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Abstract 
The gut-brain axis has emerged as a key player in the regulation of brain function and cognitive 
health. Gut microbiota dysbiosis has been observed in preclinical models of Alzheimer's 
disease and patients. Manipulating the composition of the gut microbiota enhances or delays 
neuropathology and cognitive deficits in mouse models. Accordingly, the health status of the 
animal facility may strongly influence these outcomes. In the present study, we longitudinally 
analysed the faecal microbiota composition and amyloid pathology of 5XFAD mice housed in 
a specific opportunistic pathogen-free (SOPF) and a conventional facility. The composition of 
the microbiota of 5XFAD mice after aging in conventional facility showed marked differences 
compared to WT littermates that were not observed when the mice were bred in SOPF facility. 
The development of amyloid pathology was also enhanced by conventional housing. We then 
transplanted faecal microbiota (FMT) from both sources into wild-type (WT) mice and 
measured memory performance, assessed in the novel object recognition test, in transplanted 
animals. Mice transplanted with microbiota from conventionally bred 5XFAD mice showed 
impaired memory performance, whereas FMT from mice housed in SOPF facility did not induce 
memory deficits in transplanted mice. Finally, 18 weeks of housing SOPF-born animals in a 
conventional facility resulted in the reappearance of specific microbiota compositions in 5XFAD 
vs WT mice. In conclusion, these results show a strong impact of housing conditions on 
microbiota-associated phenotypes and question the relevance of breeding preclinical models 
in specific pathogen-free (SPF) facilities. 
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1. Introduction 

Among the multiple factors involved in the development of sporadic Alzheimer’s disease (AD), 

the identification of the microbiota-gut-brain axis provided novel insight into one of the 

underlying mechanisms and its potential to develop therapeutic strategies. Studies aimed at 

manipulating the gut microbiota of AD mouse models have shown the beneficial effect of such 

modulations on AD features. Indeed, antibiotic cocktails can prevent the development of 

amyloid burden and associated neuroinflammation in several commonly used transgenic 

mouse models of AD, such as APP/PS1, APP/PS1-21 and 5XFAD mice (Dodiya et al., 2019; 

Guilherme et al., 2021; Minter et al., 2017). Similarly, probiotic treatments prevent memory 

impairment in amyloid-injected murine models (Kobayashi et al., 2017; Rezaei Asl et al., 2019). 

Modulating the intestinal microbiota can also be achieved by faecal microbiota transplantation 

(FMT), which allows engrafting microbiota into a recipient’s intestinal tract. FMT has shown 

promising effects on AD prevention: two case reports indicated a gradual improvement in a 

patient’s mini-mental state examination (MMSE) score assessing cognitive function, following 

FMT to treat a Clostridium difficile infection (Hazan, 2020; Park et al., 2021). Likewise, the 

microbiota of WT mice prevents cognitive deficits and amyloid markers in APP/PS1 and 

5XFAD mice of the same age (Holsinger and Elangovan, 2020; Sun et al., 2019b). Moreover, 

Cryan and colleagues demonstrated that FMT from young to aged mice improves the cognitive 

performance of the latter (Boehme et al., 2021). 

These beneficial effects prompted analyses of the microbiota composition associated with AD. 

It is now widely accepted that AD patients (Cattaneo et al., 2017; Guo et al., 2021; Haran et 

al., 2019; Li et al., 2019; Ling et al., 2020; Liu et al., 2019; Vogt et al., 2017; Zhuang et al., 

2018), mouse models of amyloidosis (Chen et al., 2020c; Lee et al., 2018; Sun et al., 2019b), 

or of Tau pathology (Sun et al., 2019a) exhibited dysbiosis of the gut microbiota. The transfer 

of this dysbiotic faecal microbiota from 5XFAD mice into WT mice, induced memory 

impairments associated with neuroinflammation (Chen et al., 2020c; Lee et al., 2018). 

Altogether, this highlights a causal relationship between microbiota composition and the 

development of AD-associated phenotypes (Kim et al., 2021). However, the bacteria strains 

differ from one study to another, which underlines the importance of considering the variables 

affecting microbiota composition, such as animal sex, age, diet and analysis method. The 

sanitary status of animal housing might also have a strong influence, as specific and 

opportunistic pathogen free (SOPF) and specific pathogen free (SPF) housing facilities have 

been implemented to guarantee user safety because of the absence of numerous zoonotic 

pathogens, standardize animal health status, and limit variables in experiments, thus 

facilitating their reproducibility. 
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In the present study, we investigated the impact of the sanitary status of the animal facility on 

the faecal microbiota composition and amyloid pathology of 5XFAD mice. We also explore 

whether the transplantation of this dysbiotic microbiota into WT mice has an impact on 

cognition, depending on the breeding facility of the donor mice. 

 

 
2. Methods 

Animal facilities 

Conventional housed mice were bred in the Faculté de Médecine Secteur Nord, INP, 

UMR7051 CNRS/AMU, Marseille, France, and SOPF mice in the Plateau Central d'Élevage et 

d'Archivage, CNRS, Montpellier, France. Micro-organisms excluded in this SOPF animal 

facility are listed in Supplemental Table 1. WT recipient mice, i.e., C57Bl/6J were purchased 

from Janvier-Labs (France).  

 
Mice 
5XFAD mice (Ismeurt et al., 2020; Oakley et al., 2006) overexpress human amyloid precursor 

protein gene (APP) bearing Swedish (K670N, M671L), Florida (I716V), and London (V717I) 

familial AD mutations, and, human presenilin 1 gene (PS1) carrying M146L and L286V 

mutations, both under the control of the neuronal mouse Thy1 promoter. The 5XFAD strain 

(B6/SJL background) was backcrossed more than 10 generations in C57BL/6J mice by 

crossing hemizygous transgenic mice with C57BL/6J F1 breeders (Janvier-Labs, Le-Genest-

Saint-Isle, France). Litters used in the current study were obtained by crossing hemizygous 

5XFAD male with WT females, thus ensuring that pups were born with a naive microbiota. 

Mice were housed in the respective facilities for more than 3 generations. At weaning (P21), 

5XFADTg/0 and WT littermates were separately caged (three to five animals) to avoid 

coprophagy between animals of different genotypes. Mice were kept with a 12 h day/night 

cycle (120-150 LUX) at 21-24°C and 50 ± 10 % humidity. Food and water were available ad 

libitum (SAFE® A03, A04 SAFE, Augy, France). SOPF water was softened to TH 3.5/4°fH, UV 

treated and filtered to 0.2µM. Tap water was used in conventional housing. In SOPF facility, 

mice were housed in ventilated 501 cm² cages (GM500, Techniplast, Decines Charpieu, 

France) on poplar bedding (SAFE® select fine, SAFE, Augy, France). In conventional facility, 

mice were housed on similar bedding in 530 cm² cages without filtering lid on standard racks, 

(1284L EUROSTANDARD TYPE II L, Techniplast, Decines Charpieu, France). All animal care 

and experimental procedures were performed in accordance with National and European 

regulations (EU directive N°2010/63) and the care guidelines of Montpellier University 

(authorization B34-417-24, approved protocol #21222). 
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Faecal microbiota preparation and administration 

The faecal microbiota was sampled at 2 months of age, when amyloid accumulation began but 

before the onset of cognitive deficits in 5XFAD mice, and at 6 months of age, when the amyloid 

load was intense and cognitive deficits had set in (Oakley et al., 2006). Following sacrifice of 

the donor mice (n = 4-8, gender-mixed), the faecal contents of the distal and proximal colon 

were processed within 2 h of sampling. The material from all animals was pooled, weighed 

and diluted in sterile PBS at 100 mg/mL. Samples were homogenised in a vortex mixer for 3 

min, centrifuged at 800 Î g for 2 min at 4°C, aliquoted, and stored at -20°C. Each day of 

treatment, aliquoted faecal material was diluted 1:10 with sterile PBS, then WT female 

C57Bl/6J mice received 100 µL by oral gavage. A sham group of control mice received 100 µL 

of sterile PBS. Mice were treated twice a week from 8 to 16 weeks of age. 

Novel object recognition test 

The novel object recognition (NOR) test (Bevins and Besheer, 2006) was carried out in an 

open-field in a dimly lit room (20-30 Lux). On day 1, mice were habituated to the empty arena 

for 10 min. On day 2, mice were trained to explore two objects (familiar objects) for 10 min and 

then returned to their home cage. On day 3, they were subjected to a 5-min restitution session 

in which one of the two (familiar) objects was replaced by a new one, i.e., novel object. All 

sessions were video recorded, and analyses were blindly performed to quantify the time the 

mouse actively explored each object. The discrimination index corresponding to [(exploration 

time of novel object – exploration time of familiar object)/total exploration time] was then 

calculated. 

Amyloid load analysis 

Thirty-five-µm coronal sections of mice brains were cut on a cryostat, then mounted on slides 

(SuperFrost Ultra Plus®, Epredia, France) in Tris-Gelatin and dried at room temperature (RT) 

for 24 h. The following day, slides were washed in deionized H2O (H2Od), dehydrated, then 

incubated in a 1:1 mixture of 96% EtOH (CarloErba, France) and Chloroform (HoneyWell, 

Germany) for 30 min at RT. The slides were then rehydrated, incubated in 0.1% Thioflavin S 

(Sigma-Aldrich, France) for 10 min, washed in 70% EtOH for 5 min, and then in H2Od. The 

nuclei were stained with DAPI before the slides were coverslipped (Marienfeld, Germany) with 

mounting medium (Pertex, Histolab, Sweden). Images were acquired with an upright 

fluorescence microscope (Leica Thunder, sCMOS Leica DFC9000 camera) with a 10x 

objective lens. For each section, the whole hippocampus and parietal cortex were blindly 

examined to determine the number and the total area of amyloid deposits for each region. 

Two-three sections per animal were analysed. 
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16S rRNA targeted metagenomic analysis 

Individual faeces were collected from donor mice, frozen in liquid nitrogen and stored at -80°C 

until use. The bacterial population present in the samples was determined by targeted 

sequencing of the V3-V4 variable regions of the 16S rRNA gene according to a protocol 

established by Vaiomer, France. The workflow classification is restricted to bacteria. The 

extraction steps, library construction, sequencing and bioinformatics pipelines have been 

previously described (Boulanger et al., 2023; Lluch et al., 2015). The targeted microbiome 

sequences were analysed using the bioinformatics pipeline (including LEfSe - Linear 

discriminant analysis Effect Size) established by Vaiomer based on the Find Rapidly OTUs 

with Galaxy Solution (FROGS) guidelines (Boulanger et al., 2023; Escudie et al., 2018). 

Statistical analysis 

The impact of FMT on object time exploration were determined by ANOVA followed by post-

hoc test (Bonferroni's), after verification of Gaussian distribution (Shapiro–Wilk normality test), 

and homogeneity of sample variance (Brown-Forsythe's and Bartlett's tests). For 

discrimination indexes, Student's t-test was used. For all statistical tests, a p < 0.05 was 

considered significant. Analyses were performed using Prism 9 (GraphPad, MA, USA). For 

metagenomic analyses, Mann-Whitney test was used when comparing two groups, and 

Kruskal-Wallis test for comparisons involving more than two groups. 

 
 
3. Results 

Dysbiotic faecal microbiota in 6-month-old, conventionally bred 5XFAD mice 

To investigate the impact of sanitary status on the composition of the microbiota of 5XFAD 

mice, we first conducted 16S rRNA targeted metagenomic analysis of faecal samples collected 

from 2- and 6-month-old mice breaded in conventional housing. At 2 months of age, 5XFAD 

mice showed a trend towards decreased alpha diversity for all indexes, compared to WT 

littermates (Fig. 1A and Supplementary Fig. 1A). The Chao1 index reflects the richness of the 

samples, while the Shannon and Simpson indexes reflect both the richness and evenness of 

the diversity of samples (Shannon being more sensitive to evenness and Simpson to richness). 

Beta diversity of each group, illustrated by Principal Coordinate Analysis (PCoA) of the Bray-

Curtis index (comparing dissimilarity between samples based on species abundance), showed 

no significant difference (PERMANOVA & PERMDISP) between the bacterial composition of 

5XFAD and WT mice (Fig. 1B and Supplementary Fig. 1A). Statistical pairwise comparison 

using LEfSe analysis revealed only a few significantly different bacterial phylotypes compared 

to WT littermates (Fig. 1C), as did the relative abundance of bacterial genera (Fig. 1D). 
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At 6 months of age, 5XFAD mice showed a significant increase in alpha diversity for the Chao1 

(p = 0.04), Shannon (p = 0.02) and Simpson (p = 0.02) indexes (Fig. 1A and Supplementary 

Fig. 1B), compared to WT mice. Beta diversity revealed significant dissimilarity of bacterial 

populations in the two genotypes in both Bray-Curtis (Fig. 1B, PERMANOVA p = 0.02) and 

Unifrac indexes (Supplementary Fig. 1B, PERMANOVA p = 0.03, PERMDISP p = 0.03). 

Statistical pairwise comparison and relative abundance of bacterial genera (Fig. 1C & D) 

confirmed that 6-month-old 5XFAD mice had a marked different bacterial composition, 

compared to WT littermates of the same age, presenting a global reduced proportion of 

Bacteroidota phylum which has been documented by others (He et al., 2024). 

Globally, the relative abundance of the top 20 genera within the annotated bacteria (Fig. 1D) 

showed that an unknown genus belonging to the Muribaculaceae family was the most 

abundant (40% of top 20 genera in WT and 5XFAD 2-month-old mice; increasing to 62% in 

WT 6-month-old mice; and decreasing to 23% in 5XFAD 6-month-old mice). We also found 2-

fold and 31-fold increase in Prevotellaceae UCG-001, the second most abundant genus, in 

5XFAD mice compared to WT mice at 2 and 6 months, respectively. Of note, we also detected 

in all groups the clear presence of Helicobacter genus (0.8% to 8%), a bacterial genus that is 

excluded from animal facilities with restricted sanitary status (Supplementary Table 1). In other 

studies, significant decreases in Muribaculum genus or Muribaculaceae family were similarly 

observed in 6–8-month-old 5XFAD mice, which also showed an increase in the Helicobacter 

genus, suggesting that they were probably housed in conventional facilities (He et al., 2024; 

Luo et al., 2022). 

Taken together, these metagenomic analyses showed that 5XFAD mice in conventional 

housing develop a dysbiotic faecal microbiota with age, compared to their WT littermates. 
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Figure 1. Faecal microbiota composition of 5XFAD and WT littermates in conventional housing. 
(A) Alpha diversity indexes at the genus level. Data are presented as minimum to maximum and mean. Each dot 
represents a mouse (n = 3-4). *p < 0.05 versus WT (Kruskal-Wallis) (B) Beta diversity assessed by principal 
coordinates analysis using the Bray-Curtis index. *p < 0.05 versus WT (PERMANOVA). (C) Cladogram showing 
the significant increase in OTU and bacterial taxa identified by LEfSe analysis. In blue: more abundant in WT; in 
red: more abundant in 5XFAD. (D) Synthetic diagram presenting the relative abundance of top 20 annotated genera. 
Left panels: data from 2-month-old mice. Right panels: data from 6-month-old mice. 

Figure 1. Fecal microbiota composition of 5XFAD and WT littermates in conventional housing.
(A) Alpha diversity indexes at the genus level. Data are presented as min to max and mean. Each dot
represents a mouse (n = 3-4). (B) Beta diversity assessed by principal coordinates analysis using the Bray-
Curtis index. (C) Cladogram showing the significant increase in OTU and bacterial taxa identified by LEfSe
analysis. (D) Synthetic diagram presenting relative abundance of top 20 annotated genera. Left panels: data
from 2-month-old mice. Right panels: data from 6-month-old mice.
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Absence of dysbiosis of faecal microbiota in 6-month-old, SOPF-bred 5XFAD mice 
We then carried out 16S rRNA targeted metagenomic analysis of faecal samples from 5XFAD 

mice bred in SOPF facility to monitor the development of dysbiosis between the ages of 2 and 

6 months. At both ages, we found no significant difference in either alpha diversity (using 

Chao1, Shannon and Simpson indexes) or beta diversity (using the Bray-Curtis and Unifrac 

indexes) between WT and 5XFAD mice (Fig. 2A-B and Supplementary Fig. 1B). At 6 months 

of age, the bacterial composition was still highly similar in both groups (Fig. 2B). Statistical 

pairwise comparison and relative abundance of taxa at genus level confirmed no major 

divergence between the two phenotypes (Fig. 2C-D). In the SOPF facility, an unknown genus 

belonging to the Muribaculaceae family was still the most abundant among the top 20 

annotated genera (Fig. 2D). We observed no change in the relative abundance of 

Prevotellaceae UCG-001 genus in 6-month-old 5XFAD mice compared to WT mice (3% vs 

5%). 

Together, these analyses indicate that a SOPF environment prevents the development of a 

dysbiotic faecal microbiota in 6-month-old 5XFAD mice, compared to WT littermates. 
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Figure 2. Faecal microbiota composition of 5XFAD and WT littermates in SOPF housing. 
(A) Alpha diversity indexes at the genus level. Data are presented as minimum to maximum and mean. Each dot 
represents a mouse (n = 7-8). (B) Beta diversity assessed by principal coordinates analysis using the Bray-Curtis 
index. (C) Cladogram showing the significant increase in OTU and bacterial taxa identified by LEfSe analysis. In 
blue: more abundant in WT; in red: more abundant in 5XFAD. (D) Synthetic diagram presenting relative abundance 
of the top 20 annotated genera. SOPF: Specific and Opportunistic Pathogen-Free. Left panels: data from 2-month-
old mice. Right panels: data from 6-month-old mice. 
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Impact of donor housing on memory alteration by chronic transplantation of faecal 
microbiota 
To determine whether these distinct microbial compositions have a differential impact on 

cognition following FMT to WT mice, faecal microbiota from 2- or 6-month-old 5XFAD mice 

bred in either a conventional or SOPF environment, were administered to WT mice by chronic 

gavage for 2 months (Fig. 3A). The cognitive performance of the recipient mice was assessed 

at 16 weeks of age using the NOR test. Of note, experiments with conventionally reared 

animals at 2 and 6 months of age were performed together, thus having the same control group 

(vehicle treated mice), whereas experiments with SOPF breaded animals were performed in 2 

batches, thus having independent control groups. 

WT recipient mice that received vehicle solution presented normal memory performance, as 

shown by the higher percentage of exploration time spent exploring the novel object (Fig. 3B, 

D) and the positive discrimination indexes (Fig. 3C, E). The transplantation of faecal microbiota 

from conventionally housed 5XFAD mice aged 2 or 6 months induced cognitive deficits in the 

recipient mice (Fig. 3B, C). In contrast, mice receiving microbiota from 2- or 6-month-old 

5XFAD mice bread in SOPF facility showed similar memory performance to that of mice 

transplanted with vehicle, as shown by the significant difference in percentage of exploration 

time and discrimination indexes (Fig. 3D, E). Collectively, these results demonstrate that the 

faecal microbiota of 5XFAD mice differentially impacts the cognition of WT recipient mice in 

the NOR test, depending on the initial housing in conventional vs SOPF facility. 
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Figure 3. Impact of donor housing conditions on cognitive performance alteration induced by FMT 
(A) Experimental design. (B-E) Novel object recognition test in 16-week-old mice performed with a 24-h intersession 
interval. (B, D) Time spent by mice exploring familiar and novel objects during test session. ***p < 0.001, **p < 0.01, 
*p < 0.05, significantly different from familiar object (Two-way repeated-measures ANOVA, followed by Bonferroni's 
test). (C, E) Discrimination index calculated by using exploration times in the test session and formula [(novel − 
familiar) / (familiar + novel)]. Indices positively different from zero: ##p < 0.01, #p < 0.05 (One sample Student's t 
test). Data are presented as means ± SEM. Each dot represents a mouse (n = 8-10). As a result of two distinct 
experiments, the vehicle groups are presented separately in D and E panels. SOPF: Specific and Opportunistic 
Pathogen-Free.  

Figure 3. Experimental design and effect of fecal microbiota transplantation on recognition memory.
(A) Experimental design. W: Weaning, R: Reception. (B-E) Novel object recognition test at 16-week-old with
a 24-hr intersession interval. (B,D) Time spent by mice exploring familiar and novel objects during test
session. ***p < 0.001, **p < 0.01, *p < 0.05, significantly different from familiar object (Two-way repeated-
measures ANOVA, followed by Bonferroni's test). (C,E) Discrimination index calculated by using exploration
times in the test session and formula [(novel − familiar)/(familiar + novel)]. Indices positively different from
zero: ##p < 0.01, #p < 0.05 (One sample Student's t test). Data are presented as mean with SEM. Each dot
represents a mouse (n = 8-10). SOPF: Specific and Opportunistic Pathogen-Free.
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Re-establishment of a dysbiotic microbiome in SOPF-born 5XFAD mice after 18 weeks 
in a conventional environment 

As co-housing SPF-born mice with conventionally-born mice in a conventional facility 

significantly increased their gut microbiota diversity (Chen et al., 2020b), we investigated 

whether SOPF-born 5XFAD mice develop a dysbiosis of faecal microbiota compared to WT 

littermates after 18 weeks of housing in a conventional environment. Bacterial composition of 

faecal samples showed no significant modification in alpha diversity for 5XFAD mice after 18 

weeks in a conventional environment, compared to WT mice (Fig. 4A), whereas Bray-Curtis 

dissimilarity and Unifrac distances revealed significant differences in the two groups 

(PERMDISP, p = 0.0099 and p = 0.02; PERMANOVA, p = 0.1 and p = 0.02, respectively, Fig. 

4B and Supplementary Fig. 2). The relative abundance at the genus level and pairwise 

statistical comparisons showed that WT and 5XFAD mice are differentially colonised by 

bacteria living in conventional environment (Fig. 4C, D) and that the composition of their 

respective microbiota shows greater relative differences than in the SOPF housing (Fig. 2C, 

D). Taken together, these results demonstrate that rearing SOPF-born animals in conventional 

housing allows the development of a dysbiotic faecal microbiota in 6-month-old 5XFAD mice. 
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Figure 4. Faecal microbiota composition of SOPF-born 5XFAD and WT littermates after 18 weeks in 
conventional housing. 
(A) Alpha diversity indexes at the genus level. Data are presented as minimum to maximum, and mean. Each dot 
represents a mouse (n = 7-8). (B) Beta diversity assessed by principal coordinates analysis using the Bray-Curtis 
index. *p < 0.05 versus WT (PERMDISP). (C) Cladogram showing the significant increase in OTU and bacterial 
taxa identified by LEfSe analysis. In blue: more abundant in WT; in orange: more abundant in 5XFAD. (D) Synthetic 
diagram showing the relative abundance of the top 20 annotated genera. 
 
 
 
Reduction of amyloid pathology in 6-month-old SOPF-bred 5XFAD mice compared to 
conventionally bred 5XFAD mice  
Since germ-free AD mouse models are known to produce less Ab peptides and deposits in the 

brain compared to conventionally bred mice (Harach et al., 2017), we investigated whether 6 

month-old 5XFAD mice bred in the SOPF housing exhibit lower brain amyloid loads compared 

to 5XFAD mice of the same age bred in the conventional facility. Histopathologic staining of 

compact amyloid deposits with Thioflavin S was performed on hippocampal and cortical 

sections (Fig. 5A-E). The number of amyloid deposits was significantly reduced in the cortex 

Figure 4. Fecal microbiota composition of SOPF housing-born 5XFAD and WT littermates after 18
weeks in a conventional housing.
(A) Alpha diversity indexes. Data are presented as min to max, and mean. Each dot represents a mouse
(n = 7-8). (B) Beta diversity evaluated by principal coordinates analysis using Bray-Curtis index. (C)
Cladogram presenting significant increased OTU and bacterial taxa identified by LEfSe analysis. (D) Synthetic
diagram presenting relative abundance of top 20 annotated genus.
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of SOPF-5XFAD mice compared to conventional 5XFAD mice (-19%, p = 0.025, Fig. 5C). 

Similarly, a significant decrease in the total area of cortical thioflavin staining was observed in 

the brains of SOPF-5XFAD mice (-18%, p = 0.033, Fig. 5E). In the hippocampus, no significant 

effect was observed for any parameter, although half of the animals showed a downward trend 

(Fig. 5B, D). 

 
Figure 5. Amyloid load in 6-month-old 5XFAD mice bred conventionally and in SOPF housing. 
(A) Representative images of compact amyloid plaques stained with Thioflavin S (green) and nuclei stained with 
DAPI (blue). Scale bar: 200 µm, magnification 10x. (B-E) Quantification of the number (B, C) and area (D, E) of 
amyloid aggregates normalized to the total area of the hippocampus or cortex. *p < 0.05 (Unpaired Student's t test). 
Data are presented as means ± SEMs. Each dot represents one slice (n = 7-9). CONV: conventional. SOPF: 
Specific and Opportunistic Pathogen-Free. 
 
 
 

  

Figure 5. Amyloid loads in 6-months-old conventional and SOPF 5XFAD mice.
(A) Representative images of amyloid loads stained with Thioflavin S (green) and nuclei stained with DAPI
(blue). (Scale bar: 200µm, magnification 10x). (B-E) Quantifications of the number (B,C) and the surface area
(D,E) of amyloid loads, normalized by the total surface area of the hippocampus or cortex.
*p<0.05 (Mann-Whitney test). Data are presented as min to max, and mean. Each dot represents a slice (n =
7-10). CONV: conventional. SOPF: Specific and Opportunistic Pathogen-Free.
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4. Discussion 
 
In this study, we investigated the impact of the sanitary status of the animal facility on the 

composition of the faecal microbiota of 5XFAD mice, and whether the transplantation of their 

dysbiotic microbiota into naive mice affected cognitive performance, depending on the 

breeding facility of the donor mice. 

The importance of gut microbiota in brain physiopathology is raising an increasing interest, 

especially in AD (Varesi et al., 2022). Several studies have reported intestinal dysbiosis in AD 

patients and transgenic mouse models of AD (Cattaneo et al., 2017; Chen et al., 2020c; Lee 

et al., 2018; Sun et al., 2019b; Vogt et al., 2017; Zhuang et al., 2018). Dysbiosis of the gut 

microbiota can result from well-described external factors, such as mode of delivery, diet, 

physical activity, or antibiotic use (Brown et al., 2012; Dziewiecka et al., 2022; Kesavelu and 

Jog, 2023; Zhang et al., 2021). Children inherit part of their mother’s microbiome (Ferretti et 

al., 2018), and the first events that might influence the development of a dysbiotic microbiota 

occur before birth during in utero development. E. Hsiao and colleagues have shown that 

maternal immune activation leads to alterations in the composition of the gut microbiota in the 

offspring (Hsiao et al., 2013). In addition, mood disorders, such as anxiety and stress during 

pregnancy, result in the development of a dysbiotic microbiota in newborn mice (Galley et al., 

2023). In the context of AD, there is a reciprocal relationship between the gut microbiota 

dysbiosis and the pathology. Modulation of the microbiota by antibiotic treatment reduces the 

amyloid load in the brains of treated AD mice (Guilherme et al., 2021; Minter et al., 2016) and, 

in a mirror image, the injection of Ab into the lateral ventricle of mice is able to induce an 

alteration of the gut microbiota 4 weeks later (Qian et al., 2022). Alterations of the patient 

lifestyle by AD, such as circadian cycle disruption, change of eating habits and physical 

inactivity have been shown to induce gut microbiota dysbiosis (Ikeda et al., 2002; Matenchuk 

et al., 2020; Xu et al., 2023). Transplantation of microbiota from AD patients into rats induces 

memory impairment that correlate with the clinical scores of the donors (Grabrucker et al., 

2023). 

In the present work, we confirmed that 5XFAD mice display age-related change in faecal 

bacterial composition compared to WT littermates. It should be noted that all matings were 

performed by pairing 5XFAD males with WT females. Therefore, all newborns were derived 

from naive mice, meaning that the only difference between 5XFAD mice at birth was the 

presence of the APP and PS1 transgenes, suggesting that the production of human amyloid 

peptides and their downstream effects could be responsible for the development of microbial 

dysbiosis. Confirming this hypothesis, a recent study showed that the knock-in AD mouse 

models, APPNL-F and APPNL-G-F, expressing mutant human APP at physiological levels, exhibit 

an altered gut microbiota compared to controls (Kundu et al., 2021). Our mating strategy 
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should have avoided any confounding effects due to the maternal microbiome. However, it has 

recently been shown that paternal gut microbiota can also alter the offspring phenotypes 

(Argaw-Denboba et al., 2024). As the mice used here were housed in the respective facilities 

for more than 3 generations, we should have fixed the paternal effect associated with the 

breading facility. 

As maintaining the health status of animal models is a major concern, SOPF facilities have 

been implemented. We observed that in such a controlled environment, 5XFAD mice 

developed differences in faecal bacterial composition compared to WT littermates but did not 

develop dysbiosis at 6 months of age, as observed in conventional housing. These results 

demonstrate that an environment with restricted microbial diversity can prevent the 

development of a known phenotype. However, breeding SOPF-born 5XFAD mice in a 

conventional facility restored the dysbiosis (Fig. 4). This finding is supported by data showing 

that co-housing conventionally raised animals with SPF animals significantly increases the 

diversity of the latter's gut microbiota (Chen et al., 2020b). 

We then assessed the impact of faecal microbiota transplantation from 5XFAD mice on 

cognition in naive WT mice. Importantly, transplantation was performed without depletion of 

the endogenous microbiota, but repeatedly over a 2-month period to mimic a slow and chronic 

deregulation of the microbiota and to avoid the use of antibiotics that would interfere with the 

composition of the microbiota. When donor mice are bred in a conventional environment, we 

observed that the dysbiotic microbiota from 2- and 6-month-old 5XFAD mice induces cognitive 

impairment in WT mice while the microbiota of age-matched SOPF-bred 5XFAD mice did not 

impair memory in recipient mice. As the faecal microbiota of conventionally-bred 5XFAD mice 

is not very different from that of WT mice, we hypothesize that the negative effect on memory 

of naïve recipient may be due to differences in the faecal metabolic profile, which was not 

studied here (Chen et al., 2024; Choi and Mook-Jung, 2023). In SOPF-bred 5XFAD mice, the 

absence of a dysbiotic profile delays the phenotype of the model and might explain the lack of 

effect of microbiota transfer on cognitive performance. Similar experiments evaluating the 

cognition in WT mice receiving faecal microbiota from 5XFAD mice purchased from the 

Jackson Laboratory (Bar Harbor, ME, USA), a procedure reminiscent of our second set of 

experiments performed with SOPF-bred donors, showed that the FMT from 9 month-old mice 

to recipient mice depleted of the endogenous microbiota with an antibiotic cocktail, leads to 

deficits in spatial learning and memory in Morris water maze test in these mice (Kim et al., 

2021). These experiments are difficult to compare with the present study as experimental 

paradigms are different and microbiota composition was assessed after or before FMT (in our 

case, no sample were taken post-FMT). However, a striking difference lies in the amount of 

Prevotella genus, which was found to be reduced in mice subjected to 5XFAD-FMT, compared 
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to WT-FMT in the study of Kim et al. (Kim et al., 2021). In contrast, we found an increase in 

Prevotella in 5XFAD compared to WT, as described by others (Chen et al., 2020a). The 

housing environment of the recipient mice is also an important factor, as obesity studies have 

demonstrated that transplantation of human microbiota partially recapitulates obese 

phenotypes in conventionally reared mice, in contrast to SPF-bred mice, which show no 

change (Kaiser et al., 2021). 

The gut microbiota composition also correlates with amyloid pathology in preclinical models 

and patients (Cattaneo et al., 2017; Vogt et al., 2017). Harach et al. showed that amyloid levels 

were lower when AD mice were bred in germ-free facility than in a conventional environment, 

and that colonization of axenic AD mice with microbiota from conventionally-bred mice was 

able to increase brain amyloid pathology (Harach et al., 2017). Similarly, in our study we 

observed that 6-month-old SOPF-bred 5XFAD mice showed a decrease in amyloid load in the 

hippocampus and cortex compared to conventionally bred mice of same age. 

 
In summary, the sanitary status of the animal facility has a strong impact on AD development 

and associated behavioural deficits in mouse models. As the environment modifies the 

microbiota and its impact on diseases, different environments will drive divergent phenotypes 

in animal models. AD mice housed in highly controlled environments (SPF and SOPF) will 

have an impoverished microbiota and develop less pronounced disease phenotype than the 

same mice housed in conventional animal facility. The integration of these data may lead to 

reconsider the use of animals from conventional housing or colonized with wild microbiota 

(Rosshart et al., 2017) rather than SPF- and SOPF-status animals in studies investigating the 

relationship between gut microbiota and neurological disorders, such as AD. The translational 

value of preclinical studies on these complex pathologies should be enhanced by working with 

models that more closely mimic the natural microbiota. 
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Figure 5. Graphical abstract. (A) The transgene in 5XFAD mice induces the development of dysbiotic faecal 
microbiota compared to WT littermates. (B) Environmental microbial diversity influences the development of gut 
microbiota composition. (C) The effect of faecal microbiota transplantation from 6-month-old 5XFAD mice on 
cognition in WT mice depends on the environment and the donor microbiota. (D) Gut microbiota has an impact on 
amyloid pathology in 5XFAD mice. SOPF: Specific and Opportunistic Pathogen-Free.  
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Bacteria Endo and ectoparasites Viruses 
Bordetella bronchiseptica Aspiculuris tetraptera Hantavirus 
Cilia-associated respiratory 
bacillus 

Chilomastix K virus 

Citrobacter rodentium Cryptosporidium muris Lactate dehydrogenase 
elevating virus 

Clostridium piliforme Cryptosporidium parvum Lymphocytic choriomeningitis 
virus 

Corynebacterium bovis Demodex MKPV 
Corynebacterium kutscheri Dermatophytes Mouse adenovirus type 1 (FL) 
Helicobacter spp Eimeria sp Mouse adenovirus type 2 (K87) 
Klebsiella pneumoniae/oxytoca Encephalitozoon cuniculi Mouse cytomegalovirus 
Mycoplasma pulmonis Entamoeba muris Mouse hepatitis virus 
Pasteurella spp Giardia muris Mouse polyomavirus 
Proteus mirabilis Hymenolepis diminuta Mouse rotavirus 
Pseudomonas aeruginosa Hymenolepis nana Mouse thymic virus 
Salmonella spp Myobia musculi Mousepox (Ectromelia) virus 
Staphylococcus aureus Myocoptes musculinus Murine norovirus 
Streptobacillus moniliformis Non-pathogenic protozoa (such 

as Hexamastix, Tritrichomonas, 
etc.) 

Parvovirus: Minute virus of 
mice Mouse parvovirus 

Streptococci β-hemolytic (not 
group D) 

Pneumocystis murina Pneumonia virus of mice 

Streptococcus pneumoniae Polyplax species Reovirus type 3 
 

Radfordia spp Sendai virus 
 

Spironucleus muris Theiler's murine 
encephalomyelitis virus  

Syphacia sp 
 

 
Trichomonas spp 

 

 
 
Supplementary Table 1. Exclusion list of the Plateau Central d'Elevage et d'Archivage, CNRS, Montpellier 
(SOPF animal facility). Detection tests include RT-PCR, ELISA or Multiplexed Fluorometric ImmunoAssay (Bead). 
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