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Antibiotic-induced perturbations 
in gut microbial diversity 
influences neuro-inflammation and 
amyloidosis in a murine model of 
Alzheimer’s disease
Myles R. Minter1,2, Can Zhang3, Vanessa Leone2,4, Daina L. Ringus2,4, Xiaoqiong Zhang1, 

Paul Oyler-Castrillo1, Mark W. Musch2,4, Fan Liao5, Joseph F. Ward3, David M. Holtzman5, 

Eugene B. Chang2,4, Rudolph E. Tanzi3 & Sangram S. Sisodia1,2

Severe amyloidosis and plaque-localized neuro-inflammation are key pathological features of 
Alzheimer’s disease (AD). In addition to astrocyte and microglial reactivity, emerging evidence suggests 

a role of gut microbiota in regulating innate immunity and influencing brain function. Here, we examine 
the role of the host microbiome in regulating amyloidosis in the APPSWE/PS1∆E9 mouse model of AD. 

We show that prolonged shifts in gut microbial composition and diversity induced by long-term broad-
spectrum combinatorial antibiotic treatment regime decreases Aβ plaque deposition. We also show 
that levels of soluble Aβ are elevated and that levels of circulating cytokine and chemokine signatures 

are altered in this setting. Finally, we observe attenuated plaque-localised glial reactivity in these mice 
and significantly altered microglial morphology. These findings suggest the gut microbiota community 
diversity can regulate host innate immunity mechanisms that impact Aβ amyloidosis.

Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is characterized by the presence of extracellu-
lar aggregates of amyloid-β (Aβ) peptides and intraneuronal neuro�brillary tangles (NFT). Neuro-in�ammation 
is also a consistent pathological feature of AD1–3; PET scans of reactive microglia in human patients using [C11] 
R-PK11195 and [C11] DAA1106 tracers revealed a strong correlation between microgliosis, neuro-in�ammatory 
burden and progressive cognitive decline4,5. While it is widely agreed that Aβ plays a central role in initiating 
disease, it is perhaps the severity of neuro-in�ammation that regulates progression of cognitive decline. In sup-
port of this notion, recent GWAS studies have identi�ed numerous genetic risk factors for late-onset AD that are 
associated with innate immunity, including CD33 and TREM2, that encode molecules important in microglial 
phagocytosis and clearance of Aβ6–11.

Soluble Aβ peptides are detected by the toll-like receptors (TLRs), a super-family of pattern recognition recep-
tors, which are expressed by microglia and induce activation of in�ammasome complexes leading to initiation of 
neuro-in�ammatory responses12. Based on the activation stimulus and environmental niche, these CNS-residing 
immune cells can display pro-in�ammatory or anti-in�ammatory and immune resolving activity. In this regard, 
the mechanisms that control microglial polarization necessary for promoting the clearance of Aβ from the 
brain13–17 are still unclear. However, recent studies have demonstrated that peripheral immune components also 
play a major role in CNS neuro-in�ammatory responses. Speci�cally, type-1 interferon responses from peripheral 
T-cell populations recruited to the CNS across the blood-CSF barrier accelerate many of the deleterious signs 
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Figure 1. Composition of the gastrointestinal microbiome is altered in ABX-treated APPSWE/PS1∆E9 mice. 
(A) Q-PCR analysis of isolated DNA from cecal contents of 6 month old male APPSWE/PS1∆E9 mice analysing 
16s rRNA gene copy number (n = 9–10). (B) Q-PCR analysis of isolated DNA from fecal contents of 6 month 
old male APPSWE/PS1∆E9 mice analysing 16s rRNA gene copy number (n = 9–10). To obtain a 16s rRNA gene 
copy number value, expression levels were normalized to both DNA concentration and an ampli�cation 
standard curve of a 16s rRNA gene-containing plasmid with known copy number. Illumina® MiSeq based 
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of aging18 with type-1 interferon signaling being implicated in AD19. Indeed, transient depletion of peripheral 
Foxp3+ regulatory T-cells re-balances innate neuro-in�ammatory responses and alleviates amyloidosis in 5xFAD 
mice20. �us, while it is known that peripheral immune challenges trigger centralized neuro-in�ammatory 
responses21, the regulatory mechanisms that govern the propensity to initiate these responses in AD remains 
largely unknown.

Over the past decade, it has become apparent that gut microbes play a critical role in the regulation of brain 
function via homeostatic control of host innate immunity22. During vaginal delivery, the gastrointestinal tract of 
the newborn is colonized by the microbiota in the maternal genital tract and di�ers signi�cantly from newborns 
delivered by caesarian section. Human neonates born by caesarian section display less complex brain electri-
cal activity than those born vaginally23 and cesearian-delivered rats exhibit alterations in pre-pubertal prefron-
tal cortex and hippocampus development24. Intestinal microbes release microbe-associated molecular patterns 
(MAMPs) that are detected by TLRs25,26. For example, polysaccharide A (PSA), a symbiosis factor produced by 
the human intestinal commensal Bacteroides fragilis, protects against CNS demyelination and in�ammation dur-
ing experimental autoimmune encephalomyelitis (EAE). PSA signals through TLR2, mediating expansion of a 
critical regulatory CD39+ CD4 T-cell subset. Mice lacking TLR2 or CD39 abrogates PSA-mediated CNS-targeted 
protection of EAE-mediated demyelination27. A recent study highlights the role of gut microbiota in regulating 
microglial maturation and function in mice. Microglia isolated from germ-free mice display signi�cantly altered 
in�ammatory gene expression pro�les that in�uence the basal surveillance (M0) state of these cells, altered cel-
lular morphology and attenuated, but not ablated, in�ammatory responses to bacterial and viral challenge. �is 
phenotype is largely mimicked by antibiotic administration to deplete gut microbiota and can be restored by sup-
plementation with microbially-derived metabolites, speci�cally short-chain fatty acids28. �ese studies highlight 
a complex role of gut microbes in regulating innate immunity and brain function.

Given the body of evidence suggesting a signi�cant role for gut microbes in controlling host immunity and 
brain function we hypothesized that the composition of the intestinal microbiota plays a key role in modulat-
ing neuro-in�ammation that in turn, in�uences Aβ deposition. In this observational study, we demonstrate 
that long-term antibiotic-treated male APPSWE/PS1∆E9 mice display altered composition of the gut microbiota 
and peripheral in�ammatory milieu that coincides with attenuated amyloid plaque pathology. In addition we 
observed elevated soluble Aβ1-40 and Aβ1-42 levels in these mice alongside attenuated plaque-localised micro-
glial and astrocyte reactivity. Our �ndings suggest that persistent gut microbial dysbiosis regulates host innate 
immunity mechanisms that impacts Aβ amyloidosis.

Results
ABX-treated APPSWE/PS1∆E9 mice display alterations in gastrointestinal microbiome compo-
sition and circulating inflammatory mediators. To examine the impact of the gut microbes on amy-
loid deposition, we treated 2-week old APPSWE/PS1∆E9 mice29,30 with a high dose cocktail of antibiotics (ABX; 
composition in methods) or PBS vehicle by daily oral gavage for 1 week, then placed ABX-gavaged animals on a 
chronic dose (1/50th) of antibiotics in the drinking water for the remainder of the experiment. To ascertain if ABX 
treatment a�ects total microbial abundance at the time of cull, DNA isolated from cecal and fecal contents was 
subjected to quantitative PCR (Q-PCR). Surprisingly, analysis of 16s rRNA gene copy number revealed no change 
between ABX-treated APPSWE/PS1∆E9 mice and vehicle controls at the time of cull (Cecal: 4.3×10^6 ± 5.4 × 10^5 
vs. 6.4 × 10^6 ± 8.6 × 10^5 copies/ng DNA; Fecal: 7.2 × 10^6 ± 7.1 × 10^5 vs. 6.4 × 10^6 ± 4.0 × 10^5 copies/ng 
DNA; n = 9–10; Fig. 1A,B). Despite observing no di�erence in total microbial 16S rRNA gene abundance, we 
next determined if ABX treatment did indeed have an impact on e�ectively eliminating gut microbes. Here, we 
obtained and cultured bacteria from fecal homogenates of ABX and vehicle treated male APPSWE/PS1∆E9 mice 
in LB media in the presence of our ABX cocktail. We con�rmed that while cultures from vehicle-treated ani-
mals were susceptible to ABX-induced toxicity, cultures derived from ABX-treated mice were largely resistant 
(0.071 ± 0.00093 vs. 0.65 ± 0.0057, O.D.600nm, p < 0.0001, n = 6; Supp. Fig. 3). �us the bacterial load in feces 
of ABX-treated animals represented signi�cantly altered bacterial populations as compared to those present in 
vehicle control mice.

To characterize the e�ect of chronic ABX treatment on the gastrointestinal microbial composition in APPSWE/
PS1∆E9 mice, we ampli�ed the 16s rRNA gene from DNA isolated from cecal and fecal contents taken at the time 
of cull and performed terminal restriction fragment length polymorphism (T-RFLP) analysis. Analysis of 16s 
rRNA fragment size and grouping by principal component analysis (PCA) displays a di�erence in the clustering of 
fragments obtained from male ABX-treated APPSWE/PS1∆E9 mice compared to vehicle control (Supp. Fig. 2A,B).  

sequencing of the 16s rRNA gene from cecal and fecal contents of 6 month old male APPSWE/PS1∆E9 mice was 
performed and a microbial (C) phylogenetic tree and (D) diversity histogram were generated based on  
quality-controlled OTU reads. Only families and genus’ with relative abundance >0.5% were included.  
(E) α-diversity analysis of the sequencing data using the Shannon index, reveals a signi�cant decrease in 
microbial diversi�cation in ABX-treated APPSWE/PS1∆E9 mice (n = 9–10, *p = 0.0429, unpaired two-tailed 
Student’s t-test). Principal co-ordinate analysis of (F) un-weighted, accounting for presence of OTUs only, and 
(G) weighted β-diversity, accounting for both presence and relative abundance of OTUs, demonstrates distinct 
alterations in microbial diversity in ABX-treated APPSWE/PS1∆E9 mice (n = 9–10 mice, each with cecal and 
fecal sequencing). �e percentage of data variance explained by each IPCA is displayed. Data are displayed as 
X/Y scatter or mean ± SEM. See Supplementary Figure 2–3, statistical Table 1 and Supplementary table 2 for 
additional information.
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A similar diversi�cation was likewise identi�ed from T-RFLP analysis of cecal and fecal 16s rRNA gene DNA in 
female APPSWE/PS1∆E9 mice (Supp. Fig. 2C,D).

We next employed Illumina® MiSeq-based high throughput amplicon sequencing of the V4-V5 16S rRNA 
microbial gene to identify gut microbial community membership in cecal and fecal contents of ABX and vehicle 
treated male APPSWE/PS1∆E9 mice. Using the QIIME, taxonomic classi�cation analysis of operational taxonomic 
units (OTUs) derived from the primary sequencing data revealed altered microbial composition in ABX-treated 
APPSWE/PS1∆E9 mice as compared to vehicle controls (n = 9–10, individual fecal and cecal reads, Fig. 1C,D, 
Supp. Table 2). Dramatic alterations in microbial community composition were observed in both feces and cecal 
contents. Interestingly we observed an expansion of the genus Akkermansia (0.022% vs. 16.46%) and family 
Lachnospiraceae (5.10% vs. 12.50%) in ABX-treated APPSWE/PS1∆E9 mice (Fig. 1E,F, Supp. Table 2). We then 
assessed the microbial diversity within each treatment group (α-diversity) by calculating Shannon indices that 
assume all microbial species are represented in our samples and that random sampling occurs. Using this index, 
we con�rm a signi�cant decrease in microbial α-diversity in ABX-treated APPSWE/PS1∆E9 mice (6.84 ± 0.28 vs. 
4.75 ± 0.87, p = 0.0429, n = 9–10, Fig. 1E). We then assessed the dissimilarity of individual microbial commu-
nities between treatment groups (β-diversity). PCA plotting of un-weighted β-diversity dissimilarity matrix 
data, accounting for presence of OTUs but not abundance, revealed a distinct clustering e�ect in ABX-treated 
APPSWE/PS1∆E9 mice compared to vehicle controls (n = 9–10, individual fecal and cecal reads, Fig. 1F), support-
ing our initial �ndings using T-RFLP (Supp. Fig. 2A,B). Examination of weighted β-diversity PCA dissimilarity 
matrix data, accounting for presence and abundance of OTUs, also revealed a similar distinct clustering e�ect 
in ABX-treated APPSWE/PS1∆E9 mice compared to vehicle controls (n = 9–10, individual fecal and cecal reads, 
Fig. 1G). Collectively these data highlight that microbial diversity, but not total abundance, is altered by chronic 
ABX treatment in APPSWE/PS1∆E9 mice.

Recent studies suggest that the peripheral innate immune system is regulated by the gastrointestinal microbial 
composition, innate ligands, and metabolites produced by these communities31–33. To assess if production of 
circulating chemokines and cytokines is altered by long-term ABX treatment in APPSWE/PS1∆E9 mice, we probed 
serum from vehicle or ABX-treated mice with commercially available chemokine/cytokine arrays (Fig. 2A). 
Densitometric analysis of these arrays revealed numerous changes in the in�ammatory pro�le of pooled sera 
isolated from 10 male ABX-treated APPSWE/PS1∆E9 mice compared to vehicle controls (Supp. Fig. 4). Speci�cally 
up-regulations of CCL11 (1.97-fold), CXCL16 (1.84-fold), LIX (1.86-fold), TIMP-1 (2.27-fold) and NFαR1 
(1.87-fold) were identi�ed in male ABX-treated APPSWE/PS1∆E9 mice (Fig. 2B). Interestingly these alterations in 

Figure 2. �e circulating in�ammatory mediator pro�le is altered in ABX-treated APPSWE/PS1∆E9 mice. 
(A) Immunoblot-based array of in�ammatory mediators in isolated serum from vehicle control and ABX-
treated male 6 month old APPSWE/PS1∆E9 mice (n = 10, pooled sera). (B) Densitometry of select in�ammatory 
mediators from the aforementioned array. Expression levels in ABX-treated mice are expressed in arbitrary 
units relative to vehicle control (dashed line). Data are displayed as mean alone. See Supplementary Figures 4 
and 5 for additional information.
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the in�ammatory pro�le of male sera were not observed in female ABX-treated APPSWE/PS1∆E9 mice (n = 8–10, 
Supp. Fig. 4). �ese �ndings suggest that circulating peripheral in�ammatory mediator levels are altered in male 
ABX-treated APPSWE/PS1∆E9 mice and supports the notion that microbe-derived signaling communicates with 
the host innate immune response.

To investigate a potential source of this altered systemic in�ammatory pro�le, we isolated spleens and blood 
lymphocyte populations from vehicle and ABX-treated APPSWE/PS1∆E9 mice and performed Q-PCR to analyze 
mRNAs encoding in�ammatory mediators. While we detected a small but signi�cant increase in splenic IFNβ 
levels in ABX-treated APPSWE/PS1∆E9 mice, we observed no quanti�able di�erence between treatment groups in 
expression of IFIT-1, IRF-7, CCL11, IL-1β or TNFα in either spleen or lymphocyte preparations (Spleen: n = 5, 
lymphocytes: n = 3 each sample is pooled from 3 individual mice, Supp. Fig. 5A,B).

Male ABX-treated APPSWE/PS1∆E9 mice display reduced Aβ deposition but increased soluble Aβ 
levels. To investigate the impact of ABX-treatment on Aβ deposition in the brains of APPSWE/PS1∆E9 mice, we 
sacri�ced ABX-treated and vehicle-treated animals at 6 months of age, removed the brain and generated serial 
sections from each hemibrain. Sections were subjected to immunostaining with Aβ-speci�c 3D6 antibody34 and 
Aβ burden was quanti�ed by stereology. �ese studies revealed a signi�cant 2.27-fold decrease in combined 
cortical and hippocampal Aβ plaque burden in male ABX-treated APPSWE/PS1∆E9 mice compared to vehicle 
controls (0.55 ± 0.097% vs. 0.24 ± 0.039%, n = 10, p = 0.0169, Fig. 3A,B). High power x60 magni�cation z-stack 
images of these Aβ plaques also revealed a signi�cant 1.57-fold decrease in the size of individual deposits in male 
ABX-treated APPSWE/PS1∆E9 mice compared to vehicle controls (762.8 ± 93.91 µm2 vs. 485.1 ± 56.18 µm2, n = 10, 
4 plaques per mouse, p = 0.02, Fig. 3C,D). To validate these immunohistological �ndings, we removed the stri-
atum from the opposite hemisphere and prepared TBS-soluble and TBS-insoluble fractions from the remaining 
tissue in order to determine levels of Aβ species using a MSD MesoScale® ELISA-based assay. We did not observe 
any di�erences in TBS-insoluble Aβ1-40 levels, but a signi�cant 2.27-fold reduction in TBS-insoluble Aβ1-42 
levels was apparent in male ABX-treated APPSWE/PS1∆E9 mice compared to vehicle controls (2345.35 ± 717.08 
vs. 1032.92 ± 215.01 pg/mg total protein, n = 10, p = 0.0491, Fig. 3E). Moreover, we observed a clear correlation 
between 3D6-positive Aβ plaque burden and TBS-Insoluble Aβ levels in both ABX-treated and vehicle control 
APPSWE/PS1∆E9 mice, thus validating our assays (Supp. Fig. 6A–E). Collectively, these immunocytochemical and 
biochemical �ndings reveal that ABX treatment reduces Aβ plaque burden in young male APPSWE/PS1∆E9 mice.

We also assessed the TBS-soluble fraction of these same tissues using the MSD MesoScale® assay. Interestingly, 
a signi�cant 1.9-fold up-regulation in TBS-soluble Aβ1-40 and 2.63-fold up-regulation in TBS-soluble Aβ1-42 
levels were detected in the brains of male ABX-treated APPSWE/PS1∆E9 mice compared with vehicle controls (Aβ1-
40: 25.07 ± 3.60 vs. 47.72 ± 8.32 pg/mg total protein, p = 0.0178; Aβ1-42: 47.94 ± 11.47 vs. 126.29 ± 33.53 pg/
mg total protein, p = 0.0326, n = 10, Fig. 3F). Calculating the ratio of TBS-soluble Aβ1-42:TBS-soluble Aβ1-40 
revealed that male ABX-treated APPSWE/PS1∆E9 mice exhibit enhanced skewing towards Aβ1-42 production in 
comparison with vehicle controls (1.81 ± 0.23 vs. 2.67 ± 0.22, n = 10, p = 0.014, Fig. 3G). �ese �ndings demon-
strate that ABX treatment enhances soluble Aβ production but restricts plaque deposition in male APPSWE/
PS1∆E9 mice.

We considered the possibility that our �ndings might be the result of decreased transgene expression in the 
brains of the APPSWE/PS1∆E9 mice treated with ABX. To clarify this issue, we performed Western blot examina-
tion with human APP-speci�c 6E10 antibody followed by densitometric quanti�cation. �ese studies revealed no 
di�erences in the levels of full length human APP expression in RIPA-soluble brain lysates between ABX-treated 
and vehicle control APPSWE/PS1∆E9 mice (n = 7, Supp. Fig. 7A,B).

As alterations in brain ApoE concentrations can regulate production of soluble Aβ species and aggrega-
tion35–37, we quanti�ed the levels of ApoE in the brains of ABX-treated male APPSWE/PS1∆E9 mice by ELISA. 
These studies revealed no differences in brain ApoE levels between ABX-treated and vehicle control male 
APPSWE/PS1∆E9 mice (n = 10, Supp. Fig. 8). Correlation analysis revealed no distinct relationship between soluble 
Aβ levels and ApoE concentrations in either treatment group (data not shown). �is �nding suggests that alter-
ations in ApoE levels are not responsible for the elevation in soluble Aβ levels that are observed in the brains of 
ABX-treated male APPSWE/PS1∆E9 mice.

In parallel studies, we assessed Aβ burden and Aβ levels in female APPSWE/PS1∆E9 mice treated with vehicle or 
ABX. Female mice were sacri�ced at 5 months of age as it is well established that Aβ deposition occurs earlier in 
female APPSWE/PS1∆E9 mice as compared to males. In both immunocytochemical assessments of Aβ burden or 
biochemical analyses of Aβ levels, we failed to observe any di�erences in these parameters between ABX-treated 
versus vehicle-treated control mice (n = 8–10, Supp. Fig. 9A–I).

Reactive gliosis surrounding Aβ plaques is reduced in male ABX-treated APPSWE/PS1∆E9 
mice. To assess potential alterations in neuro-inflammatory state and reactive gliosis, we analyzed Aβ 
plaque-localized microglial populations by immunohistochemistry using an antibody to ionized calcium bind-
ing adaptor molecule 1 (Iba1), a microglia/macrophage-specific calcium-binding protein. Analysis of high 
power x60 magni�cation z-stack images revealed a signi�cant 1.79-fold decrease in plaque-localized Iba-1 pos-
itive microglial cells in male ABX-treated APPSWE/PS1∆E9 mice compared with vehicle controls (11.73 ± 0.79 vs. 
6.53 ± 0.21 cells/200 µm2 �eld, n = 8, p = 0.001, Fig. 4A,B). However, this di�erence was not apparent when the 
number of Iba1-positive cells was expressed relative to Aβ plaque area stained using mAb 3D6 (n = 8, Fig. 4C).

As morphology and reactivity of microglia is regulated by gut microbial communities28, we generated 
3D-reconstructions of these plaque-localized Iba1-positive microglia identi�ed by immunohistochemistry. 
3D-IMARIS-based reconstructions from z-stack immunohistochemistry images revealed altered microglial 
morphology in male ABX-treated APPSWE/PS1∆E9 mice compared to vehicle controls (Fig. 4D). Quanti�cation 
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Figure 3. Amyloidosis is altered in ABX-treated male APPSWE/PS1∆E9 mice. (A) Representative 
immunohistochemical images of Aβ plaque deposition in vehicle control and ABX-treated male 6 month old 
APPSWE/PS1∆E9 mice using anti-Aβ mAb 3D6. Each staining run was performed using sections from 12 month 
old APPSWE/PS1∆E9 mice as a positive control and no primary antibody negative controls. (B) Plaque burden 
quanti�cation in vehicle control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice using particle analysis 
of 3D6+ve immuno�uorescence (n = 10, *p = 0.0169, unpaired two-tailed Student’s t-test). 3D6+ve area was 
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of these re-constructions revealed a 1.78-fold decrease in dendrite length (221.2 ± 18.17 vs. 124.5 ± 16.81 µm, 
n = 4, p-0.008, Fig. 4E), a 1.33-fold increase in dendrite number (34.5 ± 2.84 vs. 46.0 ± 2.55, n = 4, p = 0.0237, 
Fig. 4F) and a 1.53-fold increase in terminal end-points (23.0 ± 1.78 vs. 35.25 ± 2.46, n = 4, p = 0.007, Fig. 4G) 
of plaque-localized microglia in male ABX-treated APPSWE/PS1∆E9 mice compared with vehicle-treated control 
animals. Collectively, these �ndings identify reduced numbers and altered morphology of Aβ plaque-localized 
microglia in male ABX-treated APPSWE/PS1∆E9 mice.

In addition to microglia driving neuro-in�ammatory responses in the CNS, astrocytes are also important con-
tributors. Hence, we performed immunocytochemistry with an antibody speci�c for glial �brillary acidic protein 
(GFAP) that is highly enriched in astrocytes. Analysis of high power x60 magni�cation z-stack images revealed a 
signi�cant 2.17-fold decrease in plaque-localized GFAP-positive astrocytes in male ABX-treated APPSWE/PS1∆E9 
mice compared with vehicle controls (8.87 ± 0.94 vs. 4.09 ± 0.83 cells/200 µm2 �eld, n = 8, p = 0.001, Fig. 4H,I). 
Similar to the microglial analysis, this di�erence was not apparent when the number of GFAP-positive cells was 
expressed relative to Aβ plaque area (n = 8, Fig. 3J). �ese �ndings con�rm that similar to microglia, astrocyte 
reactivity surrounding Aβ deposits is reduced in brains of male ABX-treated APPSWE/PS1∆E9 mice.

Discussion
It has become abundantly clear that the gut microbiota play a complex role in regulating innate immunity and 
brain function. �e present study was designed to test the hypothesis that the composition of the intestinal micro-
biome might play a role in modulating neuro-in�ammation in a manner that could in�uence amyloid plaque 
deposition in a mouse model of Aβ amyloidosis. We now o�er several important insights. First, we demonstrate 
that long-term ABX treatment induces a distinct perturbation in gut microbial diversity and alters peripherally 
circulating cytokine/chemokine composition. Second, we observe a striking reduction in amyloid plaque depo-
sition and elevated levels of soluble Aβ in male APPSWE/PS1∆E9 mice. Finally, ABX-induced perturbations in gut 
microbial diversity also in�uenced neuro-in�ammatory responses by conferring reduced plaque-localized gliosis 
and altered microglial morphology.

Our demonstration that ABX-treatment of APPSWE/PS1∆E9 mice leads to alterations in several circulating 
in�ammatory chemokines and cytokines in the blood is notable. Amongst these molecules, we were particularly 
intrigued by the observation that serum levels of CCL11 are elevated in the serum of ABX-treated mice. CCL11 
has been linked to age-associated de�cits in hippocampal neurogenesis38, and the chemokine gene cluster con-
taining CCL11 has recently been implicated as a risk factor for late-onset AD39. CCL11 is known to cross the 
blood brain barrier40 and we speculate would lead to microglial activation and subsequent phagocytosis of Aβ 
deposits. Consistent with this model, our 3D reconstructions reveal that although the numbers of microglia 
surrounding plaques are diminished in brains of ABX-treated mice, these cells appear to be highly rami�ed and 
thus, in an activated state. It is equally plausible that the microglia have been activated throughout the course 
of ABX treatment and that these cells are continually clearing any deposited Aβ or perhaps, oligomeric forms 
of the peptide. �us, temporal elevations in peripheral cytokine and chemokine levels at this early time-point 
may facilitate a bene�cial neuro-in�ammation state that clears amyloid, but enhanced cytokine load combined 
with the deleterious e�ects of aging may worsen disease pathology. In support of this concept is the demonstra-
tion that genetic deletion of TLR4, required for e�cient microglial detection of Aβ, is su�cient in dampening 
early-stage neuro-in�ammatory responses leading to enhanced amyloidosis and impaired cognitive function 
in APPSWE/PS1∆E9 mice41. Additionally, genetic ablation of anti-in�ammatory IL-10 leads to a re-balancing of 
microglial-based innate immunity and attenuates plaque pathology in APPSWE/PS1∆E9 mice14.

We are fully cognizant of the fact that the �ndings reported herein are purely correlative and do not elucidate 
precise mechanism(s). Nevertheless, our �ndings indicate that a chronic, staged ABX regimen is able to establish 
a stable, but altered state of the gut microbiota that is associated with changes in glial and immune functions 
capable of mitigating Aβ amyloidosis. In essence, the ABX regimen reveals that the microbiome can be altered 
in ways to achieve states of host-microbe interaction that a�ect immune responses systemically and, in this AD 
model, prevents the natural progression of disease. It will be critical to extend these observations to determine 
how this happens. Was it through the loss of microbiome-derived pro-in�ammatory factors, or through the gain 
of disease-preventing factors from a new steady state community development of gut microbiota? �e answers to 
these questions, while out of the scope of this study, will lead to the development of practical microbiome-based 
interventions for human subjects at risk or in the early stages of AD. Moreover, the enigmatic �nding that the 
levels of soluble Aβ were elevated in the brains of ABX-treated male APPSWE/PS1∆E9 mice that displayed reduced 

averaged from 4 sections/mouse (240 µm apart) and expressed relative to total cortical and hippocampal area. 
(C) Representative x60 magni�cation z-stack maximum projection images of 3D6+ve Aβ plaques from vehicle 
control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice. (D) Quanti�cation of plaque area using 
threshold-limiting immuno�uorescence detection (n = 10, *p = 0.02, unpaired two-tailed Student’s t-test).  
(E) MSD Mesoscale® analysis of TFA-soluble (TBS-insoluble) Aβ1-40 and Aβ1-42 levels in combined cortical 
and hippocampal tissue of vehicle control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice using 
anti-Aβ mAb 4G8 (n = 10, *p = 0.0491, unpaired two-tailed Student’s t-test). (F) MSD Mesoscale® analysis 
of TBS-soluble Aβ1-40 and Aβ1-42 levels in combined cortical and hippocampal tissue of vehicle control and 
ABX-treated male 6 month old APPSWE/PS1∆E9 mice using anti-Aβ mAb 4G8 (n = 10, *p < 0.05, unpaired two-
tailed Student’s t-test). (G) Quanti�cation of the Aβ1-40:Aβ1-42 ratio from the TBS-soluble MSD Mesoscale® 
data in vehicle control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice (n = 10, *p = 0.014, unpaired 
two-tailed Student’s t-test). Data are displayed as mean ± SEM. See Supplementary Figure 6–9 and statistical 
table 1 for additional information.
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Figure 4. Plaque-localized gliosis is in�uenced by ABX treatment in male APPSWE/PS1∆E9 mice.  
(A) Representative x60 magni�cation z-stack maximum projection images of IBA-1+ve Aβ plaque-localized 
microglia, co-stained with DAPI, in vehicle control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice. 
(B) Quanti�cation of plaque-localized IBA-1+ve microglial number in vehicle control and ABX-treated male 6 
month old APPSWE/PS1∆E9 mice (n = 8, ***p < 0.001, unpaired two-tailed Student’s t-test). (C) Plaque-localized 
IBA+ve microglial number expressed relative to 3D6+ve Aβ plaque area in vehicle control and ABX-treated 
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insoluble Aβ levels and plaque burden suggests future microbiome-based therapies may a�ord an opportunity 
to intervene in speci�c pathophysiological events and change the natural history of disease. Finally, the nature of 
the metabolites produced by di�erent microbial communities in our mouse model and the potential impact of 
these metabolites amyloid deposition remain to be determined. Future e�orts will focus on clari�cation of these 
important issues with the premise that these studies will o�er new insights into the regulation of Aβ deposition by 
innate immune pathways in�uenced by the gut microbiome and ultimately, the development of novel therapeutic 
modalities for AD.

Methods
Animals and antibiotic treatment regime. All murine experimental procedures were approved by the 
Institutional Animal Care and Use Committee (IACUC) at the University of Chicago and performed in accord-
ance with approved Animal Care and Use Protocols (ACUPs). Male and female APPSWE/PS1∆E9 transgenic 
mice on a hybrid C57BL/6-C3-hej genetic background (B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax, JAX ID: 
004462, www.jax.org/strain/004462) were determined as speci�c pathogen-free, housed in sterile micro-isolator 
cages and fed ad-libitum on standard chow. Mice were gavaged with combinatorial antibiotics (ABX, gentamicin 
(1 mg/ml), vancomycin (0.5 mg/ml), metronidazole (2 mg/ml), neomycin (0.5 mg/ml), ampicillin (1 mg/ml), kan-
amycin (3 mg/ml), colistin (6000 U/ml) and cefaperazone (1 mg/ml), Sigma) from postnatal day 14 until day 21 
and were then supplemented with ABX-containing drinking water (1/50th gavage concentration) for the duration 
of lifespan25,42. E�cacy of ABX treatment was tracked by monitoring bacterial growth from fecal homogenates 
on LB agar plates and in LB media throughout the treatment course (Supp. Fig. 1A,B). Enlargement of the cecum, 
which is considered indicative of e�ective microbial suppression, in ABX-treated animals was also con�rmed 
(Supp. Fig. 1C). Mice assigned to vehicle control groups were subjected to the same treatment protocol with 
autoclaved water only. Male mice were killed at 6 months of age and females were killed at 5 months of age for 
subsequent experimentation.

Cardiac perfusion of mice and tissue harvesting. Mice were deeply anaesthetized using inhaled iso-
�urane, USP (Piramal Healthcare). Mice were cardiac perfused with ice-cold heparinized PBS (1 U/ml, Sigma). 
Brains were then excised and separated for use in immunohistochemistry or for RNA/protein biochemical analy-
sis. Isolation of the cortex for RNA/protein biochemistry was performed using a modi�ed dissection technique43. 
Hemispheres were placed on an ice cold glass dissection plate and orientated in a sagittal plane. �e cerebellum 
was removed, and the striatum, thalamus, midbrain and brain stem remnants were identi�ed. �ese structures 
were then removed using sterilized blunt spatulas, exposing the hippocampal complex and interior wall of the 
cortex. Combined cortical and hippocampal tissue was snap frozen in liquid nitrogen and stored at −80 °C until 
required.

Cecal contents and whole spleens were also obtained and were snap frozen in liquid nitrogen followed by 
storage at −80 °C until required.

Cecal and Fecal DNA extraction. Extraction of bacterial DNA from cecal and fecal contents was per-
formed as previously described44 and conforms to standardized earth microbiome project protocols (www.earth-
microbiome.org/emp-standard-protocols/). Brie�y, tissues were dissolved in extraction bu�er (50 mg tissue/ml 
bu�er, 50 mM Tris (pH 7.4), 100 mM EDTA (pH 8.0), 400 mM NaCl, 0.5% w/v SDS) containing proteinase K 
(0.4 mg/ml). A�er addition of 0.1-mm diameter glass beads (500 ul/ml bu�er, BioSpec Products), microbial cells 
were lysed using a Mini-Beadbeater-8K Cell Disrupter (BioSpec Products) and overnight water bath incubation 
(55 °C). Total DNA was then extracted using Phenol:Chloroform:IAA (25:24:1 v/v, pH 8.0, Ambion) according to 
manufacturer’s protocols. DNA yield was quanti�ed and quality ascertained by a combination of Nanodrop Lite 
(�ermo Fisher) and Qubit® �uorometer (Invitrogen) assessment.

16s rRNA gene quantitative polymerase chain reaction (Q-PCR). 16s rRNA gene copy number 
was quanti�ed from DNA isolated from fecal and cecal contents using QPCR. 2–5 ng/ul DNA was added to 
iQ-SYBR green PCR supermix (BioRad) with 518F (5′-TCC-TAC-GGG-AGG-CAG-CAG-T-3′) and 338R 
(5′-GGA-CTA-CCA-GGG-TAT-CTA-ATC-CTG-TT-3′) primers (2.5 µM) and Q-PCR was performed on a 
Lightcycler® 480 system (Roche) under the following parameters: 95 °C for 5 minutes, (95 °C for 10 seconds, 
64 °C for 45 seconds, 72 °C for 45 seconds) x35 cycles, 40 °C for 30 seconds.

male 6 month old APPSWE/PS1∆E9 mice (n = 8). (D) Representative 3D IMARIS-based reconstructions of x60 
magni�cation z-stack images (0.8 µm apart) depicting plaque-localized IBA-1+ve microglial morphology in in 
vehicle control and ABX-treated male 6 month old APPSWE/PS1∆E9 mice. Microglial branching, terminal points 
and Aβ plaque surfaces can be seen. �e (E) length and (F) number of microglial dendritic branches alongside 
(G) projection terminal points were quanti�ed (n = 4, *p = 0.0237, **p < 0.01, unpaired two-tailed Student’s 
t-test). (H) Representative x60 magni�cation z-stack maximum projection images of GFAP+ve Aβ plaque-
localized astrocytes, co-stained with DAPI, in vehicle control and ABX-treated male 6 month old APPSWE/
PS1∆E9 mice. (I) Quanti�cation of plaque-localized GFAP+ve astrocyte number in vehicle control and ABX-
treated male 6 month old APPSWE/PS1∆E9 mice (n = 8, **p = 0.001, unpaired two-tailed Student’s t-test). (J) 
Plaque-localized GFAP+ve astrocyte number expressed relative to 3D6+ve Aβ plaque area in vehicle control and 
ABX-treated male 6 month old APPSWE/PS1∆E9 mice (n = 8). Data are displayed as mean ± SEM. See statistical 
table 1 for additional information.

http://www.jax.org/strain/004462
http://www.earthmicrobiome.org/emp-standard-protocols/
http://www.earthmicrobiome.org/emp-standard-protocols/
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16s rRNA gene copy number was determined by reference of Cp values to a standard curve of the pCR4-TOPO 
plasmid inclusive of the 16s rRNA gene amplicon. Copy number was then expressed relative to the precise DNA 
concentration added per reaction as determined by earlier Qubit® �uorometer (Invitrogen) assessment. All reac-
tions were conducted in triplicate with appropriate negative controls.

16s rRNA gene Illumina® MiSeq sequencing. Deep sequencing of the 16s rRNA gene from cecal and 
fecal contents was performed as previously described45. �e V4-V5 region of the 16s rRNA gene was ampli�ed 
using standard PCR methods (www.earthmicrobiome.org/emp-standard-protocols) from total DNA. Illumina® 
MiSeq gene sequencing was then performed the Institute for Genomics and Systems Biology’s Next Generation 
Sequencing Core at Argonne National Laboratory. Sequences were trimmed and classi�ed using QIIME version 
1.746. Operational taxonomic units (OTUs) were picked at 97% sequence identity using open-reference OTU 
picking against the Greengenes database version 12_1047. �ese quality-controlled sequences were then aligned 
using PyNAST48, taxonomy was assigned using the RDP classi�er49 and a phylogenetic tree was constructed using 
FastTree version 2.050. Shannon indices, indicative of α-diversity were then calculated from rarefaction plots. 
Un-weighted and weighted UniFrac distances were then computed to produce β-diversity dissimilarity matrices51.

Immunohistochemistry. For immunohistochemistry, hemispheres not used for biochemical analysis were 
post-�xed in 4% w/v paraformaldehyde, 0.1% v/v glutaraldehyde for 72 hrs and subsequently submerged in 30% 
w/v sucrose for cryoprotective purposes. Hemispheres were then placed in OCT freezing medium and mounted 
on a Leica SM2000R freezing microtome stage (Leica Biosystems). Hemispheres were then serially sectioned 
at 40 µm thickness in a coronal plane through the hippocampal complex from −1.5 to −3.0 bregma cordinates 
(Paxinos G, Mouse brain atlas) and sections were stored in cryoprotective solution (25% v/v glycerin and 30% v/v 
ethylene glycol in PBS, Fischer Scienti�c) at −20 °C until required. Every 6th section (spaced 240 µm apart) was 
used for staining and subsequent quanti�cation.

Sections were heated to 95 °C in SSC bu�er (0.15 M Sodium Chloride, 0.15 M Sodium Citrate, pH7.0) for 
20 min to aid in antigen presentation and then blocked in 5% v/v donkey serum in TBS-T (0.25% v/v Triton X-100, 
Sigma) for 2 hrs at room temperature. Sections were then incubated with unconjugated primary antibodies for 
24 hrs at 4 °C. A�er washing with TBS-T, sections were then incubated with �uorophore-conjugated secondary 
antibodies for 3 hrs at room temperature whilst protected from light. A�er sequential washing with TBS-T, TBS 
and DEPC-treated H2O, sections were mounted on Superfrost® plus slides (Fisher Scienti�c) using VectaShield® 
mounting medium containing DAPI (Vecta Laboratories). �e primary antibodies used were a mouse monoclonal 
anti-Aβ (3D6, 190 pg/ml �nal concentration, in-house puri�ed), a rabbit polyclonal anti-ionized calcium-binding 
adapter molecule 1 (IBA-1, 1:500, 019-19741, Wako) and a rabbit monoclonal anti-glial �brillary acidic protein 
(GFAP, 1:2000, clone D1F4Q, 12389S, Cell Signaling). �e �uorophore-conjugated secondary antibodies used were 
a donkey anti-mouse IgG Alexa Fluor® 488 conjugate (1:1000, A21202, Life Technologies) and a donkey anti-rabbit 
IgG Alexa Fluor® 594 (1:1000, A21207, Life Technologies). Whole sections were then imaged at x20 magni�cation 
using the Pannoramic SCAN BF plus FL Optimum slide scanner (PerkinElmer/3DHistech) or individual plaques 
at x60 magni�cation using the Olympus IX2-series spinning DSU confocal inverted microscope (Olympus).

Amyloid plaque quantification and cell counting. To quantify plaque burden, brain sections prepared 
as above, were analyzed as 8-Bit images using ImageJ so�ware (NIH). For each section intensity thresholds were 
set to eliminate background �uorescence and plaque staining was analyzed by particle quanti�cation. �is value 
was then expressed relative to the calculated area of the combined cortical and hippocampal region of each indi-
vidual section. �is value was then averaged from 4 sections per mouse to calculate a plaque burden percentage 
for each mouse throughout the study. Individual plaque size was calculated using a similar method but also 
directly from x60 z-stack images. Plaque-localized microglial and astrocyte cell numbers were counted using 
a combination of ImageJ and Stereo Investigator (MBF Bioscience) so�ware packages. IBA-1+ve and GFAP+ve 
positive somas co-localised with DAPI and within the 200 µm vicinity of 3D6+ve Aβ plaque �uorescence were 
identi�ed as plaque-localised microglia and astrocytes respectively.

Three-dimensional reconstruction of plaque-localised microglia. Sections co-labelled with anti-Aβ 
and anti-IBA-1 antibodies and counter-stained with DAPI for nuclei were prepared as above. Z-stack images of 
individual plaques from 40 µm thick sections were obtained under x60 magni�cation and water immersion with 
0.8 µm step increments in the z plane. �ese z-stack images were then recorded and analysed using IMARIS so�ware 
(Bitplane). �e surface tool was used to establish the realm of the Aβ plaque and then the �lament tool was used 
to map microglial cell bodies and dendrite-like processes. 4 plaque-localized microglia were analysed per mouse.

MSD MesoScale Aβ ELISA. For quanti�cation of soluble and insoluble Aβ levels, brain tissues were ground 
on LN2 and were homogenized in Tris-bu�ered saline (TBS) containing protease inhibitors (Roche) via sonication 
and polytron processing. A�er centrifugation (100,000 × g, 60 min, 4 °C) the supernatant was collected to detect TBS 
soluble Aβ levels. �e remaining pellets were further homogenized in 70% v/v formic acid in TBS (TFA, Sigma) via 
polytron processing, centrifuged (100,000 × g, 60 min, 4 °C), and the resulting supernatant was collected to detect 
TBS-insoluble Aβ levels. TFA samples were neutralized in 1 M Tris bu�er (20× volume) prior to Meso Scale analysis.

Aβ levels were quanti�ed using Meso Scale Aβ38/40/42-triplex kits (V-PLEX Aβ Peptide Panel 1 (4G8) Kit, 
K15199E-1, Meso Scale Diagnostics), as previously described52–54. Assays were run in 96-well plate format with all 
standards and sample run in duplicate. Electro-chemiluminescence signals were captured by the MESO QuickPlex SQ 
120 system (Meso Scale Diagnostics). Sample Aβ38, Aβ40 and Aβ42 levels were normalized to the Aβ standard curve 
and concentrations are expressed relative to sample total protein concentrations as determined by BCA assay (�ermo 
Fisher). Whilst, Aβ40 and Aβ42 proteins were robustly detected in samples assayed, Aβ38 failed to be detected.

http://www.earthmicrobiome.org/emp-standard-protocols
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Statistical analysis. GraphPad Prism so�ware (version 6.0, www.graphpad.com/scienti�c-so�ware/prism/) 
was used for all unpaired two-tailed Student’s t-tests and Pearson’s multi-variate linear regression analysis. For 
all statistical tests a two-tailed α value of 0.05 was utilised. All numerical data is presented as X/Y scatter, mean 
alone, or, mean ± standard error of the mean (SEM). Power values for each test where calculated post-hoc using 
G*Power (version 3.1, gpower.hhu.de/), based upon the e�ect size, group number and sample size. Exact p-values 
were calculated for all Student’s t-tests. A p-value < 0.05 was considered statistically signi�cant. All use of statis-
tics is detailed in supplementary statistics Table 1.

Data availability. MiSeq 16s rRNA V4 amplicon sequencing data has been uploaded to the European 
Bioinformatics Institute (EBI) database using Qiita (project ID: 10516).
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