to maintain the physiology of
the nervous system, but are also in continuous crosstalk with the
microbiota and gut (MB-gut-brain axis) that produce molecules
necessary for the correct functionality of the brain (Sharon et al.,
2016), so much that dysbiosis contributes to several
neurodegenerative disorders, including Alzheimer’s disease (AD)
(Mayer and Tillisch, 2011; Sharon et al., 2016; Friedland and
Chapman, 2017; Sun et al., 2020). The contribution of each
bacterial strain to the integrity/dysfunction of brain mechanisms
are still quite unknown. We do know that MB is the main producer
of Aβ in the body (Galloway et al., 2019) and the changes of MB
composition with age can explain the progressive age-dependent
increase of Aβ production (Galloway et al., 2007; Galloway et al.,
2008; Galloway et al., 2009; Cattaneo et al., 2017; Sun et al., 2020),
suggesting the existence of a strong relationship between MB
changes and AD etiopathogenesis. Many studies show that most
AD patients have dysbiosis (Friedland and Chapman, 2017; Hung
et al., 2022), and a recent meta-analysis (Hung et al., 2022) indicates
that changes of the gut MB may occur early in the disease process
before the beginning of neurodegeneration (Li et al., 2019; Liu et al.,
2019; Hung et al., 2022). In accordance to these findings, probiotic
supplementation rich in Gram-positive bacteria improves cognition
in patients with AD (Akbari and Hendijani, 2016). Furthermore, the
Gram-positive B. subtilis and the Gram-negative E. coli are the main
producers of Aβ (de Kivit et al., 2014; Pistollato et al., 2016;
Friedland and Chapman, 2017), and APP/PS1 transgenic mice
have altered gut bacteria and overproduce Aβ (Harach et al.,
2017). The ability of the intestinal cells to handle molecules of
bacterial origin explains why and how these molecules have access to
the brain, using bottom-to-top directional pathways, causing
beneficial or pathological effects depending on their properties
(Kujala et al., 2011).

In Tg mice supplemented with pre- and probiotics, astrocytes
were activated in CA3 hippocampus mainly around plaques. It is
well known that physiologically theMB transforms tryptophan from
the diet to produce aryl hydrocarbon (AH) ligands that bind to
astrocyte AH receptors (Zelante et al., 2013; Rothhammer et al.,
2016), thus modulating astrocyte activity towards a protective
phenotype with anti-inflammatory properties (Wikoff et al., 2009;
Zelante et al., 2013). These findings suggest that microbial
metabolites of dietary tryptophan can modulate the anti-
inflammatory status of astrocytes and contribute to
neuroprotection. Astrocyte reactivity could promote outgrowth
and survival of neurons, synaptogenesis, as well as phagocytosis
(Liddelow and Barres, 2017). We hypothesize that in Tg-T mice,

FIGURE 7 (Continued)

and Tg-T mice (n = 6). (F) Statistical analysis: One-way ANOVA: F (3, 25) = 5.931, P < 0.01; Newman-Keuls post-test: **P < 0.01 Wt-T vs. Wt. (H)
Statistical analysis: One-way ANOVA: F (3, 25) = 12.28, P < 0.0001; Newman-Keuls post-test: ***P < 0.001Wt-T vs. Wt, *P < 0.05 Tg vs. Wt, **P < 0.01 Tg-T
vs. Wt. Data reported in all graph bars are expressed as mean ± SEM.
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FIGURE 8
Analysis of ball-and-chain microglia in CA1 and CA3 SR of Wt, Wt-T, Tg and Tg-Tmice. (A–D) Representative confocal images of immunostaining of
microglia (IBA1, green and CD68, red) counterstained for nuclei with DAPI (blue) in CA3 SR of Wt (A), a Wt-T (B), a Tg (C) and a Tg-T (D) mice. Scale bar:
20 μm (A–D). (C1,D1) magnifications of the framed areas in the corresponding panels above, showing the coocalization of CD68 with IBA1. Scale bars
12 µm. (E,F)Quantitative analysis of CD68 expression/cell in CA1 SR (E) and CA3 SR (F) ofWt (n = 5), Wt-T (n = 6), Tg (n = 6) and Tg-Tmice (n = 6). (E)
Statistical analysis: One-way ANOVA: F (3, 22) = 13.66, P < 0.0001; Newman-Keuls post-test: ***P < 0.001 Tg vs. Wt, *P < 0.01 Tg-T vs. Wt, #P < 0.05 Tg-T
vs. Tg. (F) Statistical analysis: One-way ANOVA: F (3, 22) = 11.53, P < 0.001; Newman-Keuls post-test: ***P < 0.001 Tg-T vs. Wt, **P < 0.01 Tg vs. Wt. (G)
Quantitative analysis of CD68 expression/cell in CA1 SP ofWt (n = 5), Wt-T (n = 6), Tg (n = 6) and Tg-Tmice (n = 6). Statistical analysis: One-way ANOVA: F
(3, 22) = 16.94, P < 0.0001; Newman-Keuls post-test: ***P < 0.001 Tg-T vs. Wt, **P < 0.01 Tg-T vs. Tg, *P < 0.05 Tg vs. Wt. (H,I) Quantitative analysis of

(Continued )
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astrocytes shifted towards a protective phenotype and cooperated
with reactive microglia (Paolicelli et al., 2022) in the scavenging of
Aβ plaques, especially in CA3 hippocampus as also demonstrated in
a different mouse model of AD (Ugolini et al., 2018). Indeed, we
found that in CA3 SR of Tg-T mice, a high proportion of reactive
astrocytes were surrounding Aβ plaques and cooperated with
microglia in the scavenging of Aβ. The hippocampus, primarily
affected in AD, is particularly susceptible to the products of the MB
such as short chain fatty acids (SCFAs) (Sharon et al., 2016) that can
reach the brain through the circulation, cross the BBB, and target
microglia to regulate their function. It has been shown that
prebiotics (dietary fibres) can modulate the expression of
bacterial proteins associated with SCFAs production (Wong
et al., 2006). Furthermore, a diet with low content of fibres
causes reduction of bacterial SCFAs products in mice
(Sonnenburg et al., 2016) human primates (Nagpal et al., 2018)
and humans (Duncan et al., 2007). Interestingly, decreased
production of SCFAs (Unger et al., 2016) has been found in
neurodegenerative diseases. Furthermore, immune cells
expressing receptors for MB-deriving SCFAs can migrate to the
brain through the BBB (Wang et al., 2018).

Our results show that microglia changed their morphological
features around amyloid plaques in a region-specific way, being
highly differentiated in CA3 SR to form ball-and-chain CD68+
structures, that characterize microglia diversification towards a
phagocytic phenotype (Vidal-Itriago et al., 2022), and expressed
CX3CR1, the fraktalkine receptor. Since it has been demonstrated
that microglia have age- and region-dependent transcriptional
identities (Hart et al., 2012; Grabert et al., 2016), it is possible
that they have an “immune-vigilant” phenotype in CA3, explaining
their higher activation in response to Aβ plaques, and to the
treatment with pre- and probiotics, giving rise to a protective
phenotype. In APP/PS1 mice, that have a dysbiotic MB, (Harach
et al., 2017), reactive microglia migrate towards Aβ plaques, interact
with Aβ and regulate Aβ levels in the brain (Holmes et al., 2003;
Cunningham et al., 2005), while Germ Free APP/PS1 mice have
significantly less microglia cells. Thus, it appears that signals from
MB delineate microglia phenomic, and MB modifications alter
microglia functionality. Furthermore, in APP/PS1 mice,
modification of gut MB is related to increased brain infiltration
of Th1 cells (Wang et al., 2019), while ablation of gut MB blocks
brain infiltration of Th1 cells and activation of microglia, indicating
that gut MB is functional in promoting Th1/microglia inflammatory
mechanisms in AD pathogenesis (Wang et al., 2019). The MB,
shaping the brain innate immune system, conditions the maturation
and functionality of microglia (Erny et al., 2015) which, surveying
brain parenchyma and maintaining tissue homeostasis (Prinz and
Priller, 2014) have a role in coordinating the responses between the
immune system and cognitive functions (Kettenmann et al., 2013;
Schafer and Stevens, 2013; Safaiyan et al., 2016). In the APP/
PS1 mice, the treatment with pre- and probiotics was able to

prevent all the biological and metagenomic changes characteristic
of this transgene (Traini et al., 2024), further demonstrating the
efficacy of this treatment.

The protective capacity of microglia decreases considerably
in a proinflammatory context (Koenigsknecht-Talboo and
Landreth, 2005; Block et al., 2007). Accordingly, in the APP-
SL70 mouse, a transgenic model of AD generated on a C57BL/6J
genetic background that coexpresses KM670/671NL mutated
amyloid precursor protein (APP) and L166P mutated
presenilin (PS) one under the control of a neuron-specific
Thy1 promoter, and with congophylic Aβ plaques starting
from 5 to 6 months of age, phagocytic activity of microglia
inversely correlates with Aβ plaque deposition and aging
(Blume et al., 2018). On the contrary, our results
demonstrated that the phagocytic activity of microglia,
evidenced by the quantitative analysis of ball-and-chain cells,
significantly correlated with the density of Aβ plaques, mainly in
CA3 hippocampus. These results indicate that a healthier and
more physiological microbiota, as can be found in our transgenic
mice treated with pre- and probiotics (Traini et al., 2024), may
send messages to the brain that modulate microglia reactivity.
We hypothesize that in Tg-T mice microglia cells shifted towards
a neuroprotective phenotype and cooperated with astrocytes in
the scavenging of Aβ plaques, especially in CA3 hippocampus.

Recently, many experimental studies indicate that microglia, as
neurons, exist physiologically as heterogeneous, mixed populations,
which differ in their transcriptomic and morphofunctional
characteristics. Microglia show unique morphological,
ultrastructural, and physiological features in the different
hippocampal regions (Tan et al., 2020; Lana et al., 2023), and
between the two hippocampal poles. Microglia are anything but
static cells, and they are exceptionally responsive to alterations in the
surrounding environment with a vast array of receptors that form a
“sensome”, which survey their surroundings and allow detection
and response to different negative or positive stimuli (De Felice et al.,
2022; Paolicelli et al., 2022). Microglia phenomics vary in different
brain areas and in CA1 and CA3 hippocampus they respond
differently to stimuli (Grabert, et al., 2016; Ugolini et al., 2018).
For instance, in CA1 of aged rats, microglia are less numerous
(Cerbai et al., 2012), are irregularly distributed, and have reduced
cytoplasmic projections (Wong, 2013; Deleidi et al., 2015; Lana et al.,
2016; Lana et al., 2019) than in CA3. The comparison between
microglia phenomic modifications in CA1 and CA3 can give
insights into the higher sensitivity of CA1 to neurodegenerative
insults, both in experimental animal models and in humans
(Mueller et al., 2010; Small et al., 2011; Bartsch and Wulff, 2015).
In this respect, Vinet and coworkers demonstrated that even
ramified microglia exert neuroprotective roles, and this function
is region-specific, at least in the hippocampus (Vinet et al., 2012).
However, the exact phenomics of microglia and their differential
responses to different stimuli are still a matter of investigation.

FIGURE 8 (Continued)

CX3CR1 expression/cell in CA1 SR (H) and CA3 SR (I) of Wt (n = 4), Wt-T (n = 6), Tg (n = 6) and Tg-T mice (n = 7). (H) Statistical analysis: One-way
ANOVA: F (3, 22) = 0.3835, n.s. (I) Statistical analysis: One-way ANOVA: F (3,21) = 6.085, P < 0.01; Newman-Keuls post-test: **P < 0.01 Tg-T vs. Wt, *P <
0.05 Tg vs. Wt.
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FIGURE 9
(A) Representative confocal image ofmicroglia (IBA1, green) and beta-amyloid (red) in CA3 SR of a Tg-Tmouse to evidence the different phenotypes
of ball-and-chain microglia (green) around beta-amyloid plaques (red) and far from the plaques (open arrows). Scale bar: 50 μm. (A1) Enlargement of the
cluster of ball-and-chain microglia (IBA1, green) around a beta-amyloid plaque (red), from the framed area in panel (A). Total thickness of the confocal
stack: 20 µm. Scale bar: 10 μm. (A2) Enlargement of the ball-and chain pouch in A1 to evidence the phagocytosis of beta-amyloid (yellow-orange
color pointed out by the open arrow). Total thickness of the confocal stack: 1.5 µm. Scale bar: 5 μm. (B)Quantitative analysis of ball-and-chain microglia
density (cells/mm2) in CA1 and CA3 SR of Tg (n = 5) and Tg-T mice (n = 6). Statistical analysis: two-way ANOVA with Area and Treatment as the two
variables: significant main effect for Treatment, F (1, 18) = 5.51, P = 0.0029, Area, F (1, 18) = 82.65, P < 0.001, and Interaction Treatment-Area: F (1, 18) =
3.46, P = 0.0138. (C)Quantitative analysis of the percentage of ball and chain microglia on plaques in CA1 and CA3 SR of Tg (n = 5) and Tg-T mice (n = 6).

(Continued )
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The cluster of differentiation 68 (CD68) is recognized as a general
marker of reactive phagocytic microglia (Perego et al., 2011). Early
accumulation of CD68-positivemicroglia,mainly at Aβ deposition sites,
participate in clearing Aβ and are usually associated to reduction of Aβ
levels. Aβ deposition followed by a gradual phenomic modification and
increase of phagocytic microglia accumulation at Aβ deposit sites was
demonstrated (Matsumura et al., 2015). Indeed, in our experiments we
showed that ball-and-chain microglia were highly positive for CD68 in
CA1 andCA3 SR ofAPP/PS1mice. In Tg-Tmice, the treatment slightly
increased this effect in CA3 SR, decreased it in CA1 SR, but increased it
in CA1 SP. In CA3 of Tg mice, the expression of CX3CR1 was
significantly higher than in Wt and Wt-T mice, and further
increased in Tg-T mice. On the contrary, CX3CR1 did not change
significantly in CA1 SR of any of the experimental groups. These
findings, taken together, suggest that reactive, highly mobile, microglia
cells (see Morsch et al., 2015) moving from SR to SP and cooperating
with activated astrocytes may help clearing plaques in this area (see also
Figure 9H), decreasing the neurodegenerative effect of Aβ plaques.The
role of fraktalkin and its receptor CX3CR1 in health and disease are still
a matter of debate and their action may differ depending upon the
pathophysiological condition and spatial localization of microglia. On
one hand, defective fraktalkin-CX3CR1 interactions have been
associated with neuroinflammatory disorders. On the other one it
has been demonstrated that depletion of CX3CR1 in mice decreases
Aβ deposition in mouse models of AD, possibly caused by decreased
phagocytic activity ofmicroglia (Lee et al., 2010). On the contrary, in the
adult brain the activation of CX3CR1 contributes to glutamatergic
synaptic transmission and plasticity, cognition, and regulation of
inflammatory responses [see (Eugenín et al., 2023)]. All these
discrepancies may depend on the different models used and the
different brain regions studied.

Our results once more support the hypothesis that in
CA3 hippocampus, microglia express a high efficient scavenging
activity, regulate Aβ load via phagocytosis and exert a more effective
neuroprotection than in CA1. In accordance to the literature (Sierra
et al., 2010), we demonstrated that the spherical pouches of ball-and-
chain microglia phagocytosed Aβ. Furthermore, ball-and-chain
phagocytic microglia showed a significant correlation with plaque
density in CA3 SR, but not in CA1 SR. All these results, taken
together, demonstrated that pre- and probiotics can boost the
phagocytic activity of microglia and decrease the load of Aβ in the
hippocampus in a region specific way, with the higher activity
in CA3 SR.

Indeed, experimental studies that modulate the gut microbiota by
the use of prebiotics and/or probiotics to maintain its healthy
composition or reboost it, demonstrate effects on cognitive functions
and behavior in different animal models. Therefore, nutraceutical/

pharmacological intervention on gut microbiota is emerging as a
promising strategy for managing neurodegenerative diseases.

Scope

The gut microbiota (MB) is an elective target of intervention
with prebiotics and probiotics that can maintain or recover its
physiological composition. The main objective of the present
research was to verify whether and how a diet enriched in
prebiotics and probiotics, administered chronically starting at
2 months of age to APP/PS1 mice, a transgenic mouse model of
AD, modify AD histopathological hallmarks.

This research has significant novelties: first, evaluate whether
treatment with pre- and probiotics could modify Abeta plaques and
neurodegeneration in hippocampal CA1 and CA3 areas of APP/
PS1 mice; second, prebiotics and probiotics are devoid of side effects
and maintaining or recovering gut-MB composition, could
represent a nutraceutical strategy to prevent or reduce AD.

The beneficial effects of the treatment, aimed to preserve the
MB, one of the MB-gut-brain axis components, confirm the strict
interrelation among all of them to ameliorate the brain
conditions. Because of the absence of side effects, the use of
pre and probiotics represents a light approach with strong
potentialities in efficacy.
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FIGURE 9 (Continued)

Statistical analysis: two-way ANOVA with Area and Treatment as the two variables: significant main effect for Treatment, F (1, 18) = 0.01651, P =
0.0165, Area, F (1, 18) = 19.32, P = 0.0003, and Interaction Treatment-Area: F (1, 18) = 0.0438, P = 0.8366. **P < 0.01 Tg CA3 vs. Tg CA1 and Tg-T CA3 vs.
Tg T CA1. (D,E) Correlation of ball-and-chain microglia density with beta-amyloid plaques density in CA1 SR (D) (n = 10) and CA3 SR (E) (n = 11). Black
triangles: Tg CA1 SR; White triangles: Tg-T CA1 SR; Black circles: Tg CA3 SR; White circles: Tg-T CA3 SR. (F) Representative confocal image of
astrocytes (GFAP, green) and beta-amyloid (red) in CA3 SR of a Tg-T mouse to evidence the different phenotypes of astrocytes (green) around beta-
amyloid plaques (red) and far from the plaques (open arrows). Scale bar: 40 μm. (F1) Enlargement of one astrocyte (GFAP, green) around a beta-amyloid
plaque (red), from the framed area in panel (A). Total thickness of the confocal stack: 20 µm. Scale bar: 20 μm. (G)Quantitative analysis of the percent of
astrocytes surrounding Aβ plaques in CA1 and CA3 SR of Tg (n = 5) and Tg-T mice (n = 6). ***P < 0.001 Tg-T vs. all other groups. (H) Representative
confocal image of microglia (IBA1, red), astrocytes (GFAP, green) and Aβ (blue) in CA3 of a Tg-T mouse at the limit of CA4, taken at the boundaries
between SP and SR. Thickness of the confocal stacks: 15 µm. Scale bar: 10 µm.

Frontiers in Pharmacology frontiersin.org18

Lana et al. 10.3389/fphar.2024.1451114

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1451114


Formal Analysis. GM: Investigation, Writing–review and editing,
Methodology, Software. SA: Data curation, Investigation,
Methodology, Writing–review and editing, Software. MGG:
Writing–review and editing, Conceptualization, Supervision,
Validation, Data curation, Investigation, Methodology,
Writing–original draft. MGV: Conceptualization, Supervision,
Validation, Writing–review and editing, Funding acquisition,
Project administration, Resources.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Fondazione
Cassa di Risparmio di Firenze, grant [PROPREBIOAD] (MGV).
Ministero dell’Istruzione, dell’Università e della Ricerca, grants
[giovanniniricaten 2023] (MGG) and [lanaricaten 2024] (DL). DL
current position is supported by #NEXTGENERATIONEU
(NGEU) and funded by the Ministry of University and Research
(MUR), National Recovery and Resilience Plan (NRRP), project
MNESYS (PE0000006) (DR. 1553 11.10.2022).

Acknowledgments

We thank the Institute of Applied Physics “N. Carrara”,
National Research Council (IFAC-CNR), Italy for use of confocal
laser microscopy equipment.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abbott, N. J. (2002). Astrocyte-endothelial interactions and blood-brain barrier
permeability. J. Anat. 200, 629–638. doi:10.1046/j.1469-7580.2002.00064.x

Akbari, V., and Hendijani, F. (2016). Effects of probiotic supplementation in patients
with type 2 diabetes: systematic review and meta-analysis. Nutr. Rev. 74, 774–784.
doi:10.1093/nutrit/nuw039

Amaral, D. G., and Lavenex, P. (2007). “Hippocampal neuroanatomy,” in The
Hippocampus book. Editors P. Andersen, R. Morris, D. Amaral, and J. O’Keefe
(New York: Oxford University Press), 37–114.

Bartsch, T., and Wulff, P. (2015). The hippocampus in aging and disease: from
plasticity to vulnerability. Neuroscience 309, 1–16. doi:10.1016/j.neuroscience.2015.
07.084

Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi:10.1038/
nrn2038

Blume, T., Focke, C., Peters, F., Deussing, M., Albert, N. L., Lindner, S., et al. (2018).
Microglial response to increasing amyloid load saturates with aging: a longitudinal dual
tracer in vivo μPET-study. J. Neuroinflammation 15, 307. doi:10.1186/s12974-018-
1347-6

Brandscheid, C., Schuck, F., Reinhardt, S., Schäfer, K. H., Pietrzik, C. U., Grimm, M.,
et al. (2017). Altered gut microbiome composition and tryptic activity of the 5xFAD
Alzheimer’s mouse model. J. Alzheimers. Dis. 56, 775–788. doi:10.3233/JAD-160926

Brown, G. C. (2019). The endotoxin hypothesis of neurodegeneration.
J. Neuroinflammation 16, 180. doi:10.1186/s12974-019-1564-7

Burda, J. E., and Sofroniew, M. V. (2014). Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron 81, 229–248. doi:10.1016/j.neuron.2013.
12.034

Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., et al. (2017).
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and
peripheral inflammation markers in cognitively impaired elderly. Neurobiol. Aging
49, 60–68. doi:10.1016/j.neurobiolaging.2016.08.019

Cerbai, F., Lana, D., Nosi, D., Petkova-Kirova, P., Zecchi, S., Brothers, H. M., et al.
(2012). The neuron-astrocyte-microglia triad in normal brain ageing and in a model of
neuroinflammation in the rat Hippocampus. PLoS One 7, e45250. doi:10.1371/journal.
pone.0045250

Cryan, J. F., O’riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S.,
Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99, 1877–2013.
doi:10.1152/PHYSREV.00018.2018

Cunningham, C., Wilcockson, D. C., Campion, S., Lunnon, K., and Perry, V. H.
(2005). Central and systemic endotoxin challenges exacerbate the local inflammatory
response and increase neuronal death during chronic neurodegeneration. J. Neurosci.
25, 9275–9284. doi:10.1523/JNEUROSCI.2614-05.2005

De Felice, E., Gonçalves de Andrade, E., Golia, M. T., González Ibáñez, F., Khakpour,
M., Di Castro, M. A., et al. (2022). Microglial diversity along the hippocampal
longitudinal axis impacts synaptic plasticity in adult male mice under homeostatic
conditions. J. Neuroinflamm. 19, 292. doi:10.1186/S12974-022-02655-Z

de Kivit, S., Tobin, M. C., Forsyth, C. B., Keshavarzian, A., and Landay, A. L. (2014).
Regulation of intestinal immune responses through TLR activation: implications for
pro- and prebiotics. Front. Immunol. 5, 60. doi:10.3389/fimmu.2014.00060

Deleidi, M., Jäggle, M., and Rubino, G. (2015). Immune aging, dysmetabolism, and
inflammation in neurological diseases. Front. Neurosci. 9, 172. doi:10.3389/fnins.2015.
00172

Doens, D., and Fernández, P. L. (2014). Microglia receptors and their implications in
the response to amyloid β for Alzheimer’s disease pathogenesis. J. Neuroinflammation
11, 48. doi:10.1186/1742-2094-11-48

Duncan, S. H., Belenguer, A., Holtrop, G., Johnstone, A. M., Flint, H. J., and Lobley, G.
E. (2007). Reduced dietary intake of carbohydrates by obese subjects results in decreased
concentrations of butyrate and butyrate-producing bacteria in feces. Appl. Environ.
Microbiol. 73, 1073–1078. doi:10.1128/AEM.02340-06

Erickson, M. A., and Banks, W. A. (2013). Blood-brain barrier dysfunction as a cause
and consequence of Alzheimer’s disease. J. Cereb. Blood Flow. Metab. 33, 1500–1513.
doi:10.1038/jcbfm.2013.135

Erny, D., De Angelis, A. L. H., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., et al.
(2015). Host microbiota constantly control maturation and function of microglia in the
CNS. Nat. Neurosci. 18, 965–977. doi:10.1038/nn.4030

Eugenín, J., Eugenín-von Bernhardi, L., and von Bernhardi, R. (2023). Age-dependent
changes on fractalkine forms and their contribution to neurodegenerative diseases.
Front. Mol. Neurosci. 16, 1249320. doi:10.3389/fnmol.2023.1249320

Friedland, R. P., and Chapman, M. R. (2017). The role of microbial amyloid in
neurodegeneration. PLoS Pathog. 13, e1006654. doi:10.1371/journal.ppat.1006654

Galloway, S., Jian, L., Johnsen, R., Chew, S., and Mamo, J. C. L. (2007). beta-amyloid
or its precursor protein is found in epithelial cells of the small intestine and is stimulated
by high-fat feeding. J. Nutr. Biochem. 18, 279–284. doi:10.1016/j.jnutbio.2006.07.003

Galloway, S., Pallebage-Gamarallage, M. M. S., Takechi, R., Jian, L., Johnsen, R. D.,
Dhaliwal, S. S., et al. (2008). Synergistic effects of high fat feeding and apolipoprotein E
deletion on enterocytic amyloid-beta abundance. Lipids Health Dis. 7, 15. doi:10.1186/
1476-511X-7-15

Galloway, S., Takechi, R., Nesbit, M., Pallebage-Gamarallage, M. M., Lam, V., and
Mamo, J. C. L. (2019). The differential effects of fatty acids on enterocytic abundance of
amyloid-beta. Lipids Health Dis. 18, 209. doi:10.1186/s12944-019-1162-9

Galloway, S., Takechi, R., Pallebage-Gamarallage, M. M. S., Dhaliwal, S. S., and
Mamo, J. C. L. (2009). Amyloid-B colocalizes with apolipoprotein B in absorptive cells
of the small intestine. Lipids Health Dis. 8, 46. doi:10.1186/1476-511X-8-46

Frontiers in Pharmacology frontiersin.org19

Lana et al. 10.3389/fphar.2024.1451114

https://doi.org/10.1046/j.1469-7580.2002.00064.x
https://doi.org/10.1093/nutrit/nuw039
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.1038/nrn2038
https://doi.org/10.1038/nrn2038
https://doi.org/10.1186/s12974-018-1347-6
https://doi.org/10.1186/s12974-018-1347-6
https://doi.org/10.3233/JAD-160926
https://doi.org/10.1186/s12974-019-1564-7
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://doi.org/10.1371/journal.pone.0045250
https://doi.org/10.1371/journal.pone.0045250
https://doi.org/10.1152/PHYSREV.00018.2018
https://doi.org/10.1523/JNEUROSCI.2614-05.2005
https://doi.org/10.1186/S12974-022-02655-Z
https://doi.org/10.3389/fimmu.2014.00060
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.1186/1742-2094-11-48
https://doi.org/10.1128/AEM.02340-06
https://doi.org/10.1038/jcbfm.2013.135
https://doi.org/10.1038/nn.4030
https://doi.org/10.3389/fnmol.2023.1249320
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.1016/j.jnutbio.2006.07.003
https://doi.org/10.1186/1476-511X-7-15
https://doi.org/10.1186/1476-511X-7-15
https://doi.org/10.1186/s12944-019-1162-9
https://doi.org/10.1186/1476-511X-8-46
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1451114


Gerace, E., Cialdai, F., Sereni, E., Lana, D., Nosi, D., Giovannini, M. G., et al. (2021).
NIR laser photobiomodulation induces neuroprotection in an in vitromodel of cerebral
hypoxia/ischemia. Mol. Neurobiol. 58, 5383–5395. doi:10.1007/S12035-021-02496-6

Giovannini, M. G., Scali, C., Prosperi, C., Bellucci, A., Vannucchi, M. G., Rosi, S., et al.
(2002). Beta-amyloid-induced inflammation and cholinergic hypofunction in the rat
brain in vivo: involvement of the p38MAPK pathway. Neurobiol. Dis. 11, 257–274.
doi:10.1006/nbdi.2002.0538

Glenner, G. G., and Wong, C. W. (1984). Alzheimer‟s disease: initial report of the
purification and characterization of a novel cerebrovascular amyloid protein. Biochem.
Biophys. Res. Comm. 120, 885–890. doi:10.1016/s0006-291x(84)80190-4

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Kenneth Baillie, J.,
Stevens, M. P., et al. (2016). Microglial brain region-dependent diversity and
selective regional sensitivities to aging. Nat. Neurosci. 19, 504–516. doi:10.1038/nn.
4222

Harach, T., Marungruang, N., Duthilleul, N., Cheatham, V., Mc Coy, K. D., Frisoni,
G., et al. (2017). Reduction of Abeta amyloid pathology in APPPS1 transgenic mice in
the absence of gut microbiota. Sci. Rep. 7, 41802. doi:10.1038/srep41802

Hart, A. D., Wyttenbach, A., Hugh Perry, V., and Teeling, J. L. (2012). Age related
changes in microglial phenotype vary between CNS regions: grey versus white matter
differences. Brain. Behav. Immun. 26, 754–765. doi:10.1016/j.bbi.2011.11.006

Holmes, C., El-Okl, M., Williams, A. L., Cunningham, C., Wilcockson, D., and Perry,
V. H. (2003). Systemic infection, interleukin 1beta, and cognitive decline in Alzheimer’s
disease. J. Neurol. Neurosurg. Psychiatry 74, 788–789. doi:10.1136/jnnp.74.6.788

Honarpisheh, P., Reynolds, C. R., Conesa, M. P. B., Manchon, J. F. M., Putluri, N.,
Bhattacharjee, M. B., et al. (2020). Dysregulated gut homeostasis observed prior to the
accumulation of the brain amyloid-β in Tg2576 mice. Int. J. Mol. Sci. 21, 1711. doi:10.
3390/ijms21051711

Hung, C. C., Chang, C. C., Huang, C. W., Nouchi, R., and Cheng, C. H. (2022). Gut
microbiota in patients with Alzheimer’s disease spectrum: a systematic review and
meta-analysis. Aging (Albany. NY) 14, 477–496. doi:10.18632/AGING.203826

Iadecola, C., Zhang, F., Niwa, K., Eckman, C., Turner, S. K., Fischer, E., et al. (1999).
SOD1 rescues cerebral endothelial dysfunction in mice overexpressing amyloid
precursor protein. Nat. Neurosci. 2, 157–161. doi:10.1038/5715

Jucker, M., and Walker, L. C. (2018). Propagation and spread of pathogenic protein
assemblies in neurodegenerative diseases. Nat. Neurosci. 21, 1341–1349. doi:10.1038/
s41593-018-0238-6

Kesika, P., Suganthy, N., Sivamaruthi, B. S., and Chaiyasut, C. (2021). Role of gut-
brain axis, gut microbial composition, and probiotic intervention in Alzheimer’s
disease. Life Sci. 264, 118627. doi:10.1016/j.lfs.2020.118627

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles for
the synaptic stripper. Neuron 77, 10–18. doi:10.1016/j.neuron.2012.12.023

Koenigsknecht-Talboo, J., and Landreth, G. E. (2005). Microglial phagocytosis
induced by fibrillar beta-amyloid and IgGs are differentially regulated by
proinflammatory cytokines. J. Neurosci. 25, 8240–8249. doi:10.1523/JNEUROSCI.
1808-05.2005

Kowalski, K., and Mulak, A. (2019). Brain-gut-microbiota axis in Alzheimer’s disease.
J. Neurogastroenterol. Motil. 25, 48–60. doi:10.5056/jnm18087

Koyama, A., Okereke, O. I., Yang, T., Blacker, D., Selkoe, D. J., and Grodstein, F.
(2012). Plasma amyloid-β as a predictor of dementia and cognitive decline: a systematic
review and meta-analysis. Arch. Neurol. 69, 824–831. doi:10.1001/archneurol.2011.1841

Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J. L., Eom, G. D., Bernhardt, U., et al.
(2013). Functional impairment of microglia coincides with beta-amyloid deposition in
mice with alzheimer-like pathology. PLoS One 8, e60921. doi:10.1371/journal.pone.
0060921

Kujala, P., Raymond, C. R., Romeijn, M., Godsave, S. F., van Kasteren, S. I., Wille, H.,
et al. (2011). Prion uptake in the gut: identification of the first uptake and replication
sites. PLoS Pathog. 7, e1002449. doi:10.1371/journal.ppat.1002449

Lana, D., Iovino, L., Nosi, D., Wenk, G. L., and Giovannini, M. G. (2016). The neuron-
astrocyte-microglia triad involvement in neuroinflammaging mechanisms in the
CA3 hippocampus of memory-impaired aged rats. Exp. Gerontol. 83, 71–88. doi:10.
1016/j.exger.2016.07.011

Lana, D., Magni, G., Landucci, E., Wenk, G. L., Pellegrini-Giampietro, D. E., and
Giovannini, M. G. (2023). Phenomic microglia diversity as a druggable target in the
Hippocampus in neurodegenerative diseases. Int. J. Mol. Sci. 24, 13668. doi:10.3390/
ijms241813668

Lana, D., Melani, A., Pugliese, A.M., Cipriani, S., Nosi, D., Pedata, F., et al. (2014). The
neuron-astrocyte-microglia triad in a rat model of chronic cerebral hypoperfusion:
protective effect of dipyridamole. Front. Aging Neurosci. 6, 322. doi:10.3389/fnagi.2014.
00322

Lana, D., Ugolini, F., Wenk, G. L., Giovannini, M. G., Zecchi-Orlandini, S., and Nosi,
D. (2019). Microglial distribution, branching, and clearance activity in aged rat
hippocampus are affected by astrocyte meshwork integrity: evidence of a novel cell-
cell interglial interaction. FASEB J. 33, 4007–4020. doi:10.1096/fj.201801539R

Lee, C. Y. D., and Landreth, G. E. (2010). The role of microglia in amyloid clearance
from the AD brain. J. Neural Transm. 117, 949–960. doi:10.1007/s00702-010-0433-4

Lee, S., Varvel, N. H., Konerth, M. E., Xu, G., Cardona, A. E., Ransohoff, R. M., et al.
(2010). CX3CR1 deficiency alters microglial activation and reduces beta-amyloid
deposition in two Alzheimer’s disease mouse models. Am. J. Pathol. 177,
2549–2562. doi:10.2353/ajpath.2010.100265

Li, B., He, Y., Ma, J., Huang, P., Du, J., Cao, L., et al. (2019). Mild cognitive impairment
has similar alterations as Alzheimer’s disease in gut microbiota. Alzheimer’s Dement. 15,
1357–1366. doi:10.1016/j.jalz.2019.07.002

Li, X.-G., Somogyi, P., Ylinen, A., and Buzsáki, G. (1994). The hippocampal
CA3 network: an in vivo intracellular labeling study. J. Comp. Neurol. 339, 181–208.
doi:10.1002/cne.903390204

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function,
and therapeutic potential. Immunity 46, 957–967. doi:10.1016/j.immuni.2017.06.006

Liu, P., Wu, L., Peng, G., Han, Y., Tang, R., Ge, J., et al. (2019). Altered microbiomes
distinguish Alzheimer’s disease from amnestic mild cognitive impairment and health in
a Chinese cohort. Brain. Behav. Immun. 80, 633–643. doi:10.1016/J.BBI.2019.05.008

Lorente De Nó, R. (1934). Studies on the structure of the cerebral cortex. II.
Continuation of the study of the ammonic system. für Psychol. Neurol. 46.

Maia, L. F., Kaeser, S. A., Reichwald, J., Hruscha, M., Martus, P., Staufenbiel, M., et al.
(2013). Changes in amyloid-β and Tau in the cerebrospinal fluid of transgenic mice
overexpressing amyloid precursor protein. Sci. Transl. Med. 5, 194re2. doi:10.1126/
scitranslmed.3006446

Matsumura, A., Suzuki, S., Iwahara, N., Hisahara, S., Kawamata, J., Suzuki, H., et al.
(2015). Temporal changes of CD68 and α7 nicotinic acetylcholine receptor expression
in microglia in Alzheimer’s disease-like mouse models. J. Alzheimers. Dis. 44, 409–423.
doi:10.3233/JAD-141572

Mayer, E. A., and Tillisch, K. (2011). The brain-gut Axis in abdominal pain
syndromes. Annu. Rev. Med. 62, 381–396. doi:10.1146/annurev-med-012309-103958

McGowan, E., Sanders, S., Iwatsubo, T., Takeuchi, A., Saido, T., Zehr, C., et al. (1999).
Amyloid phenotype characterization of transgenic mice overexpressing both mutant
amyloid precursor protein and mutant presenilin 1 transgenes. Neurobiol. Dis. 6,
231–244. doi:10.1006/nbdi.1999.0243

Meyer-Luehmann, M., Spires-Jones, T. L., Prada, C., Garcia-Alloza, M., De Calignon,
A., Rozkalne, A., et al. (2008). Rapid appearance and local toxicity of amyloid-beta
plaques in a mouse model of Alzheimer’s disease. Nature 451, 720–724. doi:10.1038/
nature06616

Morsch, M., Radford, R., Lee, A., Don, E. K., Badrock, A. P., Hall, T. E., et al. (2015). In
vivo characterization of microglial engulfment of dying neurons in the zebrafish spinal
cord. Front. Cell. Neurosci. 9, 321. doi:10.3389/fncel.2015.00321

Mueller, S. G., Schuff, N., Yaffe, K., Madison, C., Miller, B., andWeiner, M.W. (2010).
Hippocampal atrophy patterns in mild cognitive impairment and alzheimer’s disease.
Hum. Brain Mapp. 31, 1339–1347. doi:10.1002/hbm.20934

Nagpal, R., Shively, C. A., Appt, S. A., Register, T. C., Michalson, K. T., Vitolins, M. Z.,
et al. (2018). Gut microbiome composition in non-human primates consuming a
western or mediterranean diet. Front. Nutr. 5, 28. doi:10.3389/fnut.2018.00028

Pallebage-Gamarallage, M. M., Galloway, S., Takechi, R., Dhaliwal, S., and Mamo,
J. C. L. (2012). Probucol suppresses enterocytic accumulation of amyloid-β induced by
saturated fat and cholesterol feeding. Lipids 47, 27–34. doi:10.1007/s11745-011-3595-4

Paolicelli, R. C., Sierra, A., Stevens, B., Tremblay, M. E., Aguzzi, A., Ajami, B., et al.
(2022). Microglia states and nomenclature: a field at its crossroads. Neuron 110,
3458–3483. doi:10.1016/j.neuron.2022.10.020

Perego, C., Fumagalli, S., and De Simoni, M. G. (2011). Temporal pattern of
expression and colocalization of microglia/macrophage phenotype markers following
brain ischemic injury in mice. J. Neuroinflammation 8, 174. doi:10.1186/1742-2094-
8-174

Perez-Nievas, B. G., and Serrano-Pozo, A. (2018). Deciphering the astrocyte reaction
in Alzheimer’s disease. Front. Aging Neurosci. 10, 114. doi:10.3389/fnagi.2018.00114

Pistollato, F., Cano, S. S., Elio, I., Vergara, M. M., Giampieri, F., and Battino, M.
(2016). Role of gut microbiota and nutrients in amyloid formation and pathogenesis of
Alzheimer disease. Nutr. Rev. 74, 624–634. doi:10.1093/nutrit/nuw023

Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the molecular
age: from origin to neuropsychiatric disease. Nat. Rev. Neurosci. 15, 300–312. doi:10.
1038/nrn3722

Radde, R., Bolmont, T., Kaeser, S. A., Coomaraswamy, J., Lindau, D., Stoltze, L., et al.
(2006). Abeta42-driven cerebral amyloidosis in transgenic mice reveals early and robust
pathology. EMBO Rep. 7, 940–946. doi:10.1038/sj.embor.7400784

Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C. C., Ardura-
Fabregat, A., et al. (2018). Microglial control of astrocytes in response to microbial
metabolites. Nature 557, 724–728. doi:10.1038/s41586-018-0119-x

Rothhammer, V., Mascanfroni, I. D., Bunse, L., Takenaka, M. C., Kenison, J. E., Mayo,
L., et al. (2016). Type i interferons and microbial metabolites of tryptophan modulate
astrocyte activity and central nervous system inflammation via the aryl hydrocarbon
receptor. Nat. Med. 22, 586–597. doi:10.1038/nm.4106

Safaiyan, S., Kannaiyan, N., Snaidero, N., Brioschi, S., Biber, K., Yona, S., et al. (2016).
Age-related myelin degradation burdens the clearance function of microglia during
aging. Nat. Neurosci. 19, 995–998. doi:10.1038/nn.4325

Frontiers in Pharmacology frontiersin.org20

Lana et al. 10.3389/fphar.2024.1451114

https://doi.org/10.1007/S12035-021-02496-6
https://doi.org/10.1006/nbdi.2002.0538
https://doi.org/10.1016/s0006-291x(84)80190-4
https://doi.org/10.1038/nn.4222
https://doi.org/10.1038/nn.4222
https://doi.org/10.1038/srep41802
https://doi.org/10.1016/j.bbi.2011.11.006
https://doi.org/10.1136/jnnp.74.6.788
https://doi.org/10.3390/ijms21051711
https://doi.org/10.3390/ijms21051711
https://doi.org/10.18632/AGING.203826
https://doi.org/10.1038/5715
https://doi.org/10.1038/s41593-018-0238-6
https://doi.org/10.1038/s41593-018-0238-6
https://doi.org/10.1016/j.lfs.2020.118627
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1523/JNEUROSCI.1808-05.2005
https://doi.org/10.1523/JNEUROSCI.1808-05.2005
https://doi.org/10.5056/jnm18087
https://doi.org/10.1001/archneurol.2011.1841
https://doi.org/10.1371/journal.pone.0060921
https://doi.org/10.1371/journal.pone.0060921
https://doi.org/10.1371/journal.ppat.1002449
https://doi.org/10.1016/j.exger.2016.07.011
https://doi.org/10.1016/j.exger.2016.07.011
https://doi.org/10.3390/ijms241813668
https://doi.org/10.3390/ijms241813668
https://doi.org/10.3389/fnagi.2014.00322
https://doi.org/10.3389/fnagi.2014.00322
https://doi.org/10.1096/fj.201801539R
https://doi.org/10.1007/s00702-010-0433-4
https://doi.org/10.2353/ajpath.2010.100265
https://doi.org/10.1016/j.jalz.2019.07.002
https://doi.org/10.1002/cne.903390204
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/J.BBI.2019.05.008
https://doi.org/10.1126/scitranslmed.3006446
https://doi.org/10.1126/scitranslmed.3006446
https://doi.org/10.3233/JAD-141572
https://doi.org/10.1146/annurev-med-012309-103958
https://doi.org/10.1006/nbdi.1999.0243
https://doi.org/10.1038/nature06616
https://doi.org/10.1038/nature06616
https://doi.org/10.3389/fncel.2015.00321
https://doi.org/10.1002/hbm.20934
https://doi.org/10.3389/fnut.2018.00028
https://doi.org/10.1007/s11745-011-3595-4
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1186/1742-2094-8-174
https://doi.org/10.1186/1742-2094-8-174
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1038/nrn3722
https://doi.org/10.1038/nrn3722
https://doi.org/10.1038/sj.embor.7400784
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/nm.4106
https://doi.org/10.1038/nn.4325
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1451114


Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin. Invest.
127, 3240–3249. doi:10.1172/JCI90606

Schafer, D. P., and Stevens, B. (2013). Phagocytic glial cells: sculpting synaptic circuits
in the developing nervous system. Curr. Opin. Neurobiol. 23, 1034–1040. doi:10.1016/j.
conb.2013.09.012

Schiweck, J., Eickholt, B. J., andMurk, K. (2018). Important shapeshifter: mechanisms
allowing astrocytes to respond to the changing nervous system during development,
injury and disease. Front. Cell. Neurosci. 12, 261. doi:10.3389/fncel.2018.00261

Semar, S., Klotz, M., Letiembre, M., Van Ginneken, C., Braun, A., Jost, V., et al.
(2013). Changes of the enteric nervous system in amyloid-β protein precursor
transgenic mice correlate with disease progression. J. Alzheimer’s Dis. 36, 7–20.
doi:10.3233/JAD-120511

Serrano-Pozo, A., Qian, J., Monsell, S. E., Blacker, D., Gómez-Isla, T., Betensky, R. A.,
et al. (2014). Mild to moderate Alzheimer dementia with insufficient neuropathological
changes. Ann. Neurol. 75, 597–601. doi:10.1002/ana.24125

Sharon, G., Sampson, T. R., Geschwind, D. H., and Mazmanian, S. K. (2016). The
central nervous system and the gut microbiome. Cell 167, 915–932. doi:10.1016/j.cell.
2016.10.027

Shen, L., Liu, L., and Ji, H. F. (2017). Alzheimer’s disease histological and behavioral
manifestations in transgenic mice correlate with specific gut microbiome state.
J. Alzheimer’s Dis. 56, 385–390. doi:10.3233/JAD-160884

Sierra, A., Encinas, J. M., Deudero, J. J. P., Chancey, J. H., Enikolopov, G., Overstreet-
Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal neurogenesis through
apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483–495. doi:10.1016/J.STEM.2010.
08.014

Small, S. A., Schobel, S. A., Buxton, R. B., Witter, M. P., and Barnes, C. A. (2011). A
pathophysiological framework of hippocampal dysfunction in ageing and disease. Nat.
Rev. Neurosci. 12, 585–601. doi:10.1038/nrn3085

Sonnenburg, E. D., Smits, S. A., Tikhonov, M., Higginbottom, S. K., Wingreen, N. S.,
and Sonnenburg, J. L. (2016). Diet-induced extinctions in the gut microbiota compound
over generations. Nature 529, 212–215. doi:10.1038/nature16504

Stalder, M., Phinney, A., Probst, A., Sommer, B., Staufenbiel, M., and Jucker, M.
(1999). Association of microglia with amyloid plaques in brains of APP23 transgenic
mice. Am. J. Pathol. 154, 1673–1684. doi:10.1016/S0002-9440(10)65423-5

Sun, M., Ma, K., Wen, J., Wang, G., Zhang, C., Li, Q., et al. (2020). A review of the
brain-gut-microbiome Axis and the potential role of microbiota in alzheimer’s disease.
J. Alzheimers. Dis. 73, 849–865. doi:10.3233/JAD-190872

Tan, Y. L., Yuan, Y., and Tian, L. (2020). Microglial regional heterogeneity and its role
in the brain. Mol. Psychiatry 25, 351–367. doi:10.1038/S41380-019-0609-8

Traini, C., Bulli, I., Sarti, G., Morecchiato, F., Coppi, M., Rossolini, G. M., et al. (2024).
Amelioration of Serum Aβ levels and cognitive impairment in APPPS1 transgenic mice
following symbiotic administration. Nutrients 16, 2381. doi:10.3390/nu16152381

Ugolini, F., Lana, D., Nardiello, P., Nosi, D., Pantano, D., Casamenti, F., et al. (2018).
Different patterns of neurodegeneration and glia activation in CA1 and
CA3 hippocampal regions of TgCRND8 mice. Front. Aging Neurosci. 10, 372.
doi:10.3389/fnagi.2018.00372

Unger, M. S., Marschallinger, J., Kaindl, J., Höfling, C., Rossner, S., Heneka, M. T.,
et al. (2016). Early changes in hippocampal neurogenesis in transgenic mouse models
for alzheimer’s disease.Mol. Neurobiol. 53, 5796–5806. doi:10.1007/s12035-016-0018-9

Verkhratsky, A., Rodríguez, J. J., and Parpura, V. (2013). Astroglia in neurological
diseases. Future Neurol. 8, 149–158. doi:10.2217/fnl.12.90

Vidal-Itriago, A., Radford, R. A. W., Aramideh, J. A., Maurel, C., Scherer, N. M., Don,
E. K., et al. (2022). Microglia morphophysiological diversity and its implications for the
CNS. Front. Immunol. 13, 997786. doi:10.3389/FIMMU.2022.997786

Vinet, J., van Weering, H. R. J., Heinrich, A., Kälin, R. E., Wegner, A., Brouwer, N.,
et al. (2012). Neuroprotective function for ramified microglia in hippocampal
excitotoxicity. J. Neuroinflammation 9, 27. doi:10.1186/1742-2094-9-27

Wang, M., Ding, F., Deng, S. Y., Guo, X., Wang, W., Iliff, J. J., et al. (2017). Focal
solute trapping and global glymphatic pathway impairment in a murine model of
multiple microinfarcts. J. Neurosci. 37, 2870–2877. doi:10.1523/JNEUROSCI.
2112-16.2017

Wang, X., Sun, G., Feng, T., Zhang, J., Huang, X., Wang, T., et al. (2019). Sodium
oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial
amino acids-shaped neuroinflammation to inhibit Alzheimer’s disease progression. Cell
Res. 29, 787–803. doi:10.1038/s41422-019-0216-x

Wang, Y., Wang, Z., Wang, Y., Li, F., Jia, J., Song, X., et al. (2018). The gut-microglia
connection: implications for central nervous system diseases. Front. Immunol. 9, 2325.
doi:10.3389/fimmu.2018.02325

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al.
(2009). Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proc. Natl. Acad. Sci. U. S. A. 106, 3698–3703. doi:10.1073/pnas.
0812874106

Wong, J. M. W., De Souza, R., Kendall, C. W. C., Emam, A., and Jenkins, D. J. A.
(2006). Colonic health: fermentation and short chain fatty acids. J. Clin.
Gastroenterology 40, 235–243. doi:10.1097/00004836-200603000-00015

Wong, W. T. (2013). Microglial aging in the healthy CNS: phenotypes, drivers, and
rejuvenation. Front. Cell. Neurosci. 7, 22. doi:10.3389/fncel.2013.00022

Yue, Q., and Hoi, M. P. M. (2023). Emerging roles of astrocytes in blood-brain barrier
disruption upon amyloid-beta insults in Alzheimer’s disease. Neural Regen. Res. 18,
1890–1902. doi:10.4103/1673-5374.367832

Zelante, T., Iannitti, R. G., Cunha, C., DeLuca, A., Giovannini, G., Pieraccini, G., et al.
(2013). Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and
balance mucosal reactivity via interleukin-22. Immunity 39, 372–385. doi:10.1016/j.
immuni.2013.08.003

Frontiers in Pharmacology frontiersin.org21

Lana et al. 10.3389/fphar.2024.1451114

https://doi.org/10.1172/JCI90606
https://doi.org/10.1016/j.conb.2013.09.012
https://doi.org/10.1016/j.conb.2013.09.012
https://doi.org/10.3389/fncel.2018.00261
https://doi.org/10.3233/JAD-120511
https://doi.org/10.1002/ana.24125
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.3233/JAD-160884
https://doi.org/10.1016/J.STEM.2010.08.014
https://doi.org/10.1016/J.STEM.2010.08.014
https://doi.org/10.1038/nrn3085
https://doi.org/10.1038/nature16504
https://doi.org/10.1016/S0002-9440(10)65423-5
https://doi.org/10.3233/JAD-190872
https://doi.org/10.1038/S41380-019-0609-8
https://doi.org/10.3390/nu16152381
https://doi.org/10.3389/fnagi.2018.00372
https://doi.org/10.1007/s12035-016-0018-9
https://doi.org/10.2217/fnl.12.90
https://doi.org/10.3389/FIMMU.2022.997786
https://doi.org/10.1186/1742-2094-9-27
https://doi.org/10.1523/JNEUROSCI.2112-16.2017
https://doi.org/10.1523/JNEUROSCI.2112-16.2017
https://doi.org/10.1038/s41422-019-0216-x
https://doi.org/10.3389/fimmu.2018.02325
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1097/00004836-200603000-00015
https://doi.org/10.3389/fncel.2013.00022
https://doi.org/10.4103/1673-5374.367832
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1451114

	Chronic administration of prebiotics and probiotics ameliorates pathophysiological hallmarks of Alzheimer’s disease in a AP ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Samples preparation
	2.3 Immunohistochemistry
	2.3.1 NeuN + GFAP + IBA1 triple labelling immunohistochemistry
	2.3.2 Abeta + IBA1 double labelling immunohistochemistry
	2.3.3 NeuN + CD68 + IBA1 triple labelling immunohistochemistry
	2.3.4 CX3CR1 + IBA1 double labelling immunohistochemistry

	2.4 Microscopy acquisition and images quantitative analyses
	2.5 Statistical analysis

	3 Results
	3.1 The pre- and probiotics enriched diet decreases Aβ plaques in CA3 but not in CA1 hippocampus of APP/PS1 mice
	3.2 The pre- and probiotics enriched diet protected neurons in CA1 hippocampus of APP/PS1 mice
	3.3 The pre- and probiotics enriched diet modified astrocytes activation in CA1 and CA3 hippocampus of APP/PS1 mice
	3.4 The pre- and probiotics enriched diet modified microglia reactivity in CA1 and CA3 hippocampus of APP/PS1 mice

	4 Discussion
	Scope
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


