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ARTICLE

Gut microbiota–driven brain Aβ amyloidosis in mice
requires microglia
Hemraj B. Dodiya1, Holly L. Lutz2*, Ian Q. Weigle1*, Priyam Patel3, Julia Michalkiewicz1, Carlos J. Roman-Santiago1, Can Martin Zhang4,
Yingxia Liang4, Abhinav Srinath1, Xulun Zhang1, Jessica Xia1, Monica Olszewski1, Xiaoqiong Zhang1, Matthew John Schipma3,
Eugene B. Chang5, Rudolph E. Tanzi4, Jack A. Gilbert2, and Sangram S. Sisodia1

We previously demonstrated that lifelong antibiotic (ABX) perturbations of the gut microbiome in male APPPS1-21 mice lead
to reductions in amyloid β (Aβ) plaque pathology and altered phenotypes of plaque-associated microglia. Here, we show that a
short, 7-d treatment of preweaned male mice with high-dose ABX is associated with reductions of Aβ amyloidosis, plaque-
localized microglia morphologies, and Aβ-associated degenerative changes at 9 wk of age in male mice only. More
importantly, fecal microbiota transplantation (FMT) from transgenic (Tg) or WT male donors into ABX-treated male mice
completely restored Aβ amyloidosis, plaque-localized microglia morphologies, and Aβ-associated degenerative changes.
Transcriptomic studies revealed significant differences between vehicle versus ABX-treated male mice and FMT from Tg mice
into ABX-treated mice largely restored the transcriptome profiles to that of the Tg donor animals. Finally, colony-stimulating
factor 1 receptor (CSF1R) inhibitor-mediated depletion of microglia in ABX-treated male mice failed to reduce cerebral Aβ
amyloidosis. Thus, microglia play a critical role in driving gut microbiome–mediated alterations of cerebral Aβ deposition.

Introduction
Increasing evidence from studies of the microbiota–brain axis
has suggested that the gut microbiome plays a critical role in
neurodevelopment, behavior, neuroinflammation, and poten-
tially neurodegeneration (Diaz Heijtz et al., 2011; Braniste et al.,
2014; Sharon et al., 2016). A variety of studies in preclinical
animal models have offered support for the notion that a dys-
functional microbiota–brain axismight play an important role in
brain disorders that include Alzheimer’s disease (AD; Dodiya
et al., 2019; Minter et al., 2016; Vogt et al., 2017), Parkinson’s
disease (Dodiya et al., 2020; Sampson et al., 2016), multiple
sclerosis (Berer et al., 2011; Cekanaviciute et al., 2017), brain
injury, stroke (Singh et al., 2016), and others. In preceding ef-
forts, we provided substantial evidence supporting a strong
connection between the gut microbiome and deposition of Aβ
peptides and altered microglial phenotypes in mouse models
that express familial AD-linked variants of APP and PS1 (Dodiya
et al., 2019; Minter et al., 2017, 2016). Specifically, APPSWE/
PS1ΔE9 (Jankowsky et al., 2001) and APPPS1-21 (Radde et al.,
2006) mice treated with antibiotics (ABX) result in gut micro-
biome perturbations that are associated with reductions in
amyloid β (Aβ) deposition and altered microglial transcriptional

profiles that, surprisingly, are specific to male animals (Minter
et al., 2016, 2017; Dodiya et al., 2019). Most importantly, when
APPPS1-21 malemice treatedwith ABX throughout their lifetime
were subjected to fecal microbiota transplantation (FMT) from
naive age-matched APPPS1-21, and hence restored endogenous
microbiota, we observed a partial restoration of Aβ deposition,
thus establishing causality (Dodiya et al., 2019). The exact
mechanism(s) by which the gut microbiome influences amy-
loidosis is not understood, but in view of our studies showing
that gut microbiome changes parallel morphological and tran-
scriptional alterations in microglia, it is not inconceivable that
microglia play an important role in modulating AD-like pheno-
types that are driven by the gut microbiota (Dodiya et al., 2019;
Minter et al., 2017, 2016).

Microglia are brain-resident macrophages that originate
from the yolk sac and enter the rudimentary brain before the
formation of other neuroglial cells during embryonic stages
(embryonic day 9.5 in mice). These cells expand and self-renew
in adult life (Erny and Prinz, 2020). Besides their important
immune functions in protection following infection or injury,
these cells participate in embryonic wiring, synaptic transmission,
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and synaptic pruning and formation, as well as cell death (re-
viewed in Hong et al., 2016; Ransohoff and El Khoury, 2015;
Reemst et al., 2016; Schafer and Stevens, 2015; Tay et al., 2017).
Microglia use an array of cellular receptors and signaling mole-
cules, collectively termed the “sensome,” to detect endogenous
brain stimuli (such as protein aggregation or cellular injury) and
exogenous peripheral stimuli (invasion of pathogenic micro-
organisms or their products) during adult life (Hickman et al.,
2013). Some of these sensome genes (i.e., Clec7a, Itgb2, Icam4,
Cd52, Cd79B, Cd101, Lgals9, Ptprc, and others) were also found to be
expressed by microglia during the progenitor and embryonic
phases, and the majority of the sensome genes showed highest
expression in adults (Thion et al., 2018). Furthermore, compared
with microglia from specific pathogen–free mice, germ-free (GF)
microglia exhibit completely different transcriptome profiles and
histological features that are reminiscent of immature microglia
(Erny et al., 2015; Thion et al., 2018), findings that have been
replicated inmice treated with ABX to generate “pseudo–GF”mice
(Erny et al., 2015).

It is now well established that the microbiome can have a
significant influence on Aβ deposition in mouse models (Dodiya
et al., 2019; Harach et al., 2017; Minter et al., 2016), and studies
have shown clear differences in microbiota profiles between
normal healthy individuals and patients with AD (Vogt et al.,
2017). Microglia, in conjunction with other glial cells, play a
critical role in Aβ phagocytosis and clearance that influences
amyloidosis and proinflammatory responses to Aβ deposits
(Hansen et al., 2018). Recent evidence suggests that microglia
under chronic activation phase (also termed disease-associated
microglia [DAM] or neurodegenerative type microglia [MGnD])
can become detrimental and drive disease spread instead of
disease clearance (Butovsky et al., 2014; Keren-Shaul et al., 2017;
Mass et al., 2017). Most importantly, the common late-onset AD
risk factors associated with rare variants of immune receptors
are expressed by microglial cells (Guerreiro and Hardy, 2014;
Tanzi, 2012). Additionally, depletion of microglia in several
transgenic (Tg) and adeno-associated virus (AAV)–overexpresssion
models (AAV-GFP/tau + clodronate and AAV-GFP/tau + colony-
stimulating factor 1 receptor [CSF1R] inhibitor [PLX3397; Asai
et al., 2015], APPPS1-21;CX3CR1−/− and R1.40;CXCR1−/− [Lee et al.,
2010], APPSWE/PS1DE9+CSF1R inhibitor [GW2580; Olmos-Alonso
et al., 2016], P301S+CSF1R-inhibitor [JNJ-527; Mancuso et al., 2019],
5XFAD+CSF1R inhibitor [PLX3397; Sosna et al., 2018], and
5XFAD+CSF1R-inhibitor [PLX5622; Spangenberg et al., 2019]) have
been shown to reduce pathology and improve cognitive phenotypes.
However, despite the significant evidence of microbiome–microglia
interactions and microglial involvement in AD pathogenesis,
the microbiome–microglia axis in disease remains poorly
characterized.

In our earlier efforts, we demonstrated that FMT only leads to
a partial restoration of Aβ amyloidosis in animals treated with
long-term ABX (Dodiya et al., 2019), and this is likely due to
persistent levels of ABX that could have eliminated critical
bacterial species during daily FMT treatments. In view of our
earlier demonstration that a short-term, postnatal exposure of
ABX regimen was sufficient to reduce Aβ burden in APPSWE/
PS1ΔE9 mice (Minter et al., 2017), we chose to repeat our studies

in APPPS1-21 mice using the short-term ABX paradigm. The
rationale for the current studies was the body of evidence sug-
gesting that the commensal microbiome perturbation during the
postnatal developmental time frame represents a crucial devel-
opmental window by which microbiota–host interactions me-
diate immuno- and neurodevelopment that may impact host
physiology in later life (Cox et al., 2014; Hansen et al., 2013, 2012;
Tognini, 2017). To investigate the role of alterations of the mi-
crobiome in early life on microgliosis and Aβ amyloidosis, we
treated APPPS1-21 mice with ABX from postnatal day (PND) 14 to
PND21, then housed the weaned mice with drinking water
without any added ABX till the time of sacrifice.

We now report that early-life, postnatal ABX treatment re-
sults in sex-specific microbiome alterations that are associated
with reduced extracellular deposition of Aβ, reduced levels of
formic acid (FA)–insoluble Aβ peptides, alterations in the mor-
phology of plaque-associated microglia, and Aβ-associated neu-
rodegenerative changes that are specific to male APPPS1-21
mice. Similar to our previous findings in long-term ABX-treated
APPPS1-21 mice (Dodiya et al., 2019), transcriptome analysis
revealed profound changes in cortical mRNA levels in ABX-
treated male mice only, suggestive of significant alterations in
inflammation, microglial activation, and microglia development
pathways. Moreover, FMT from age-matched Tg APPPS1-21
mice into short-term ABX-treated APPPS1-21 mice resulted in
complete restoration of Aβ amyloidosis, microglial morpholo-
gies, and Aβ-associated neurodegenerative changes to those
observed in vehicle-treated male mice. Importantly, cerebral
cortex transcriptome profiles in short-term ABX-treated male
mice that were exposed to FMT led to a near-complete resto-
ration of the transcriptional signatures of vehicle-treated
APPPS1-21 mice. Extending these findings, we now report that
FMT from age-matched APPPS1-21 Tg mice (Tg-FMT) or WT
(WT-FMT) C57Bl6 (non-Tg littermates) mice are equally com-
petent in promoting Aβ amyloidosis in short-term ABX-treated
APPPS1-21 mice at 9 wk. Finally, we now document that deple-
tion of microglia with a CSF1R antagonist, PLX5622, in short-
termABX-treated APPPS1-21 mice fails to reduce Aβ amyloidosis
compared with controls, thus arguing for an essential role of
microglia in mediating microbiome-driven brain amyloidosis.

Results
Short-term ABX result in reduced Aβ amyloidosis in male mice
only and Tg-FMT fully restores pathology
To investigate the effect of ABX on cerebral amyloidosis in
APPPS1-21 mice, we treated male and female APPPS1-21 mice
with ABX or vehicle from PND14 to PND21 and then provided
regular drinking water till the time of sacrifice (9 wk). As life-
long ABX treatment only had a significant effect on Aβ deposi-
tion in male animals (Dodiya et al., 2019; Minter et al., 2016), we
only performed FMT studies using age-matched APPPS1-21 Tg
fecal slurries in ABX-treated male mice. Here, male mice treated
with ABX postnatally were subjected to a regimen of daily FMT
from age-matched Tg control mice (Tg-FMT) from PND24 till 9
wk of age. The levels of deposited Aβ were assessed by immu-
nohistochemistry (IHC) using a well-established 3D6 antibody
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specific for the amino-terminus of Aβ (Dodiya et al., 2019) and
by biochemical assays using the meso scale discovery (MSD)
ELISA platform (Minter et al., 2016). At 9 wk of age, we show
prominent Aβ deposition in the cortex of both male and female
mice (Fig. 1 A, a–e), and short-term ABX resulted in significantly
lower cortical Aβ burden and plaque size in male mice only
(Fig. 1 A, a and b; quantified in Fig. 1 B), while female mice

showed no significant changes in either Aβ burden or plaque
size (Fig. 1 A, d and e; quantified in Fig. 1 B). Most importantly,
Aβ burden and plaque size in ABX-treated male mice were re-
stored to levels observed in vehicle-treated Tg male mice after
treatment with fecal slurries from age-matched APPPS1-21 mice
(Fig. 1 A, c; quantified in Fig. 1 B). Using ventral cerebral cortex
tissue of the frozen half-hemisphere, we evaluated soluble and

Figure 1. Reduced Aβ-plaque pathology is only ob-
served in short-term ABX-treated male mice, and
Tg-donor FMT restores these changes. (A) Repre-
sentative images of Aβ in the cortex of M_Ctr (a), M_Abx
(b), M_Abx+FMT (c), F_Ctr (d), and F_Abx (e) using anti-
Aβmonoclonal antibody. (B)Quantification of Aβ burden
was performed using threshold-limited particle analysis
of 3D6+ staining. One-way ANOVA showed significant
changes in both Aβ burden (P = 0.002) and Aβ size (P <
0.0001). Specifically, M_Abx showed significant reduc-
tion in Aβ burden (P = 0.004) and Aβ size (P = 0.024)
compared with M_Ctr. These changes were completely
restored using FMT from age-matched Tg controls into
ABX-treated male mice, similar to the levels of M_Ctr
(P > 0.05). Female groups showed no significant differ-
ences in Aβ burden (P = 0.739) or Aβ size (P = 0.204).
(C) MSD analysis of FA-soluble Aβ1-40 and Aβ1-42
levels in the right ventral cerebral cortex of vehicle-,
ABX-, or ABX+FMT–treated mice using anti-Aβ mAb
4G8 (n = 6 or 7 mice/group). M_Abx showed signifi-
cantly lower levels of detergent-insoluble, FA-soluble
Aβ1-40 (P = 0.020) and Aβ1-42 (P = 0.038) compared
with M_Ctr. FMT from age-matched Tg controls into
ABX-treated male mice reverted these levels, similar to
M_Ctr (P > 0.05). F_Abx showed no changes in FA-
soluble Aβ1-40 (P = 0.243) but increased FA-soluble
Aβ1-42 (P = 0.041) compared with F_Ctr. M_Ctr =
vehicle-treated male, M_Abx = ABX-treated (PND14–
PND21) male, M_Abx+FMT = ABX-treated (PND14–
PND21) male, followed by FMT (PND24–PND63) from
age-matched Tg-donor male, F_Ctr = vehicle-treated
female, and F_Abx = ABX-treated (PND14–PND21) fe-
male. n = 9–12; mice per group unless otherwise
mentioned. Data are mean ± SEM. *, P < 0.05; **, P <
0.01; ****, P < 0.0001. Scale bar in panels A, c and A, e
represents 1,000 µm and applies to all panels (A, a–e).
Detailed statistics are listed in Table S9.
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insoluble forms of Aβ1-40 and Aβ1-42 species (Fig. 1 C). While
we observed no significant differences in soluble Aβ levels in
ABX-treated male mice (Fig. S1 A), insoluble (FA–soluble) Aβ1-
40 and Aβ1-42 levels were significantly reduced in extracts from
ABX-treated male mice that were completely restored by in-
troduction of Tg-FMT (Fig. 1 C). Similar to the histopathological
studies, MSD analysis showed no significant differences in Aβ1-
40 and Aβ1-42 species between ABX- and vehicle-treated female
groups (Fig. 1 C). Taken together, these data indicate that short-
term ABX treatment influences Aβ amyloidosis in the APPPS1-21
Tg mice in a sex-specific manner.

Short-term ABX mediate alterations in fecal gut microbiota
profiles in males and females, taxa restoration with FMT in
male group
Having established that short-term ABX treatment influences
Aβ amyloidosis in the APPPS1-21 Tg mice in a sex-specific
manner, it was critical to determine the impact of ABX on gut
microbiota profiles. For this, ceca frommale and female APPPS1-
21 mice that were subjected to postnatal ABX or vehicle gavages
were collected and weighed at the time of sacrifice (9 wk of age).
As expected, the ceca of ABX-treated mice showed significantly
higher weights compared with their vehicle-treated counter-
parts (Fig. 2 A), as described previously (Dodiya et al., 2019;
Minter et al., 2017, 2016). Additionally, the cecal weights of ABX-
treated male mice that were subjected to Tg-FMT were restored
to the cecal weights of Tg male controls.

16S ribosomal RNA (rRNA) amplicon sequencing was per-
formed on fresh fecal pellets collected from individual mice at 9
wk of age, and subsequent statistical analyses were performed at
100% nucleotide identity (amplicon sequence variants [ASVs]).
Analysis of microbial α-diversity revealed significantly lower
bacterial richness in ABX-treated male and female groups
compared with their vehicle-treated counterparts (Fig. 2 B),
while differences in Shannon diversity were not significant
(Fig. 2 C). Analysis of β-diversity using the unweighted UniFrac
metric (Lozupone and Knight, 2005) identified no differences
between vehicle-treatedmale and female groups (PERMANOVA,
P = 0.164), while ABX-treated male and female groups did differ
significantly from each other (PERMANOVA, P = 0.001; Fig. 2 D).
Similar results were observed using the weighted UniFrac met-
ric, with vehicle-treated mice showing no significant differences
between the sexes (PERMANOVA, P = 0.05) and ABX-treated
mice differing significantly by sex (PERMANOVA, P = 0.001).

Analysis of composition of microbiomes (ANCOM; Mandal
et al., 2015) identified a number of ASVs whose proportion
differed significantly between ABX-treated mice and their
vehicle-treated counterparts (Fig. 2 E and Table 1). Relative to
vehicle-treated males, ABX-treated males exhibited a greater
proportion of ASVs in the order Bacteroidales (phylum Bacter-
oidetes), including Parabacteroides distasonis, Bacteroides sp.,
Odoribacter sp., Prevotella spp., as well as ASVs in the families
Paraprevotellaceae, Rikenellaceae, and S24-7. Other bacteria
found to exhibit a greater proportion in ABX-treated males
included Olsenella profus (phylum Actinobacteria) and ASVs in
the phylum Firmicutes including Lactobacillus sp., Allobaculum
sp., and family Lachnospiraceae. Helicobacter sp. (phylum

Proteobacteria) was also in greater proportion in ABX-treated
males compared with vehicle-treated males (Table 1). Bacteria
exhibiting a decrease in ABX-treated males relative to vehicle-
treated males included Bifidobacterium pseudolongum (phylum
Actinobacteria), Lactobacillus reuteri, Coprococcus sp., and Allo-
baculum sp. (phylum Firmicutes), Sutterella (phylum Proteobac-
teria), and Akkermansia muciniphila (phylum Verrucomicrobia;
Table 1). The identification of ASVs in the families Lachnospir-
aceae and S24-7 as differing significantly between vehicle-
treated and ABX-treated males supports similar findings from
our previous investigations (Dodiya et al., 2019; Minter et al.,
2017, 2016).

Many, but not all, of the ABX-associated microbial changes in
male mice were restored to the profiles observed in Tg male
mice following Tg-FMT. In particular, both vehicle and FMT-
treated males had a similar increased proportion of several
Firmicutes, including Lactobacillus reuteri, Allobaculum, and Os-
cillospira, as well as the family Lachnospiraceae. Similarly, ABX-
treated female mice showed many changes in taxa compared
with vehicle-treated female mice, but most importantly, ABX-
male and ABX-female groups showed significant differences in
several taxa (Table 1), suggesting that early-life ABX treatment
resulted in sex-specific taxa differences at the time of sacrifice.

Collectively, these data indicate that early-life ABX treatment
results in sex-specific microbiota differences at 9 wk of age and
that male Tg FMT restores these changes in ABX-treated
male mice.

Short-term ABX-mediated microbiota perturbations result in
sex-specific alterations in the morphology and activation
status of plaque-localized microglia
In our earlier report using lifelong ABX, we showed that gut
microbiota perturbations influenced microglial morphology and
transcriptome profiles in male mice only (Dodiya et al., 2019). To
investigate the status of microglial morphology in our current
model of early-life microbiota-perturbed APPPS1-21 mice, we
performed IHC studies to evaluate 3D6+amyloid plaque–
localized Iba1+microglial cells in the cerebral cortex (Fig. 3). We
collected three-dimensional (3D) Z-stacks (30 planes of Z-stack
covering 8.66-µm thickness) of high-magnification images that
allowed us to evaluate plaque-localized microglia within a 0.02-
mm2 area that contains a 3D6+amyloid plaque (Fig. 3, A and B).
Using ImageJ software (National Institutes of Health [NIH]), we
evaluated microglial cell numbers (Fig. 3 C) and microglial cell
body areas (Fig. 3 D). ABX treatment did not affect microglial cell
numbers within 0.2 mm2 of plaquemicroenvironment (Fig. 3 C),
but we observed significant differences in microglial cell body
areas in brains of mice treated with ABX versus vehicle
(Fig. 3 D); ABX treatment resulted in smaller microglial cell body
sizes only in ABX-treated male mice compared with the vehicle-
treated male cohort. Importantly, Tg-FMT introduced into ABX-
treated male mice reversed these changes to that observed in
vehicle-treatedmice. No significant differences inmicroglial cell
body areas were observed in ABX-treated female mice compared
with vehicle-treated females.

To further access the morphology of plaque-localized microg-
lia, we employed Imaris software to generate 3D reconstructions
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as established previously (Dodiya et al., 2019). The total “dendrite”
branch length and total number of branch points of plaque-
localized microglia were evaluated (Fig. 3 B, E, and F). ABX
treatment resulted in significantly longer dendritic branch lengths
in male, but not in female, mice compared with their vehicle-
treated counterparts. Similarly, dendritic branch points were
significantly higher in ABX-treated male, but not in female,

mice compared with their vehicle-treated cohorts. Further-
more, Tg-FMT into ABX-treated male mice resulted in complete
restoration of the morphological parameters to those observed
in vehicle-treated male Tg mice.

Finally, to assess the activated phagocytic state of plaque-
localized microglia, we performed IHC with antibodies specific
for myeloid cell-specific cluster of differentiation 68 (CD68)

Figure 2. Short-term ABX changes cecal weight and
fecal microbiota profile in male and female APPPS1-
21 mice at 9 wk of age. (A) Cecal weights from vehicle-
or ABX-treated male and female mice. ABX resulted in
cecal enlargement in both sexes. One-way ANOVA: F(4,
45) = 11.02, P < 0.0001. Sidak post hoc analysis showed
significantly larger cecal size in ABX-treated male (0.534
± 0.041) and ABX-treated female (0.388 ± 0.021) mice
compared with their vehicle-treated counterparts
(M_Ctr = 0.406 ± 0.019, F_Ctr = 0.292 ± 0.0113; P =
0.004, P = 0.013, respectively). FMT treatment in ABX-
treated male mice restored cecal weights (0.420 ±
0.028), similar to vehicle-treated male mice (0.406 ±
0.019; P = 0.992). (B and C) The α-diversity was mea-
sured by using observed index (B) and Shannon index
(C). Observed index showed reduced diversity in ABX-
treated male and ABX-treated female mice compared
with their vehicle-treated counterparts (Kruskal-Wallis:
P = 0.03, P = 0.01, respectively). Shannon index com-
parison showed no significant differences between
groups (P > 0.05). (D) PCoA plot generated using un-
weighted version of the UniFrac distance metric. The
two components explained 30.2% of the variance. ABX
treatment of male and female mice resulted in separate
clusters at the time of sacrifice. (E) Log2 fold change of
taxa presentation from ANCOM comparison of 16S
profile of fecal microbiota. ABX treatment resulted in
sex-specific taxa changes. Observe the flat line for
comparison between groups M_Ctr and M_Abx+FMT
and M_Ctr and F_Ctr, suggesting no major changes be-
tween these groups. M_Ctr = vehicle-treated male,
M_Abx = ABX-treated (PND14–PND21) male, M_Abx+FMT =
ABX-treated (PND14–PND21) male followed by FMT
(PND24–PND63) from age-matched Tg-donor male, F_Ctr =
vehicle-treated female, and F_Abx = ABX-treated (PND14–
PND21) female. n = 9 or 10 mice per group. Data are
mean ± SEM. *, P < 0.05; **, P < 0.01. PCoA, principal
coordinate analysis.
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Table 1. ANCOM analysis (90% threshold of detection) of fecal microbiota at 9 wk from short-term ABX and FMT study

Comparison

F_Vehicle vs.
F_ABX

Higher in vehicle Higher in Abx

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__; g__; s__ p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides; s__

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__Olsenella; s__profusa

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; g__Paraprevotella; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Firmicutes; c__Bacilli; o__Turicibacterales; f__Turicibacteraceae;
g__Turicibacter; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Ruminococcus; s__gnavus

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Coprococcus; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Ruminococcaceae;
g__Ruminococcus; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Proteobacteria; c__Deltaproteobacteria; o__Desulfovibrionales;
f__Desulfovibrionaceae; g__Desulfovibrio; s__C21_c20

p__Proteobacteria; c__Epsilonproteobacteria;
o__Campylobacterales; f__Helicobacteraceae; g__Helicobacter; s__

p__Proteobacteria; ; ; ; ;

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila

M_ABX vs.
F_ABX

Higher in males Higher in females

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__; g__; s__ p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; ; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__
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Table 1. ANCOM analysis (90% threshold of detection) of fecal microbiota at 9 wk from short-term ABX and FMT study (Continued)

Comparison

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Firmicutes; c__Bacilli; o__Turicibacterales; f__Turicibacteraceae;
g__Turicibacter; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila

M_Vehicle vs.
F_Vehicle

Higher in males Higher in females

p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__Olsenella; s__profusa

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; g__Paraprevotella; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__

p__Proteobacteria; c__Deltaproteobacteria; o__Desulfovibrionales;
f__Desulfovibrionaceae; g__Desulfovibrio; s__C21_c20

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Proteobacteria; c__Epsilonproteobacteria;
o__Campylobacterales; f__Helicobacteraceae; g__Helicobacter; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Coprococcus; s__

p__Firmicutes; c__Clostridia; o__Clostridiales;
f__Peptostreptococcaceae; g__; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Proteobacteria; ; ; ; ;

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila
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Table 1. ANCOM analysis (90% threshold of detection) of fecal microbiota at 9 wk from short-term ABX and FMT study (Continued)

Comparison

M_Vehicle vs.
M_ABX

Higher in vehicle Higher in Abx

p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__Olsenella; s__profusa

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides; s__uniformis

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Odoribacteraceae; g__Odoribacter; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7; g__;
s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Coprococcus; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; ; ; p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; g__; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Epsilonproteobacteria;
o__Campylobacterales; f__Helicobacteraceae; g__Helicobacter; s__

M_ABX vs. FMT Higher in ABX Higher in FMT

p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__Olsenella; s__profusa

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Odoribacteraceae; g__Odoribacter; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; g__Paraprevotella; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Firmicutes; c__Clostridia; o__Clostridiales; f__; g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; g__; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Coprococcus; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; g__AF12; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;
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Table 1. ANCOM analysis (90% threshold of detection) of fecal microbiota at 9 wk from short-term ABX and FMT study (Continued)

Comparison

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; ;

p__Firmicutes; c__Clostridia; o__Clostridiales;
f__Ruminococcaceae; g__Oscillospira; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7; g__;
s__

p__Firmicutes; c__Clostridia; o__Clostridiales; ; ;

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Clostridiaceae; ;

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Ruminococcaceae;
g__Ruminococcus; s__flavefaciens

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Proteobacteria; c__Betaproteobacteria; ; ; ;

p__Proteobacteria; c__Deltaproteobacteria; o__Desulfovibrionales;
f__Desulfovibrionaceae; g__Desulfovibrio; s__C21_c20

p__Proteobacteria; c__Epsilonproteobacteria;
o__Campylobacterales; f__Helicobacteraceae; g__Helicobacter; s__

p__Tenericutes; c__Mollicutes; o__RF39; f__; g__; s__

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila

M_Vehicle vs.
FMT

Higher in vehicle Higher in FMT

p__Actinobacteria; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium; s__pseudolongum

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides;

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella; s__

p__Actinobacteria; c__Coriobacteriia; o__Coriobacteriales;
f__Coriobacteriaceae; g__Olsenella; s__profusa

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Odoribacteraceae; g__Odoribacter; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Paraprevotellaceae; ;

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__

p__Firmicutes; c__Clostridia; o__Clostridiales;
f__Ruminococcaceae; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Porphyromonadaceae; g__Parabacteroides; s__distasonis

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; g__; s__

p__Proteobacteria; c__Deltaproteobacteria; o__Desulfovibrionales;
f__Desulfovibrionaceae; g__Desulfovibrio; s__C21_c20

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales;
f__Rikenellaceae; ;

p__Proteobacteria; ; ; ; ;

p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__S24-7;
g__; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__

p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Lactobacillaceae;
g__Lactobacillus; s__reuteri

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Clostridiaceae; ;

Dodiya et al. Journal of Experimental Medicine 9 of 30

Microbiota–microglia–amyloid axis in AD mice https://doi.org/10.1084/jem.20200895

https://doi.org/10.1084/jem.20200895


antigen. CD68 is primarily expressed in microglial cells within the
brain parenchyma (Fiala et al., 2002) and is commonly used as a
marker of activated phagocytic microglia (Walker and Lue, 2015);
microglia in the resting phase express very low levels of this antigen
(Lee et al., 2002). For confocal microscopy, we evaluated plaque-
localized microglia within a 0.02-mm2 area that contains a
3D6+amyloid plaque, as indicated above (Fig. 3 G). The area covered
by CD68 was quantified using the “Threshold” and “Analyze Par-
ticles” (inclusion size of 1-Infinity) functions from ImageJ within the
region of interest (0.02 mm2). Clustering of Iba1+ microglia around
3D6+ Aβ plaques was accompanied by higher CD68 immunoreac-
tivity in vehicle-treated APPPS1-21 male mice that was significantly
reduced in ABX-treated male mice (Fig. 3 H). In addition, microglia
in close proximity to plaques showed significant changes in CD68
reactivity (Fig. 3 I), while microglia away from plaques showed no
significant changes in CD68 expression following ABX treatment
(Fig. S1, B). More importantly, Tg-FMT into ABX-treated male mice
restored CD68 immunoreactivity to levels seen in vehicle-treated
mice (Fig. 3, G–I and K). The vast majority of CD68 immunoreactive
cells were microglia as evaluated by the fraction of CD68/Iba1 co-
localization measures (Fig. 3 J). Moreover, ABX did not alter CD68
immunoreactive plaque-localized microglia in female mice com-
pared with the vehicle-treated group (Fig. 3, G–K).

Collectively, these data indicate that inmalemice, short-termABX-
perturbed microbiome resulted in lower numbers of degenerative
microglia (aka DAM or MGnD, as defined by larger cell bodies, re-
duced dendritic branch lengths and branch points, and higher CD68
reactivity). These morphological phenotypes were fully restored with
Tg-FMT in ABX-treated male mice. On the other hand, short-term
ABX-perturbed microbiome had no impact on either cell body size
or dendritic morphology of plaque-localized microglia in female mice.

Short-term ABX-mediated microbiota perturbations result in
sex-specific alterations in Aβ-associated degenerative changes
To further characterize the role of microbiome-perturbed am-
yloidosis and its impact on cortical degenerative changes, we

performed IHC with antibodies specific for neurons (neurofila-
ment light chain [NF-L]), lysosomes (LAMP1), synapses (Syn-
aptophysin, PSD95), and myelin (myelin basic protein [MBP]).
The qualitative measures were evaluated by comparing lower-
magnification images of entire cerebral cortex scanned using a
slide scanner, followed by a comparison of higher-magnification
images using an SP8 confocal microscope of a randomly selected
amyloid plaque area.

First, we evaluated dystrophic axons using NF-L. NF-L, a
cytoskeleton protein, is exclusively expressed in neurons and
located primarily in axons (Bridel et al., 2019). NF-L is a marker
for active axonal injury and neuritic damage, possibly including
degenerating fibers (Bacioglu et al., 2016; Masliah et al., 1993).
Axonal pathology in AD brains can be visible in the form of
dystrophic neurites, mainly axonal swellings or dilatations, in
close proximity to Aβ plaques. Similarly, we observed NF-L
immunoreactive swollen or dilated axons in close proximity to
Aβ plaques in vehicle-treated mice that were completely absent in
ABX-treated male mice; FMT restored the neuritic damage in
ABX-treated male mice to levels seen in vehicle-treated mice
(Fig. 4 A). In contrast, female mice showed no differences in levels
of neuritic dystrophy between vehicle- or ABX-treated mice.

Second, we evaluated lysosome-associated membrane protein-
1 (LAMP1), a selective marker of late endosomes and lysosomes that
accumulates intensively around Aβ plaques (Gowrishankar et al.,
2015) and represents dystrophic axons around Aβ plaques
(Meilandt et al., 2020). Similarly, we observed higher LAMP1 im-
munolabeling, present in all Aβ plaques in vehicle-treated male
mice, while ABX treatment showed reductions in LAMP1 immu-
noreactivity that paralleled ABX-mediated reductions in Aβ amy-
loidosis (Fig. 4 B). FMT into ABX-treatedmalemice restored LAMP1
immunolabeling similar to that observed in vehicle-treated male
mice. Again, female mice showed no obvious differences in LAMP1
immunoreactivity between vehicle- and ABX-treated animals.

To investigate Aβ-related synaptic alterations as a function
of Aβ deposition and/or oligomeric Aβ species, we examined

Table 1. ANCOM analysis (90% threshold of detection) of fecal microbiota at 9 wk from short-term ABX and FMT study (Continued)

Comparison

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Lachnospiraceae;
g__Anaerostipes; s__

p__Firmicutes; c__Clostridia; o__Clostridiales; f__Ruminococcaceae;
g__Ruminococcus; s__flavefaciens

p__Firmicutes; c__Erysipelotrichi; o__Erysipelotrichales;
f__Erysipelotrichaceae; g__Allobaculum; s__

p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales;
f__Alcaligenaceae; g__Sutterella; s__

p__Proteobacteria; c__Betaproteobacteria; ; ; ;

p__Proteobacteria; c__Epsilonproteobacteria;
o__Campylobacterales; f__Helicobacteraceae; g__Helicobacter; s__

p__Tenericutes; c__Mollicutes; o__RF39; f__; g__; s__

p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales;
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila

p, phylum; c, class; o, order; f, family; g, genus, s, species.
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Figure 3. Short-term ABX alter microglial morphologies and activation status inmalemice, and FMT reverts these changes. (A) Representative images
of 3D6+ plaque (green)-localized, Iba1+ microglia (red) from M_Ctr, M_Abx, M_ABX+FMT, F_Ctr, and F_Abx groups. (B) Representative images of iMARIS 3D
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pre- and postsynaptic elements with antibodies specific for
synaptophysin (Fig. 4 C) and PSD-95 (Fig. 4 D), respectively,
using qualitative IHC comparisons. Under high magnification,
vehicle-treated male mice showed high levels of synaptophysin-
reactive swollen tortuous dystrophic neurites in close proximity
to Aβ, suggestive of Aβ-driven synaptic alterations. Interest-
ingly, ABX-treated male mice showed intact synaptophysin-
labeled structures in close proximity to Aβ plaques, while FMT
into ABX-treated animals resulted in restoration of dystrophic
synaptophysin-labeled neurites in close proximity to Aβ plaques.
Similar to the observations with the presynaptic marker, PSD95-
immunolabeling was diminished in close proximity to Aβ plaques
suggestive of Aβ-related synaptic alterations. ABX-treated male
mice showed minimal, if any, loss in the levels of PSD95-
immunoreactive structures around Aβ plaques while FMT treat-
ment reverted these changes in ABX-treated male mice. Female
mice showed no changes in either synaptophysin or PSD95-
labeled structures irrespective of vehicle or ABX treatments.

Finally, we investigated myelin abnormalities using anti-
bodies to MBP (Fig. S1 C). We observed visible loss of myelin in
close proximity to Aβ plaques (largely in the cerebral cortex and
occasionally in the corpus callosum) of the vehicle-treated male
mice, and these alterations were completely absent in ABX-
treated male mice. FMT into ABX-treated male mice resulted
in myelin abnormalities similar to vehicle-treated male mice. In
contrast, we did not observe any difference in plaque-mediated
myelin abnormalities in female mice with vehicle or ABX
treatments.

Short-term ABX treatment results in sex-specific alterations in
circulating cytokines and chemokines and Tg-FMT restores
these changes in male APPPS1-21 mice
It is well documented that the gut microbiota can influence
peripheral immune cell function and the production of plasma
levels of cytokine and chemokines (Schirmer et al., 2016). Using
a commercially available cytokine array quantibody kit (Ray-
Biotech; QAM-CYT-5), we quantified 40 cytokines and chemo-
kines in the plasma samples of mice treated with vehicle or ABX.
At 9 wk of age, numerous cytokines and chemokines showed
changes in ABX-treated male mice compared with vehicle-

treated controls, and these factors were completely restored to
levels seen in vehicle-treated Tg male mice following adminis-
tration of Tg-FMT (Fig. S2). Prominent reductions of basic fi-
broblast growth factor (bFGF) and GM-CSF in ABX-treated
males, as well as significant elevations of leptin and MIG, were
observed in plasma of ABX-treated males compared with control
cohorts. Interestingly, Tg-FMT fully restored these cytokines/
chemokines to levels observed in Tg control mice. Female mice
showed either no differences or opposite differences in levels of
these factors with ABX treatment compared with the male
groups. Additional factors also showed a trend toward increased
or decreased levels with ABX that were restored by Tg-FMT.
Remaining cytokines/chemokines in this cytokine array quan-
tibody kit (Eotaxin-1 [CCL11], Eotaxin-2 [MPIF-2/CCL24], Fas
Ligand [TNFSF6], ICAM-1 [CD54], IFN-γ, IL-1 α [IL-1 F1], IL-
1 β [IL-1 F2], IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12 p40,
IL-13, IL-17A, IL-21, LIX, MCP-1 [CCL2], MCP-5, M-CSF, MIP-
1 α [CCL3], Platelet Factor 4 [CXCL4], RANTES [CCL5], TARC
[CCL17], I-309 [TCA-3/CCL1], TNF-α, and TNF RII [TNFRSF1B])
did not show any significant differences or trends among male
or female groups. These findings suggest that short-term ABX-
perturbed gut microbiome influences circulating chemokines
and cytokines in a sex-specific manner and Tg-FMT results in
complete restoration of these levels in ABX-treated male mice.

Both Tg- and WT-FMT revert gut microbiota profiles in short-
term ABX-treated male APPPS1 mice and impact both Aβ
amyloidosis and microglial phenotypes in a similar manner
In the experiments presented above and our earlier efforts, we
employed FMT from age-matched Tg donormales (Tg-FMT) into
ABX-treated male mice in order to restore the ABX-perturbed
microbiome. While successful (Fig. 1, Fig. 2, and Fig. 3), it was
unclear whether expression of FAD-linked human PS1 or APP
transgenes and potentially the presence of oligomeric Aβ species
(see below) in the APPPS1-21 mice might have affected periph-
eral or central physiology in a manner that, in turn, influenced
production of specific metabolites that drive the observed
phenotypes. To rule out this possibility, we used the same short-
term ABX paradigm in Tg male mice followed by FMT from
age-matched non-Tg mice (WT-FMT) or Tg-FMT.

reconstruction and inserts of compressed 3D Z-stacks from M_Ctr, M_Abx, M_Abx+FMT, F_Ctr, and F_Abx. (C) ImageJ quantification of cell numbers showed
no differences in plaque-localized microglial cell numbers in M_Abx (P = 0.964) and F_Abx (P = 0.088) compared with their controls. (D) Cell body areas
measured using ImageJ showed significantly reduced Iba1+ cell body size in M_Abx compared with M_Ctr (P < 0.0001), which was restored in M_Abx+FMT
group that was similar to M_Ctr (P = 0.7926). Female mice showed no significant changes in microglial cell body area (P = 0.755). (E and F) The dendrite branch
length (E) and dendrite branch point measures (F) using iMARIS 3D reconstruction showed significantly higher mean branch length and branch points per
microglia in M_Abx compared with M_Ctr (P < 0.0001), which was restored in M_Abx+FMT, similar to M_Ctr (P = 0.8717, P = 0.8472). Female mice showed no
significant differences in both measures (P = 0.522, P = 0.958). (G) Representative images of 3D6+ plaque (purple)-localized CD68 (lysosome marker: green)
reactive Iba1+ microglial cells (red) from M_Ctr, M_Abx, M_Abx+FMT, F_Ctr, and F_Abx in the top panels and cropped inserts of each channel in the bottom
panels. (H) The fraction of CD68-reactive microglia was significantly lower in M_Abx compared with M_Ctr (P = 0.0005) and reverted in M_Abx+FMT, similar
to M_Ctr (P = 0.11). Female mice showed no significant differences (P = 0.908). (I) Microglia in close proximity to plaques showed significantly lower CD68
reactivity in M_Abx compared with M_Ctr (P = 0.0002) and reverted in M_Abx+FMT, similar to M_Ctr (P = 0.1674). Female mice showed no differences (P =
0.921). (J) Majority (∼80%) of CD68-reactive structures colocalized with Iba1+ cells, and there were no differences among any groups (P > 0.05). (K) Overall
CD68 reactivity was significantly diminished in M_Abx compared with M_Ctr (P = 0.0003) and reverted in M_Abx+FMT, similar to M_Ctr (P = 0.93). Female
mice showed no differences (P = 0.999). M_Ctr = vehicle-treated male, M_Abx = ABX-treated (PND14–PND21) male, M_Abx+FMT = ABX-treated (PND14–
PND21) male, followed by FMT (PND24–PND63) from age-matched Tg-donor male, F_Ctr = vehicle-treated female, and F_Abx = ABX-treated (PND14–PND21)
female. n = 8–10 mice per group. Data are mean ± SEM. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. Scale bars in A, j, B, e, and G, e represent 20 µm, 10 µm,
and 20 µm and apply to all panels in A, a–j, B, a–e, and G, a–e, respectively. Detailed statistics are listed in Table S9.
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Figure 4. Short-term ABX reduces Aβ-associated degenerative changes in male mice, and FMT reverts these changes in ABX-treated male mice.
(A) Representative low (a–e) and high (f–o) magnification images of 3D6+ plaque (green)-localized, NF-L (red) from M_Ctr (a, f, and k), M_Abx (b, g, and l),
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As expected, IHC using the 3D6 antibody revealed signifi-
cantly reduced Aβ amyloidosis in ABX-treated male Tg mice
compared with vehicle-treated controls (Fig. 5 A, a and b;
quantified in e), but most importantly, both WT-FMT and Tg-
FMT resulted in complete restoration of cerebral Aβ amyloidosis
in ABX-treated APPPS1-21 male mice to levels observed in
vehicle-treated mice (Fig. 5 A, a, c, and d; quantified in e).
Amyloid plaque size analysis also showed reductions with ABX
treatment and reversal with FMT treatment, independent of the
donor (Fig. 5 A, f).

Evaluation of microglia cell numbers in a 0.02-mm2 area
containing Aβ plaque showed no significant change inmicroglial
cell numbers around Aβ plaques with ABX treatment compared
with controls. However, the Tg-FMT group showed significantly
higher microglial cell numbers compared with ABX-treated
mice. Most importantly, both Tg- or WT-FMT groups showed
no significant differences in microglial cell numbers compared
with vehicle-treated Tg mice (Fig. 5 B, m). Similar to the results
above (Fig. 3 D), we observed that microglial cell size was sig-
nificantly reduced in ABX-treated mice compared with their
vehicle-treated cohorts, but ABX-treated male mice subjected to
either WT-FMT or Tg-FMT restored microglial cell body size to
that observed in controls (Fig. 5 B, n).

To investigate the microbiota profile differences between
ABX and WT- or Tg-FMT mice groups, we performed 16S rRNA
amplicon sequencing on fresh fecal pellets collected from indi-
vidual mice 1 d after completion of ABX-treatments (PND22) and
at the time of sacrifice (9 wk of age). At PND22, analysis of
microbial α-diversity revealed significantly lower bacterial
richness in all ABX groups compared with vehicle-treated male
mice (Fig. S3 A). Shannon diversity indices and evenness indices
showed no significant differences between vehicle-treated mice
compared with all ABX-treated groups (Fig. S3, B and C).
Analysis of β-diversity using the unweighted UniFrac metric
(Fig. S3 D) showed significant differences between vehicle-
treated mice and all ABX-treated groups (PERMANOVA, vehi-
cle vs. ABX: P = 0.013; vehicle vs. ABX+Tg-FMT: P = 0.012;
vehicle vs. ABX+WT-FMT: P = 0.006). As expected, no dif-
ferences were observed between all ABX-treated groups at
PND22 (PERMANOVA, ABX vs. ABX+Tg-FMT: P = 0.90; ABX vs.
ABX+WT-FMT: P = 0.60). Bray-Curtis dissimilarities showed

similar differences among all groups (Fig. S3 E). ANCOM (as
mentioned above) identified differences between control and all
ABX groups at phylum (Fig. S3 F) and species (Table S1) taxon-
omy. Altogether, these data suggest that ABX administration
during PND14–PND21 resulted in microbiota perturbations at
PND22 to all ABX groups and in a similar manner.

To further validate the efficacy of ABX and ABX+FMT
treatments, wemeasured cecal weights at the time of sacrifice at
9 wk of age (Fig. 5 C, a). As expected, ABX-treated mice showed
significantly higher cecal weights compared with the vehicle-
treated mice, and both WT- and Tg-FMT resulted in complete
restoration of cecal enlargements. At 9 wk of age, analysis of
microbial α-diversity revealed significantly lower bacterial
richness in ABX-treated males compared with their vehicle-
treated counterparts (Fig. 5 C, b), and both WT- and Tg-FMT
treated groups showed higher bacterial richness compared with
ABX-treated mice. In contrast, Shannon index showed signifi-
cantly lower diversity in ABX-treated mice only and no changes
among other groups (Fig. 5 C, c). Analysis of β-diversity using
the unweighted UniFrac metric identified no differences be-
tween vehicle-treated male, ABX+Tg-FMT, and ABX+WT-FMT
groups (PERMANOVA, vehicle vs. ABX+Tg-FMT: P = 0.053; ve-
hicle vs. ABX+WT-FMT: P = 0.062; ABX+Tg-FMT vs. ABX+WT-FMT:
P = 0.08), while ABX-treated mice were significantly different
from vehicle-treated mice (PERMANOVA, P = 0.001; Fig. 5 C, d).
ANCOM identified several taxa differences between ABX and
control groups (Table S2). Interestingly, both WT- and Tg-
FMT–treated groups showed a majority of taxa restoration
compared with ABX-treated males and similar to those ob-
served in vehicle-treated groups.

Absence of Aβ oligomers in Tg-FMT
Having demonstrated that age-matched Tg-FMT introduced into
ABX-treated male mice restores Aβ amyloidosis and microglial
phenotypes to levels seen in vehicle-treated Tg mice, we asked
whether these phenotypes might be the result of inadvertent
introduction of Aβ seeds that might be present in the fecal
slurries from Tgmice fecal pellets that could transit from the gut
to the brain and drive amyloidosis. To investigate the presence
of Aβ oligomers and fibrils in fecal samples of Tg mice at 9 wk of
age, we performed dot blot analysis using three Aβ-specific

M_Abx+FMT (c, h, and m), F_Ctr (d, i, and n), and F_Abx (e, j, and o) mice. Note the arrows in k and m indicate swollen neurites in M_Ctr andM_Abx+FMT, while
asterisk in l represents lack of swollen neurites in M_Abx. Arrowheads in n and o represent swollen dystrophic neurites in F_Ctr and F_Abx mice. (B) Rep-
resentative low (a–e) and high (f–o) magnification images of LAMP1 immunolabeled (red) dystrophic axons in close proximity to 3D6+ plaque (green) from
M_Ctr (a, f, and k), M_Abx (b, g, and l), M_Abx+FMT (c, h, and m), F_Ctr (d, i, and n), and F_Abx (e, j, and o) mice. Note the arrows in b indicate lower levels of Aβ
(green) plaques and associated LAMP1 reactivity (red) in M_Abx compared with M_Ctr (a). Majority of LAMP1 reactivity was observed around the plaques, and
Iba1+ microglia (purple) cells did not colocalize with LAMP1 (red). (C) Representative low (a–e) and high (f–o) magnification of 3D6+ plaque-localized syn-
aptophysin (a presynaptic terminal marker: red) fromM_Ctr (a, f, and k), M_Abx (b, g, and l), M_Abx+FMT (c, h, and m), F_Ctr (d, i, and n), and F_Abx (e, j, and o)
mice. Note the arrows in k and m indicate swollen dystrophic presynaptic terminals and lack of synaptophysin boutons in close proximity to Aβ plaques in
M_Ctr and M_Abx+FMT. Arrowheads in n and o represent swollen dystrophic presynaptic terminals in F_Ctr and F_Abx mice. (D) Representative low (a–e) and
high (f–o) magnification of 3D6+ plaque-localized PSD95 (a postsynaptic terminal marker: red) from M_Ctr (a, f, and k), M_Abx (b, g, and l), M_Abx+FMT (c, h,
and m), F_Ctr (d, i, and n), and F_Abx (e, j, and o) mice. Note the arrows in k and m indicate the absence of PSD95 immunoreactive postsynaptic terminals in
close proximity to Aβ plaques in M_Ctr and M_Abx+FMT. Arrowheads in n and o represent the absence of PSD95 immunoreactive postsynaptic terminals in
close proximity to Aβ plaques in F_Ctr and F_Abx mice. M_Ctr = vehicle-treatedmale, M_Abx = ABX-treated (PND14–PND21) male, M_Abx+FMT = ABX-treated
(PND14–PND21) male, followed by FMT (PND24–PND63) from age-matched Tg-donor male, F_Ctr = vehicle-treated female, and F_Abx = ABX-treated
(PND14–PND21) female. Scale bars in A, e, B, e, C, e, and D, e represent 200 µm and apply to all panels in A, a–e, B, a–e, C, a–e, and D, a–e. Scale bars
in A, j, A, o, B, j, B, o, C, j, C, o, D, j, and D, o represent 15 µm and apply to all panels in A, f–o, B, f–o, C, f–o, and D, f–o.
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Figure 5. FMT from either Tg (APPPS1-21) or WT (non-Tg littermates) male mice restores cerebral Aβ amyloidosis and microglial morphologies in
ABX-treated male mice. (A) Representative immunofluorescence images of Aβ plaque burden in the cortex of Ctr (a), Abx (b), Abx+Tg-FMT (c), and Abx+WT-
FMT (d) using anti–Aβ-specific antibody, 3D6. Quantification of Aβ burden (e) and amyloid size (f) was performed using threshold-limited particle analysis of
3D6 staining. Aβ burden (P = 0.013) and Aβ size (P = 0.0007) analyses showed a significant reduction in Abx compared with Ctr. These changes were reverted
by FMT from either Tg or non-TG (WT) age-matched donor mice into ABX-treated male mice, similar to Ctr group (P > 0.05). (B) Representative images of 3D6+

plaque (green)-localized Iba1+ microglia cells (red) from Ctr (a–c), Abx (d–f), Abx+Tg-FMT (g–i), and Abx+WT-FMT (j–l). ImageJ quantification of plaque-
localized microglial cell numbers (m) showed changes between Abx+Tg-FMT and Abx groups (P = 0.0234). Other groups showed no differences compared with
controls (P > 0.05). Cell body area measures (n) showed reduced size in Abx compared with Ctr (P < 0.0001), which was restored with FMT from either Tg or
WT donors. (C) Cecal weight analysis (a): ABX resulted in cecal enlargement (P = 0.0001), and both WT-FMT (P = 0.0004) and Tg-FMT (P = 0.0001) in ABX-
treated male mice showed significantly lower cecal weights. The α-diversity was measured using Faith phylogenetic diversity (b) and Shannon index (c). ABX
resulted in reduced Faith diversity in Abx compared with Ctr (b; Kruskal-Wallis [KW]: P = 0.0012). Both WT- and Tg-FMT showed significantly higher diversity
compared with Abx (KW: P = 0.0017, P = 0.0033), similar to Ctr (KW: P > 0.99). Shannon index showed significantly lower diversity in Abx (KW: P = 0.0009) but
no changes among other groups (c). Unweighted UniFrac PCoA plot (d): The two components explained 38.86% of the variance. Abx resulted in a separate
cluster compared with Ctr, and both WT- and Tg-FMT–transplanted Abx groups overlapped with Ctr group. (D) OC, M98, and 6E10 antibodies were used to
detect Aβ42 species. Western blot analysis of Aβ oligomers and fibers in Aβ42 solution incubated at RT for 8 d (a). Dot blot analysis of Aβ42 in fecal suspension
and Aβ42-spiked fecal suspension (b). Buffer and MilliQ water were used as negative controls, and Aβ42 (10 ng, 20 ng, 50 ng, and 100 ng) was used as positive
controls. S1–S6 represents n = 6 samples in both groups. Ctr = vehicle-treated male, Abx = ABX-treated (PND14–PND21) male, Abx+Tg-FMT = ABX-treated
(PND14–PND21) male, followed by FMT (PND24–PND63) from age-matched Tg-donor male, Abx+WT-FMT = ABX-treated (PND14–PND21) male, followed by
FMT (PND24–PND63) from age-matched non-Tg C57Bl6 donor male mice. n = 8–10 mice per group unless otherwise noted. Data are mean ± SEM. *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Scale bar in A, d represents 1,000 µm and applies to A, a–d. Scale bar in B, l represents 20 µm and applies to B,
a–l. Detailed statistics are listed in Table S9. PCoA, principal coordinate analysis.
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antibodies (OC, Kayed et al., 2007; M98, Nussbaum et al., 2012;
McLean et al., 2013; and 6E10, Thinakaran et al., 1996). We first
prepared a mixture of oligomerized Aβ42 peptides and per-
formed Western blot assays using the three antibodies. On
4–20% gradient gels, OC and 6E10 recognize monomeric, oligo-
meric, and high-molecular-weight Aβ42 aggregates, while M98
mainly recognizes high-molecular-weight Aβ42 aggregates
(Fig. 5 D, a). Fecal suspensions from six (S1–S6) non-Tg (WT) and
APPPS1-21 (Tg) animals as well as suspensions spiked with aged
Aβ42 solution (WT+Aβ42, Tg+Aβ42, Aβ42 final concentration =
100 ng/µl) were dot blotted in triplicate on nitrocellulose
membranes, and aged Aβ42 solutions (10 ng, 20 ng, 50 ng, and
100 ng) were used as positive controls and PBS or H2O was used
as negative control (Fig. 5 D, b). OC and human-specific 6E10
detected very low signals, if any, in fecal suspensions but strong
signals in Aβ42-spiked suspensions (Fig. S3 G). As mAb 6E10 is
human specific, any signals detected in the slurry from WT
animals must be nonspecific. Finally,M98, specific for Aβ fibrils,
only detected signals in spiked suspensions and with pure Aβ42.

These data suggest that the FMT from age-matched WT or Tg
male mice are, at least in this semi-quantitative assessment,
devoid of Aβ oligomers/fibrils; hence, it is highly unlikely that
the FMT-mediated restoration of Aβ amyloidosis in ABX-treated
APPPS1-21 mice is driven by nucleation by Aβ seeds present in
the fecal slurries.

Transcript levels of cortical mRNAs are altered in short-term
ABX-treated male mice and largely restored with Tg-FMT
We extracted RNA from the dorsal cerebral cortex of cohorts of
male and female APPPS1-21 Tg mice subject to vehicle or short-
term ABX and then analyzed transcriptome changes using RNA
sequencing (RNA-seq) at the time of sacrifice. Principal com-
ponent analysis (PCA) revealed sex-specific differences in ve-
hicle- and ABX-treated APPPS1-21 groups (Fig. 6 A). Here, we
observed marked differences in gene expression between
vehicle-treated male and female groups (n = 1,148 differentially
expressed genes [DEGs]; false discovery rate [FDR]–P < 0.05;
Fig. 6 B). We used a metascape gene ontology (GO) analyses
platform to assign biological relevance to a set of higher (Fig. 6
C, a) and lower (Fig. 6 C, b) transcripts. Compared with the male
group, female mice showed higher expression of genes associ-
ated with metabolic process (GO1901615), tissue morphogenesis
(GO0048729), and many others (Fig. S3 H) and lower expression
of genes associated with behavior (GO0007610), chemical
synaptic transmission (GO0050804), synapse organization
(GO0050808), and other neuronal- or neurotransmitter-
related pathways (Fig. S3 H). ABX treatment resulted in sig-
nificant alterations in the male cohort (n = 940 DEGs; 599 were
up-regulated and 341 were down-regulated in ABX-treated
male mice; FDR-P < 0.05; Fig. 6 B), while the female mice
did not show major changes between groups (n = 1 DEG; FDR-
P < 0.05; Fig. 6 B). Most importantly, Tg-FMT in ABX-treated
male mice restored the majority of transcriptome changes to
those seen in vehicle-treated males (n = 73 DEGs; 21 signifi-
cantly lower and 52 significantly higher compared with male
control; FDR-P < 0.05; Fig. 6, B, and D). Interestingly, when com-
pared with vehicle-treated males, ABX-treated males showed lower

expression of genes associated with multiple pathways related to
the immune system. Specifically, microglial cell activation
(GO0001774), antigen processing and presentation of peptide
antigen (GO0048002), inflammatory response (GO0006954),
positive regulation of leukocyte migration (GO0002687), my-
eloid leukocyte migration (GO0097529), cell activation involved
in immune response (GO0002263), microglia development
(GO0014005), negative regulation of IL-2 biosynthesis (GO0045085),
negative regulation of B cell activation (GO0050869), and others
(Fig. 6 E, a; and Fig. S3 I). Moreover, genes associated with mi-
croglia activation, including Aif1, App, C1qa, Cst7, Cx3cr1, Tyrobp,
Tlr2, and Trem2, were significantly down-regulated (Fig. 6 E, a;
Table S3). Upon expansion of this highly ranked category, we
detected several cytokine production pathways (IL-1B, IL-10,
IL-6, TNF-superfamily, IFN-γ: GO:0032652, GO:0032675, GO:
0001817, GO:0032731, GO:0032635, GO:0001819, GO:0032612,
GO:0032732, GO:0032755, GO:0001816, GO:0032653, GO:
0042533, GO:0032651, GO:0032680, GO:1903555, GO:0042035,
GO:0071706, GO:0042535, GO:0042089, GO:0032760, GO:1903557,
GO:0042107, GO:0032640), macrophage activation (GO:0002281,
GO:0042116), leukocyte activation (GO:0002269, GO:0002274), and
detection of external biotic stimulus (GO:0098581, GO:0009595)
associatedwith lower expression of genes in ABX-treatedmalemice
(Table S3). These pathways were also among the highly ranked
pathways associated with lower gene expression in ABX-
treated male mice when this dataset was evaluated using GO
enrichment analysis and visualization tool (GOrilla; Eden et al.,
2009) online services (Fig. S3 J). Molecular functions associated
with lower expression of lysosomal genes (mmu04142), in-
cluding Abca2, Cd68, Ctsd, Ctss, Hexb, Idua, Laptm5, Atp6v0a2,
Naglu, Ctsz, Gusb, Slc17a5, and Gnptab, were highly ranked.
Additionally, ABX-treated male mice showed higher expres-
sion of genes associated with many pathways, including Ras
GTPase-binding (GO0017016), ensheathment of neurons
(GO0007272), subgroups of gliogenesis (GO0042063), glial cell
differentiation (GO0010001), oligodendrocyte differentiation
(GO0048709), and astrocyte differentiation (GO0048708; Table
S4). Most importantly, these pathways were specific to the ABX-
treated male versus vehicle-treated male comparisons and were
not enriched in the vehicle-treated female versus vehicle-treated
male or ABX+FMT–treated male versus vehicle-treated male
groups (Fig. S3 H).

In addition to the 9 wk of ABX and vehicle comparisons in Tg
male mice (Fig. 6), we investigated the transcriptome profiles in
Tg male and non-Tg male littermates 3 d after cessation of
treatment (PND24). In this study, animals (non-Tg littermates
and Tg male mice) were administered ABX or vehicle (PND14–
PND21) and were sacrificed at PND24. RNA-seq analysis was
performed on RNA from the dorsal cerebral cortex as above.
ABX treatment showed changes in DEGs in a genotype-
dependent manner (Tg_M_Ctr vs. Tg_M_Abx: n = 208 DEGs;
FDR-P < 0.05; Table S5; and nonTg_M_Ctr vs. nonTg_M_Abx:
n = 79 DEGs; FDR-P < 0.05; Fig. S4 A and Table S6). Metascape
pathway analyses of significantly lower and higher DEGs re-
vealed several pathways that were affected in ABX-treated Tg
male mice compared with vehicle-treated Tg male mice at
PND24 (Fig. S4 B). MHC class ll antigen presentation (R-MMU-
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Figure 6. Short-term ABX results in sex-specific changes of cortical transcriptome profiles. (A) PCA plot of cerebral cortex transcriptomes. n = 6 mice
per group. (B) Gene overlap analysis showing number of significantly different genes. Note the numbers of significant DEGs were the highest between sexes
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2132295) was the topmost pathway associated with reduced
DEGs in ABX-Tg male mice, suggestive of reduced microglial or
astrocytic priming at PND24 age (Das and Chinnathambi, 2019)
and could be related to reduced microglial cell activation ob-
served in ABX-Tg male mice at 9 wk of age (GO:0001774; Fig. 6
E). Up-regulation of MHC class II is an early sign of microglia
activation in response to central nervous system (CNS) injury
(Aloisi et al., 2000).

We then asked whether the sex-specific transcriptome dif-
ferences (Fig. 6) observed herein, and as reported previously
(Dodiya et al., 2019), are specific to the APPPS1-21 Tg line by
examining the dorsal cortical transcriptome of cohorts of non-Tg
male and female mice subject to ABX or vehicle treatment from
PND14 to PND21 and sacrificed at 9 wk of age. As observed
above, ABX treatments resulted in sex-specific group differences
as shown in a PCA plot (Fig. S4 C). Marked differences in gene
expression were observed between ABX- and vehicle-treated
non-Tg male mice (n = 1,808 DEGs; FDR-P < 0.05; Fig. S4, D
and E; and Table S7), while non-Tg female mice showed no
major changes between ABX- and vehicle-treated groups (n =
1 DEG; FDR-P < 0.05; Fig. S4 D and Table S8).

Collectively, our RNA-seq data from Tg and non-Tg studies
suggest that early life perturbations of the gut microbiome alter
the cortical transcriptome profile in a sex-specific manner.
Specific to Tg APPPS1-21 male mice, ABX treatment results in
alterations in cortical transcripts that are associated with mi-
croglia priming or activation at both PND24 and 9 wk of age.
Most importantly, Tg-FMT restored the majority of transcrip-
tional readouts observed in the ABX-treated Tg-male mice group
to levels observed in vehicle-treated animals at 9 wk of age.
These transcriptome changes related to microglial physiology
suggest that microglia play a central role in driving the patho-
logical and physiological phenotypes that are observed in the
short-term ABX treatment paradigm used herein.

Microglia play an essential role in mediating short-term ABX-
perturbed microbiome’s effect on Aβ amyloidosis
The mechanism(s) by which Tg- or WT-FMT restores Aβ amy-
loidosis in ABX-treated male mice is unclear. However, we have
clearly demonstrated that ABX-treated male mice show signifi-
cant effects on microglial gene expression and morphology. To
determine the role of microglia inmodulation of Aβ amyloidosis,
we used an established strategy to deplete microglia in the brain
(Dagher et al., 2015). Microglia originate from the yolk sac and
colonize the CNS during early development through the action

of CSF1, which regulates proliferation, differentiation, and
function of macrophage lineage cells through binding to its
specific receptor, CSF1R (Erblich et al., 2011). Under physiolog-
ical conditions, microglia are the principal cells in the CNS that
express CSF1R (Erblich et al., 2011), and PLX5622, a potent in-
hibitor of CSF1R tyrosine kinase activity (inhibitory constant =
5.9 nM) with more than 50-fold selectivity over a panel of 230
kinases, depletes over 98% of microglia in mice treated for 7 d
(1,200 mg/kg in chow; Dagher et al., 2015). Additionally, mi-
croglia elimination leads to no discernable deficits in behavior or
learning and memory in the tasks tested (Dagher et al., 2015;
Elmore et al., 2014). We used our established short-term ABX
paradigm, wherein ABX groups received a high-dose ABX
cocktail from PND14 to PND21. ABX+FMT groups were gavaged
with ABX in a similar fashion, followed by Tg-FMT from PND24
till the time of sacrifice. Microglial depletion groups received
PLX5622 chow starting 3 d after vehicle/ABX treatments
(PND24), with or without FMT gavages (PND24 till time of sac-
rifice). Mice were sacrificed at 9 wk or 3mo of age to evaluate the
role of microglia in microbiome-mediated cerebral amyloidosis.
Efficacy of the ABX treatment was confirmed using cecal weights
at the time of sacrifice at both 9 wk (Fig. 7 A) and 3 mo of age
(Fig. 7 B). As expected, ABX-treated mice showed significantly
larger ceca compared with their vehicle-treated counterparts at
both 9 wk and 3 mo of age. Compared with ABX-treated mice,
FMT into ABX-treated mice resulted in a reduction of cecal
weight to that observed in vehicle-treated mice.

PLX5622 treatment of APPPS1-21 mice for 9 wk resulted in
>98% elimination of microglia throughout the cerebral cortex
compared with control diet–treated groups (Fig. 7 C, a–f). As
expected, IHC revealed significantly lower levels of 3D6+ amy-
loid plaques in ABX-treated male mice (Fig. 7 D, b; quantified in
g), and Tg-FMT significantly elevated Aβ amyloidosis in the
ABX-treated animals (Fig. 7 D, c; quantified in g). Importantly,
PLX5622-mediated elimination of microglia resulted in signifi-
cantly lower Aβ plaque burden (Fig. 7 D, d; quantified in g).
These levels were similar to the levels observed in the control
diet–treated ABX group (Fig. 7 D, b; quantified in g). All PLX5622
diet–treated groups showed no differences in Aβ deposition
(Fig. 7 D, d–f; quantified in g), with amyloid burden closer to zero
compared with the control diet–treated vehicle group. The ab-
sence of Aβ burden (floor effect) among all PLX groups impeded
our investigations of a potential microglial role in established
microbiome-driven Aβ amyloidosis in this 9-wk-old cohort.
Hence, we chose to perform a longer-term PLX study wherein

(n = 1,148 DEGs: M_Ctr vs. F_Ctr). ABX treatment in male groups showed higher number of DEGs (n = 940, M_Ctr vs. M_Abx) compared with the female groups
(n = 1 DEG, F_Ctr vs. F_Abx). Only 73 DEGs were significantly different between M_Ctr vs. M_Abx+FMT, suggesting that FMT restored the transcriptome
profiles in M_Abx mice to those of M_Ctr group. (C) Heatmap of DEGs (FDR-P < 0.05) between M_Ctr and F_Ctr with clusters (left). 504 DEGs were sig-
nificantly lower (a), and 644 DEGs were significantly higher (b) in F_Ctr compared with M_Ctr. Each column is an individual animal, n = 6 mice per group.
(D) Heatmap of DEGs (FDR-P < 0.05) between M_Ctr and M_Abx with clusters (left). 341 DEGs were significantly lower (a), and 599 DEGs were significantly
higher (b) in M_Abx compared with M_Ctr. Compared with M_Ctr, M_Abx+FMT showed 73 DEGs (55 DEGs were higher, and 21 DEGs were lower) that were
significantly different. Each column is an individual animal, n = 6 mice per group. (E) GO biological processes, molecular functions, and KEGG pathways analysis
based on the DEGs (FDR-P < 0.05) between M_Ctr and M_Abx groups. Panels show heatmap of top 20 down-regulated pathways (a), while b shows top
20 down-regulated pathways in M_Abx compared with M_Ctr using Metascape. M_Ctr = vehicle-treated male, M_Abx = ABX-treated (PND14–PND21) male,
M_Abx+FMT = ABX-treated (PND14–PND21) male, followed by FMT (PND24–PND63) from age-matched Tg-donor male, F_Ctr = vehicle-treated female, and
F_Abx = ABX-treated (PND14–PND21) female. GTPase, guanosine triphosphatase.
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Figure 7. PLX5622-induced microglia depletion fails to reduce amyloidosis in ABX-treated male mice. (A–F) Male mice were assigned to vehicle
(PND14–PND21), ABX (PND14–PND21), or ABX+FMT (ABX [PND14–PND21]+FMT [PND24–until sacrifice]) groups that were subjected to control or PLX5622
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mice received similar treatments as indicated above until the
time of sacrifice at 3 mo of age. Similar to PLX5622-treated male
mice at 9 wk of age (Fig. 7 C, d–f), PLX5622-treated male mice at
3 mo of age also showed depletion of microglia around the ma-
jority of Aβ plaques in the cerebral cortex comparedwith control
diet–treated mice (Fig. 7 E, a–f). We continuously observed
similar beneficial effects of ABX at 3 mo of age, and FMT showed
complete reversal of amyloidosis (Fig. 7 F, a–c; quantified in g).
Interestingly and in contrast to the results observed in mice
treated with PLX5622 for 9 wk (Fig. 7 D), PLX5622 diet–treated
mice showed no significant differences in amyloid burden
compared with control diet–treated mice at 3 mo of age (Fig. 7 F,
a and d; quantified in g). Most importantly, ABX administration
(Fig. 7 F, e) showed no significant changes in amyloidosis after
PLX5622 treatment compared with either control diet–treated
(Fig. 7 F, a) or PLX5622 diet–treated (Fig. 7 F, d) vehicle groups
(Fig. 7 F, quantified in g). It is noteworthy that the remaining
plaques in PLX5622-treated mice at 9 wk (Fig. 7 C) and 3 mo of
age (Fig. 7 E) are reminiscent of the plaque morphologies ob-
served in TREM2-deficient mice (Ulland et al., 2017) and in
5XFAD mice treated with PLX5622 (Spangenberg et al., 2019),
settings in which plaques exhibit a spiculed, less-compacted
structure. These data suggest that microglial cells play a criti-
cal role in mediating the ABX-driven lowering of cerebral Aβ
amyloidosis.

Discussion
A series of preceding efforts from our group has demonstrated
that male APPPS1-21 mice treated with ABX throughout life had
reductions in levels of deposited Aβ peptides and alterations in
the morphology and transcriptional readouts of cortical mi-
croglia, suggestive of an M0, homeostatic signature, compared
with male APPPS1-21 mice treated with vehicle (Dodiya et al.,
2019). Moreover, FMT frommale APPPS1-21 mice into long-term
ABX-treated male APPPS1-21 mice leads to a partial restoration
of Aβ deposition and microglial transcriptional signatures as-
sociated with a neurodegenerative MGnD phenotype that is a
feature of control APPPS1-21 mice at the time of sacrifice (Dodiya

et al., 2019). In view of the demonstration that FMT only leads to
partial restoration of Aβ deposition in long-term ABX-treated
animals, we surmised that ABX in the drinking water likely
eliminated specific bacterial species and/or their metabolites in
the FMT that might be critical for driving Aβ pathology. To
address this issue, we chose to employ a paradigm that we
previously demonstrated as resulting in lowering Aβ burden in
male APPSWE/PS1DE9 mice (Minter et al., 2017). Using this short-
term ABX paradigm, wherein APPPS1-21 mice were subjected to
oral gavage only at PND14–21, then housedwith regular drinking
water till the time of sacrifice, we now demonstrate that short-
term ABX treatment results in reduced Aβ amyloidosis and al-
tered microglial phenotypes in APPPS1-21 male mice. To these
findings, we now offer several additional insights that
strengthen our hypothesis that the gut microbiota play an
important, albeit presently mechanistically silent, role in the
regulation of Aβ amyloidosis and microglial physiology. First,
short-term ABX treatment leads to reductions in levels of FA–
soluble and deposited Aβ peptides only in male animals, and
FMT, devoid of Aβ fibrils, from either Tg or WT age-matched
donor male mice leads to complete restoration of these levels.
Second, sex-specific differences in bacterial taxa are readily
apparent following short-term ABX treatment at 9 wk of age.
Third, at the time of sacrifice, we observed that the morphology
of plaque-associated microglia in male, but not female, APPPS1-
21 mice treated with short-term ABX is markedly altered, sug-
gestive of a homeostatic M0 phenotype, and that FMT frommale
APPPS1-21 mice fully reverts these phenotypes to an MGnD/
DAM state that is observed in mice treated with vehicle. Fourth,
Aβ amyloidosis–related apparent degenerative marker changes
(neuritic loss, axonal dysfunction, synaptic loss, and myelin loss)
were drastically reduced in ABX-treated male mice, and FMT
reverted these changes in ABX-treated male mice. Fifth, tran-
scriptomic analysis of total cortical RNA revealed that short-term
ABX treatment of male mice leads to modulation of microglial
activation and development pathways, as described earlier
(Erny et al., 2015), and that ABX-treated mice provided with
FMT leads to a restoration of these transcript levels to those
seen in control mice. Finally, we assessed the contribution of

diet (PND24–until sacrifice) and sacrificed at 9 wk of age (A, C, and D) or 3 mo of age (B, E, and F). At both 9 wk (A) and 3 mo (B) of age, ABX resulted in cecal
enlargement in control and PLX groups, while Abx+FMT showed cecal weights similar to controls. (C) Representative high magnification (a–f) images of 3D6+

plaque (green)-localized Iba1+ microglia (red) from Ctr (a and d), Abx (b and e), and Abx+FMT (c and f) male mice that were assigned to a control (a–c) or
PLX5622 (d–f) diet. Note the complete absence of microglia and altered plaque morphology in PLX5622-treated groups (d–f). (D) Representative images of
3D6+ Aβ plaques in Ctr (a and d), Abx (b and e), and Abx+FMT (c and f) groups assigned to a control (a–c) or PLX5622 (d–f) diet. Quantification of Aβ plaque
burden using threshold-limited particle analysis of 3D6+ staining is shown in g. ABX treatment resulted in significant reduction of amyloid burden only in
control diet–treated mice, and FMT reverted these changes similar to control group. No significant differences in amyloid burden were observed among
PLX5622 groups. (E) Representative high-magnification (a–f) images of 3D6+ plaque (green)-localized Iba1+ microglia (red) from Ctr (a and d), Abx (b and e), and
Abx+FMT (c and f) male mice that were assigned to a control (a–c) or PLX5622 (d–f) diet. Note the complete absence of microglia and altered plaque
morphology in PLX5622-treated groups (d–f). (F) Representative images of 3D6+ Aβ plaques in Ctr (a and d), Abx (b and e), and Abx+FMT (c and f) male mice
that were assigned to a control (a–c) or PLX5622 (d–f) diet. Quantification of Aβ plaque burden using threshold-limited particle analysis of 3D6+ staining is
shown in g. ABX-treatment showed significant reduction in amyloid burden only in control diet–treated groups, and FMT reverted these changes similar to
control group. No differences in amyloid burden were observed among PLX5622 diet–treated groups (P > 0.99). Plaque size quantification (h) showed
significant differences within control diet–treated groups. Ctr = vehicle-treated male, Abx = ABX-treated male, Abx+FMT = ABX-treated male with FMT from
age-matched Tg donor male mice, PLX = PLX5622 diet–treated vehicle-gavaged mice, PLX+Abx = ABX-treated male mice on PLX5622 diet, PLX+Abx+FMT =
ABX-treated male with FMT from age-matched Tg donor male mice on PLX5622 diet. n = 8–10 mice per group. Data are mean ± SEM. *, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001. Scale bars in C, f and E, f represent 15 µm and apply to C, a–f and E, a–f, while scale bars in D, f and F, f represent 1,000 µm and
apply to D, a–f and F, a–f. Detailed statistics are listed in Table S9.
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microglia to ABX-mediated, reduced Aβ amyloidosis in APPPS1-
21 mice at 9 wk and 3 mo of age. We now report that short-term
ABX fails to reduce Aβ amyloidosis following CSF1R antagonist–
mediated elimination of microglia. Collectively, our studies
strengthen our previous findings that the microbiome plays an
important role in sex-specific modulation of Aβ amyloidosis in
the APPPS1-21 model and that microglia play an essential role in
mediating the effects of ABX-perturbed microbiome on cerebral
amyloid deposition in male mice.

Our current findings and those reported earlier (Dodiya et al.,
2019) document sex-specific differences in ABX-perturbed
microbiome-mediated alterations of Aβ deposition and micro-
glial phenotypes. Absent mechanistic explanations for these
observations, we have shown considerable differences in the
microbiome of male versus female animals treated with ABX,
and it is tempting to speculate that these differences might
underlie the sex-specificmodulation of cortical Aβ pathology and
microglial phenotypes. One such taxon, Akkermansia muciniphila,
consistently resulted in higher abundance in ABX-treated female
mice compared with vehicle-treated female animals, while
at lower abundance in ABX-treated male compared with
vehicle-treated male mice in the current and previous reports
(Dodiya et al., 2019), suggesting a potential involvement of
this taxon in the observed differences in amyloidosis. Akker-
mansia has been shown to be associated with various neuro-
degenerative disorders (Keshavarzian et al., 2015; Jangi et al.,
2016; Berer et al., 2017; Engen et al., 2017). However, the exact
role(s) of A. muciniphila (and other significantly different
taxa) on Aβ deposition and microglial phenotypes can only be
determined using transplantation studies using selected bac-
teria or a combination of strains in well-characterized GF or
pseudo-GF mouse models of Aβ amyloidosis. Additionally,
sex-specific gut microbiota differences have been reported
due to hormonal effects (Org et al., 2016) that are strain depen-
dent. In addition, the gut microbiome may mediate sex-
differences in host physiology (Weger et al., 2019) and diseases,
including autoimmunity (Yurkovetskiy et al., 2013), liver cancer
(Xie et al., 2017), metabolic disorders (Peng et al., 2020), and
potentially neurodegenerative diseases (Cox et al., 2019). It will
be critical to assess the impact of ABX-mediated differences in
the sex-specific microbiome on cortical Aβ pathology and mi-
croglial phenotypes using GF AD models as well as in ovariec-
tomized or masculinized models to address bacterial strain
effects on brain physiology in a sex-dependent manner.

It is plausible that altered peripheral inflammation in ABX-
treated male mice exerts effects on microglia, thus leading to
reduced amyloidosis compared with ABX-treated female mice;
several reports have invoked an involvement of peripheral in-
flammation in central inflammation (Perry et al., 2007;Wendeln
et al., 2018). In this regard, either gut microbiota (Dorrestein
et al., 2014; Ivanov et al., 2009) or microbial metabolites
(Wikoff et al., 2009) could affect peripheral immune cells to
modulate mucosal immune responses (Kamada et al., 2013;
Mazmanian et al., 2005) and systemic immunity (Belkaid and
Naik, 2013). Specifically, we herein report that ABX-treated
male mice exhibited significant reductions in levels of bFGF
and GM-CSF and increased levels of leptin and MIG in plasma.

Most importantly, FMT into ABX-treated males restored the
levels of these factors in the plasma to those observed in vehicle-
treated male animals. In this regard, bFGF, a growth factor se-
creted by macrophages and brain resident glial cells, was shown
to affect Aβ pathophysiology (Gómez-Pinilla et al., 1990), pos-
sibly via glial interactions (Quon et al., 1990). GM-CSF is a well-
characterized pro-inflammatory factor that was shown to have
direct effects on microglial activity/proliferation (Giulian et al.,
1994; Zaheer et al., 2007), and anti–GM-CSF antibody delivered
into the brains of Tg2576 mice resulted in altered microglial
activity and reduced levels of Aβ1-42 (Manczak et al., 2009).
Thus, it is not inconceivable that reduction in levels of bFGF and
GM-CSF in the periphery could influence microglial activity
that, in turn, might affect amyloidosis outcomes in ABX- and
ABX+FMT–treated mice. MIG (CXCL9) is another chemokine
that is considered to play a role in the interplay between neurons
and glial cells, but very few studies (Lee et al., 2008) have ex-
plored the role of this chemokine in Alzheimer’s subjects or
mouse models. Leptin, an adipocytokine produced in both the
periphery and centrally, is proposed to have beneficial effects on
Aβ amyloidosis (reviewed in Marwarha and Ghribi, 2012); de-
livery of leptin into the brains of APPSWEPS1ΔE9 mice reduced Aβ
pathology, and it was suggested that the mechanism involved
enhanced microglial phagocytosis (Pérez-González et al., 2014).
Future studies using brain-impermeant CSF1R-antagonists, such
as PLX73086, that deplete peripheral myeloid cells (Bellver-
Landete et al., 2019) may allow us to delineate the potential
role of peripheral CSF1R-expressing cells on microglial function
in our model.

It should be noted that Sun et al. (2019) recently reported that
6-mo-old APPSWEPS1ΔE9 mice treated with ABX for 3 d and
subsequently provided with WT-FMT daily for a month resulted
in lower levels of Aβ pathology and decreased τ phosphorylation
compared with APPSWEPS1ΔE9 at 7 mo of age. In addition, this
study also showed that WT-FMT into 6-mo-old APPSWEPS1ΔE9

mice also increased levels of PSD95 and synapsin l. In contrast,
we show that ABX (PND14–PND21) results in reduced amyloi-
dosis in APPPS1-21 mice. Additionally, in our efforts to restore
microbiota by either WT or Tg-FMT, we observed a restoration
of pathology with both WT-FMT and Tg-FMT groups, which is
contradictory to observed reduction in pathology with WT-FMT
in APPSWEPS1ΔE9 at 7 mo of age. There are several important
differences between the two studies that explain the discrepant
results: (1) difference in ABX regimens; ABX administration at
PND14–PND21 versus 6 mo (Sun et al., 2019); this is important to
emphasize, as it is well established that the commensal micro-
biome perturbation during the postnatal developmental time
frame represents a crucial developmental window by which
microbiota–host interactions mediate immuno- and neuro-
development that may impact host physiology in later life (Cox
et al., 2014; Hansen et al., 2013, 2012; Tognini 2017); (2) the
APPSWEPS1ΔE9 mice develop pathology between 6 and 7 mo,
while the APPPS1-21 mice develop pathology by 6–7 wk; (3) the
transgenes in the APPSWEPS1ΔE9 are driven by a mouse prion
protein promoter that is expressed widely in the periphery and
in the CNS, while the transgenes expressed in the APPPS1-21
mice are driven by the neuronal-specific Thy1 promoter; it is

Dodiya et al. Journal of Experimental Medicine 21 of 30

Microbiota–microglia–amyloid axis in AD mice https://doi.org/10.1084/jem.20200895

https://doi.org/10.1084/jem.20200895


conceivable that expression of the transgenes in peripheral cells
might influence the overall outcomes; and (4) the APPSWEPS1ΔE9

mice exhibit age-dependent changes in microbiota with de-
creased diversity as a function of age (Chen et al., 2020), while
we do not observe any differences in microbiota profiles be-
tween WT (non-Tg littermates) and Tg–APPPS1-21 mice at
PND22 or 7 wk of age (Fig. S5), thus making it very difficult to
compare the two studies.

The mechanism(s) by which ABX modifies microglial tran-
scriptional signatures (Dodiya et al., 2019) and morphology
(Dodiya et al., 2019; Minter et al., 2017, 2016) and reduces Aβ
amyloidosis specifically inmale animals is not entirely clear. It is
well established that the postnatal developmental time frame is
where the commensal microbiome perturbations can affect host
immune responses (Hansen et al., 2013) and neurodevelopment
(Borre et al., 2014). In this regard, the microbiota have been
shown to affect microglia maturation (Erny et al., 2015), and it
has been established that microglia have an innate immune
memory (Wendeln et al., 2018). Taken together with the finding
that the median half-life of microglia in the mouse brain is
∼15–18 mo (Füger et al., 2017), it is highly conceivable that the
microglial response to amyloid through alterations in the mi-
crobiome that occur in short-termABX-treatedmalemice can be
sustained for almost the entire lifetime of the animal. It is clear
that microglia exhibit a unique M0 homeostatic molecular and
functional signature in the healthy brain (Butovsky et al., 2014;
Gautier et al., 2012; Hickman et al., 2013) and become neurotoxic
or neurodegenerative (MGnD type) in disease conditions (aka
DAM). Hence, it is plausible that perturbations of the micro-
biome in early life could affect microglial priming and matura-
tion. Supporting this notion, our unbiased RNA-seq analysis
(Table S3) revealed significant reductions in expression of mi-
croglial sensome genes (P2ry12, P2ry13, Gpr34, Cx3cr1, Ccr5, C3ar1,
Ly86, Cd68, Trem2, Cd180, Tlr2, Clec7a, Itgam, Siglech, Cd33, Cd52,
Cd84, Lag-3, Ptprc, Tnfrsf13b, Cd53, and Slamf9; Table S3) com-
pared with the top 100 microglia sensome genes reported by
Hickman et al. (2013). Most importantly, none of these microglia
sensome genes were highly expressed in ABX-treated male mice
(Table S4), suggesting that microglial maturation could be im-
pacted in our pseudo-GF APPPS1-21 male mice. Among these,
22% of the down-regulated sensome genes were genes sensing
apoptotic neurons (Trem2); substances released following neu-
ronal injury, such as nucleotides and adenosine, and molecules
expressed in the cell surface (Siglech) and soluble chemokine and
related receptors (Ccr5, Cx3cr1, C3ar1), and proteins involved in
sensing bacterial ligands (Ly86, Cd68, Tlr2, Cd180, Clec7a;
Hickman et al., 2013). Additionally, caspase-3 and caspase-7
genes were significantly lower in ABX-treated male mice. In-
terestingly, inhibition of the caspase-3/7 pathway was shown to
effectively block microglial activation (Burguillos et al., 2011).
Importantly, GO term analysis revealed significantly reduced
immune activity–related pathways (i.e., microglial cell activation
[GO0001774], antigen processing and presentation of peptide
antigen [GO0048002], inflammatory response [GO0006954],
positive regulation of leukocyte migration [GO0002687], mye-
loid leukocyte migration [GO0097529], cell activation involved
in immune response [GO0002263], microglia development

[GO0014005], negative regulation of IL-2 biosynthesis [GO0045085],
and negative regulation of B cell activation [GO0050869] pathways)
in our ABX-treated APPPS1-21 malemice. While comparing these
gene expression patterns would support the notion that mi-
croglia in ABX-treated male mice exhibit immature microglial
phenotypes that lead to enhanced phagocytosis and clearance of
extracellular Aβ oligomers or deposited Aβ, these conclusions
need to be tempered by the fact that our transcriptional and
morphological readouts are biased to analyses made at the time
of sacrifice, where Aβ deposition is significantly diminished and
microglia appear to have adopted an M0 phenotype. Unfortu-
nately, we currently have no information pertaining to the
temporal dynamics of microglia–Aβ interactions, and it will be
essential to extend these studies using two-photon imaging in
living animals that will allow us to visualize, at a temporal level,
microglial maturation, migration, microglial–plaque interac-
tions, and dynamics and to ask critical questions pertaining to
plaque seeding, growth, and clearance.

The most provocative finding of our current studies is the
demonstration that microglia play an important role in driving
ABX-mediated reductions of Aβ in male APPPS1-21 mice. The
mechanism(s) underlying this fascinating result remains to be
established, but we offer several scenarios. Spangenberg et al.
(2019) have reported that CSF1R-mediated depletion of microglia
impairs parenchymal plaque deposition in the 5XFAD mouse
model with rare ThioflavinS+ core plaques only observed in
areas in the brain (i.e, the subiculum, where a subpopulation of
CSF1R-resistant microglia remain). Microglial repopulation fol-
lowing removal of PLX5622 leads to robust levels of ThioS+

plaques, suggesting that microglia are critical for plaque seeding.
Consistent with the view shared by Spangenberg et al. (2019), it
is not inconceivable that microglia ingest low levels of Aβ (or
oligomeric Aβ species that are “invisible” by IHC approaches)
and concentrate these in acidic vesicles, including lysosomes,
leading to conformational changes that drive nucleation. These
seeds are subsequently released into the extracellular space via
exocytic vesicles or by Aβ-induced death of microglial cells, as
has been demonstrated by Baik et al. (2016). Alternatively, and
has been suggested by Venegas et al. (2017), Aβ that is sensed by
microglial pattern-recognition receptors leads to pathological
innate immune activation of the NLRP3 inflammasome that
recruits the adaptor protein ASC, which triggers helical fibrillar
assembly of ASC. These ASC fibrils then recruit the effector
caspase-1, leading to autoproteolytic activation and subsequent
assembly of ASC fibrils into large ASC specks. In mouse mac-
rophages, ASC specks recruit and activate caspase-1, which in-
duces maturation of the cytokine IL-1β and pyroptotic cell death
(Franklin et al., 2014). The presence of extracellular ASC specks
can then cross-seed Aβ (Venegas et al., 2017).

How does the presence of microglia reduce Aβ amyloidosis in
ABX-treated male mice? We now offer a highly speculative
model: microglia ingest Aβ to generate highly aggregated Aβ
species that impose an enormous cellular metabolic burden as
the microglia attempt to degrade these recalcitrant protein ag-
gregates. This ultimately leads to the demise of the microglial
cell. The extracellular, highly aggregated Aβ peptides are then
reingested by microglia that migrate to these deposits, and the
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process continues. This “capture-release-recapture” model was
originally posited to explain the observation that tattoo pigment
particles persist for indefinite periods of time and are resistant
to clearance (Baranska et al., 2018). Tattoo pigments are pri-
marily metal salts in the submicrometer range, and those that
remain at the site of injection in the epidermis are exclusively
found within dermal macrophages. These cells are continuously
replenished from circulating monocytes to compensate for
the loss of dying macrophages. According to the pigment
capture–release–recapture model, when tattoo pigment–laden
macrophages die during the course of adult life, neighboring
macrophages recapture the released pigments and ensure the
macroscopic stability and long-term persistence of tattoos. By
analogy, and in view of the findings from the laboratories of
Heneka (Venegas et al., 2017) and Mook-Jung (Baik et al., 2016),
the capture–release–recapture model of tattoo persistence might
very well be the explanation of the findings provided herein.
Future studies using long-term in vivo single-cell imaging will
be critical to document microglial ingestion of extracellular Aβ
aggregates, accumulation within lysosomes, and subsequent
release of nonhydrolyzable Aβ species from dying cells in order
to validate the capture-release-recapture hypothesis. In this
regard, Füger et al. (2017) used real-time two-photon imaging to
demonstrate that while the loss of nonplaque-associated mi-
croglia in APPPS1-21 mice is similar to that seen in non-Tg mice,
there is a threefold increase in the numbers of dividing
nonplaque-associated microglia in the APPPS1-21 mice, and
these newly divided cells migrate to the plaques. These studies
indirectly argue that newly dividing microglial cells are re-
placing dead microglial cells that are plaque associated.

In conclusion, our findings fully support the conclusion that
ABX-mediated perturbations of the microbiome have sex-
specific influences on brain Aβ amyloidosis and microglial ho-
meostasis and that microglia play a central role in modulation of
gut microbiota–mediated modulation of Aβ deposition.

Materials and methods
Animal housing and handling
APPPS1-21 mice (obtained from M. Jucker, University of Tu-
bingen, Tubingen, Germany) on a C57BL6Cj background were
housed in an animal research center (ARC) facility at The Uni-
versity of Chicago under 12-h light/dark conditions with an ad
libitum access to chow and water unless otherwise noted. The
experimental procedures were approved by the institutional
animal care and use committee at The University of Chicago.

Experimental models
Short-term ABX and FMT study
Short-term ABX treatment was performed using established
protocol (Minter et al., 2017) using both male and female
APPPS1-21 mice. In brief, pups receiving the antibiotic cocktail
were gastric gavaged with 200 µl of antibiotic cocktail (4 mg/ml
kanamycin [Sigma-Aldrich; K4000-5 g], 0.35 mg/ml gentamicin
[Sigma-Aldrich; G1914-250 mg], 8,500 U/ml colistin [Sigma-
Aldrich; C4461-1 g], 2.15 mg/ml metronidazole [Sigma-Aldrich;
M1547-25 g], and 0.45 mg/ml vancomycin [Sigma-Aldrich;

V2002-1 g]) from PND14 to PND21, followed by an ad libitum ac-
cess to regular drinking water until the time of sacrifice at 9 wk of
age. During the gastric gavage delivery, all mice were transferred to
a new sterile cage to avoid microbial contamination from accu-
mulated fecal pellets in cages. Parents from the same cage as pups
receiving ABX treatment were euthanized after weaning the pups
and were not used for future breedings. The vehicle-treated group
received 200 µl of sterile ARC water in a similar fashion. ABX/
vehicle treatment for this study was performed by H.B. Dodiya.

To evaluate the causality between gut microbiome and Alz-
heimer’s pathogenesis, FMT was performed from age-matched
Tg APPPS1-21 donor male mice into ABX-treated male mice. For
preparation of the fresh fecal slurry (Dodiya et al., 2019) for
short-term ABX+FMT experiments, fresh fecal pellets from age-
matched Tg APPPS1-21 donor male mice were collected and
immediately mixed in autoclaved water (5 mg fecal content
dissolved in 1 ml sterile water). The feces was homogenized, and
the supernatant was collected after allowing the suspension to
settle down by using gravity for 5 min. Mice in the ABX+FMT
group received 200 µl of freshly prepared fecal slurry from the
age-matched donor mouse by gastric gavage daily, starting on
PND24 until the time of sacrifice. The ABX or vehicle-treated
group received 200 µl of sterile water in a similar fashion to
nullify the everyday gavage effect.

WT-FMT versus Tg-FMT study
To compare the pathogenicity betweenWT and Tgmicrobiomes,
another set of ABX-treated APPPS1-21 mice was employed. For
this study, we only used male mice, as ABX-treated female mice
do not exhibit reduced amyloidosis. ABX/vehicle treatment
(PND14–PND21) for all pups pertaining to WT versus Tg study
was performed by I.Q. Weigle under H.B. Dodiya’s supervision.
FMT from age-matchedmale Tg APPPS1-21 or non-Tg littermates
was prepared as per abovemethod by C.J. Roman-Santiago under
H.B. Dodiya’s supervision and used to implant Tg or WT mi-
crobiota into ABX-treated APPPS1-21 male mice. Respective
controls were gavaged with ARC water as mentioned above.

PLX treatment study
To determine the role of microglia in modulation of Aβ amy-
loidosis in our model, we used an established strategy to deplete
microglia in the brain (Dagher et al., 2015). We only used male
mice for PLX studies to investigate the role of microglial cells in
our established microbiome–brain axis, as female mice showed
no beneficial effects of ABX-perturbed microbiome on amyloi-
dosis. ABX/vehicle gavages (PND14–PND21) were performed by
HBD and age-matched Tg-FMT (PND24–9 wk or PND24–3 mo)
gavages were performed by either HBD or IQW. Mice receiving
ABX+Tg-FMT were randomly assigned to CSF-1 inhibitor com-
pound (PLX5622)–infused chow or control chow from PND24
until the time of sacrifice. PLX5622 was provided by Plexxikon
and formulated in AIN-76A chow diet by Research Diets facility
at the 1,200-ppm dose as used previously (Dagher et al., 2015).

Necropsy and tissue harvesting
Approved protocols by The University of Chicago Animal Care
and Use Protocols were used to harvest different organs from
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mice at the time of sacrifice as published (Dodiya et al., 2019). On
the day of sacrifice, mice received an intraperitoneal injection of
ketamine and xylazine mixture. Upon confirmation of deep an-
esthesia, blood samples were collected using cardiac puncture
using a 25-gauge needle and were stored in buffered sodium cit-
rate blood collection tubes (BD Vacutainer; 366393) on ice. Right
after the blood collection, the descending aorta was clamped, and
themice were perfused using physiological cold saline (pH 7.4) for
3 min. Brains were then extracted from skulls and dissected into
two hemispheres (one hemisphere for histology: postfixed by 4%
paraformaldehyde, another for transcriptome analysis: frozen
immediately). Cecum was collected and weighed to evaluate the
efficacy of the antibiotic treatments. Upon completion, plasmawas
collected by centrifugation at 2,000 rpm for 10min at 4°C by using
a Beckman Coulter centrifuge and stored at −80 for future use.

Fecal microbiota analysis
DNA extractions were performed on fecal pellets using the
MoBio PowerSoil 96 Well Soil DNA Isolation Kit (catalog no.
12955) following the standard DNA extraction protocol outlined
by the EarthMicrobiome Project (http://www.earthmicrobiome.
org/).We amplified the V4 region of the 16S rRNA gene using the
515f and 806r primers and mitochondrial blockers to reduce
amplification of host mitochondrial DNA (Caporaso et al., 2011,
2012; Kozich et al., 2013). Sequencing was performed using
paired-end 150 base reads on an Illumina HiSeq sequencing
platform through the University of Illinois at Chicago Sequenc-
ing Core, following standardized sequencing protocols described
in Caporaso et al. (2012). Full DNA extraction, amplification, and
sequencing protocols and standards are available at http://
www.earthmicrobiome.org/protocols-and-standards. We used
the Quantitative Insights Into Microbial Ecology pipeline (Caporaso
et al., 2010) and vsearch8.1 (Rognes et al., 2016) to perform
standard demultiplexing and quality filtering. We identified
unique ASVs using the Deblur method (Amir et al., 2017), and
taxonomy was assigned using the Greengenes Database (May
2013 release; http://greengenes.lbl.gov). Statistical analyses
were performed in R, relying primarily on vegan and phyloseq
libraries. For a complete list of libraries and code used for data
analyses and microbiome figure generation, visit http://www.
github.com/hollylutz/AlzheimersMP.

Fecal slurry Aβ oligomer measurement
Preparation of Aβ42 solution and formation of Aβ42 oligomers

and fibers. Aβ powder was purchased from Biolegend (catalog
no. 932501). The powder was first dissolved in 0.1 M NaOH and
incubated at room temperature for 10 min. Then the dissolved
Aβ42 was diluted to 100 ng/µl in PBS. The Aβ42 solution was
then allowed to aggregate at room temperature for 8 d. The
formation of Aβ42 oligomers and fibers was confirmed by
Western blot using a 4–20% gradient gel.

Preparation of the mixture of fecal suspension and Aβ42. Fecal
suspensions from 6 non-Tg and 6 Tg mice at 50-mg/ml con-
centrations were centrifuged at 10,000 rpm for 10 min at 4°C,
and supernatant of each sample was saved. For the spiking ex-
periment, aged Aβ42 solution was mixed with the supernatant
so that the final concentration of Aβ42 was 100 ng/µl.

Dot blot analysis. 20 μl of the supernatant of fecal suspension
or the mixture of fecal suspension and Aβ42 was loaded onto a
nitrocellulose membrane using a dot blot apparatus (Bio-Rad)
per the manufacturer’s instruction. The blot was blocked in a
blocking buffer containing 5% blocking grademilk (Bio-Rad) and
1× PBS, 0.1% Tween-20 detergent at room temperature for 1.5 h
and incubated with primary antibody in a cold room overnight.
The blot was washed and incubated with secondary antibody for
1 h at room temperature. After washing, the blot was developed
with enhanced chemiluminescence reagents (Perkin-Elmer).
Anti-amyloid fibrils OC (catalog no. AB2286), anti–Aβ fibrils,
clone M98 (catalog no. MABN640) were purchased from EMD
Millipore. 6E10 was purchased from Biolegend.

Immunocytochemistry
The immunofluorescence stainingwas performed to evaluate Aβ
amyloidosis and microglial morphologies as published previ-
ously (Dodiya et al., 2019). In brief, a full series of 40-µm-thick
brain sections was used for Aβ (3D6, 1:10,000) staining, and a
half series of sections was used for microglia staining (Iba1, 1:
500). Briefly, free-floating 40-µm level-matched sections were
washed with dilution media for 60 min (10 min/wash). After
that, sections were incubated in serum blocking solution for 1 h
at room temperature, followed by primary antibody incubations
for overnight in a 4°C refrigerator. The next day, sections were
washed with dilution media for 60 min (10 min/wash), followed
by secondary antibody incubation at room temperature for 1 h.
We used donkey anti-mouse 488 (Invitrogen; 1:500) and donkey
anti-rabbit 594 (Invitrogen; 1:500) as secondary antibodies for
Aβ and microglia staining, respectively. Sections were then
washed with dilution media and mounted on glass slides. Sec-
tions were then coverslipped by using Fluoromount aqueous
mounting medium (Sigma-Aldrich; F4680). 3D6+ Aβ plaque
images were captured by using a 3D Histech Pannoramic MIDI
whole-slide scanner with a Zeiss AxioCamMRM CCD camera by
The University of Chicago Integrated Light Microscopy Facility
personnel. Microglia images were captured by using a Leica SP8
3D STED laser-scanning confocal microscope under 40×1.5
magnification. Similarly, we performed IHC with antibodies
specific for activated/degenerative microglia (CD68; catalog no.
137002; FA-11 clone; 1:250), neurons (NF-L; catalog no. ab223343;
1:200), lysosomes (LAMP1; catalog no. ab25245, 1:200), synapses
(Synaptophysin; catalog no. ab32594; 1:200; PSD95; catalog no.
ab238135; 1:200), and myelin (MBP; catalog no. ab218011; 1:200)
followed by a combination of host-specific secondary antibodies:
donkey anti-mouse 488 (Invitrogen; catalog no. A21202, 1:500),
goat anti-rat 555 (Invitrogen; catalog no. A21434, 1:500), donkey
anti-rabbit 647 (Invitrogen; catalog no. A31573,1:500), and don-
key anti-rabbit 555 (Invitrogen; catalog no. A32794). When
needed, nuclear counterstaining was performed using DAPI
(Thermo Fisher Scientific; catalog no. 62248) at the concentra-
tion of 1 µg/ml by incubating samples for 3 min followed by 10-
min washes (3×) using 1× Tris-buffered saline (TBS) solution.

Aβ burden analysis
Aβ burden and amyloid plaque size were evaluated per the es-
tablished protocol (Dodiya et al., 2019). In brief, six sections
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(past olfactory bulb to the mid-hippocampal level) at an equi-
distance of 480 µmwere used for 3D6+ amyloid plaque analyses.
Using Fiji ImageJ software (NIH; ImageJ 1.51n), average plaque
size and Aβ fraction area (amyloid burden) were generated by
two independent observers in a blindmanner. Individual images
were created with the 3D Histech Pannoramic viewer software
(3DHistech Kft). Images were then normalized, and an auto-
mated thresholding based on entropy of the histogram was used
to identify the amyloid plaques. After images were converted
into 8-bit format, specific threshold number was applied, which
was then followed by “fill holes” and “watershed” algorithms for
a binary conversion. Finally, plaque number, plaque size area,
and total area occupied by plaque (i.e., Aβ burden) were calcu-
lated using “analyze particles.” Graphs were plotted using data
on amyloid burden and amyloid plaque size.

Microglia morphology and activation status marker
(CD68) analysis
Microglia morphology was evaluated in the same manner as
published previously (Dodiya et al., 2019). Microglial cell counts
and cell body area were measured using Fiji ImageJ software
(NIH; ImageJ 1.51n), while 3D reconstruction to measure mi-
croglial cell branch points and microglial cell branch length
parameters were recorded using Bitplane Imaris software v.9.1.2
(Andor Technology PLC). Using a Leica SP8 3D STED laser-
scanning confocal microscope, Z-stack images of individual
plaques from 40-µm-thick sections were obtained under 40 × 1.5
magnification with 0.30-µm step increments in the z-plane. A
total of five microenvironments containing microglia sur-
rounding an Aβ plaque were collected in a 3D Z-stack manner.
These 3D Z-stacks were then imported into ImageJ software
where microglia (Iba1 channel) containing Z-stack was pro-
cessed using Z-project probe for maximum-intensity projec-
tions. These compressed images were used to measure the
number of microglial cells surrounding plaques and cell body
area per microglial cell. The average number of microglia/pla-
ques in an 0.02-µm2 area was collected for each case. By using
freehand selection, each microglial cell body was outlined, and
the area was measured.

3D reconstruction was performed to measure microglial cell
branch length and branch point numbers per the published
protocol (Dodiya et al., 2019). The Z-stack images of microglia
surrounding individual plaques were obtained under 40×1.5
magnification from 40-µm-thick sections with 0.30-µm step
increments in the z-plane. These Z-stacks were then imported
into Bitplane Imaris software v.9.1.2. Using the filament tool, all
microglial dendrite-like processes were mapped and recorded.
The surface tool was used to establish the realm of the Aβ
plaque. Quantification of average dendrite length and the total
number of branch points were collected using an in-built
analysis program.

Microglial activation status was evaluated using immuno-
fluorescence staining followed by confocal microscope imaging
and ImageJ analysis for combination of markers CD68/Iba1/3D6.
CD68 (lysosomal marker) and Iba1 (microglial marker) colocal-
ization fraction around 3D6+ plaques was measured using Fiji
ImageJ software (NIH; ImageJ 1.51n). 3D Z-stacks for Iba1/CD68/

3D6 channels were captured as mentioned above using a Leica
SP8 3D STED laser-scanning confocal microscope. A total of six
to seven microenvironments containing microglia surrounding
Aβ plaques were collected and used to evaluate the fraction
colocalization of Iba1 with CD68 reactivity. The area covered by
CD68 was quantified using the “Otsu Dark” threshold and Ana-
lyze Particles (inclusion size of 1-Infinity) functions from ImageJ
software (NIH) within the region of interest (0.02 mm2).

Brain protein extraction
To quantify soluble and insoluble Aβ levels, we chose the ventral
half of each frozen brain. Briefly, the −80°C stored frozen brains
were dissected into dorsal and ventral halves on dry ice. The
ventral halves were weighed and homogenized with 5× (wt/vol)
volume of TBS containing 1× Halt Protease Inhibitor cocktail
(Thermo Fisher Scientific) and 5 mM EDTA. After sonication,
the homogenized samples were subjected to ultracentrifugation
at 100,000×g for 60 min at 4°C. The supernatant fraction was
collected to detect TBS soluble Aβ levels. The remaining pellet
fraction was further extracted in 10× (wt/vol) volume of 70% FA
followed by homogenization. The homogenized samples were
then subjected to ultracentrifugation at 100,000×g for 60 min at
4°C to collect the supernatant fraction that contains TBS-
insoluble and FA-soluble Aβ levels. The supernatants were fro-
zen immediately and shipped on dry ice to Harvard University
for MesoScale Aβ analysis.

MesoScale Aβ analysis
Levels of Aβ peptides were analyzed through protocols previ-
ously reported (Minter et al., 2016). Specifically, the assay was
performed on an electrochemiluminescence-based multiarray
method using the Quickplex SQ 120 system from MSD Meso
Scale Diagnostics LLC. The MesoScale Aβ 4G8 kits were used to
detect Aβ peptides in a 96-well–based assay. First, 96-well plates
were blocked with diluents provided by the manufacturer with
shaking for 1 h at room temperature. The experimental samples
and MesoScale protein standards were resuspended in the
manufacturer-supplied detection antibodies. The mixed sol-
utionswere placed on a shaker for 2 h at RT, followed bywashing
and adding of the reading buffer. The electrochemiluminescence
signals were captured, signals were obtained for all samples and
standard proteins, and the sample Aβ levels were analyzed using
the MesoScale protein standards.

RayBiotech cytokine/chemokine analysis
Plasma collected at the time of sacrifice (9 wk of age) was used to
perform the cytokine/chemokine measurements. Quantibody
membrane mouse cytokine array Q5 kit (RayBiotech; QAM-
CYT-5) was used to detect levels of 40 different cytokines (bFGF,
BLC [CXCL13], CD30 Ligand [TNFSF8], Eotaxin-1 [CCL11],
Eotaxin-2 [MPIF-2/CCL24], Fas Ligand [TNFSF6], GCSF, GM-
CSF, ICAM-1 [CD54], IFN-γ, IL-1 α [IL-1 F1], IL-1 β [IL-1 F2], IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12 p40, IL-13, IL-15, IL-17A, IL-
21, KC [CXCL1], Leptin, LIX, MCP-1 [CCL2], MCP-5, M-CSF, MIG
[CXCL9], MIP-1 α [CCL3], MIP-1 γ, Platelet Factor 4 [CXCL4],
RANTES [CCL5], TARC [CCL17], I-309 [TCA- 3/CCL1], TNF-α,
TNF RI [TNFRSF1A], and TNF RII [TNFRSF1B] per the manufacturer’s
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instructions. The Quantibody array is a multiplexed sandwich
ELISA-based quantitative array platform that allows us to de-
termine the concentration of multiple cytokines simultaneously.
Briefly, plasma samples were diluted (2×) using sample diluent
provided in the kit. A glass microarray slide, which is divided
into 16wells of identical cytokine antibody arrays, was dried, and
blocking was performed using the sample diluent followed by
an incubation of 100 µl standard cytokines (the array-specific
cytokine standards whose concentrations have been pre-
determined) or unknown plasma samples in properly labeled
wells for 2 h. After the microarray slides were washed using
wash buffers I and II, slides were incubated into detection
antibody cocktail for 2 h. Wash buffers I and II were then
applied, and slides were brought into Cy3 equivalent dye-
conjugated streptavidin to incubate in the dark at room tempera-
ture for 1 h. Following last steps of washes, the glass microarray
slide setupwas disassembled,washed, and dried in the dark at room
temperature. The slides were sent to RayBiotech Life for free
scanning and data extraction service. Upon receiving the extracted
data, manufacturer-recommended median fluorescence mi-
nus background numbers for recorded intensities was used for
all standards and individual samples. Intensity data were nor-
malized relative to the blanks for each sample. Using serial
standard concentrations provided in the QAM-CYT-5 kit
manual, intensity values were plotted against cytokine concen-
trations for standard curve preparations and for cytokine cal-
culations. The values were then recorded in picogram per
milliliters and plotted using GraphPad Prism for comparison
analysis among groups.

Cerebral cortex RNA extraction
Total RNA was isolated from the dorsal cerebral cortex per
published protocol (Dodiya et al., 2019). Briefly, TRIzol reagent
was used to isolate total RNA followed by RNAeasy Micro
cleanup (Qiagen) procedure according to the manufacturer’s
instructions. The quality of the total RNA was evaluated using
the Agilent Bioanalyzer. RNA-seq library preparations and Il-
luminaHiSeq4000were performed at The University of Chicago
Genomics Core Facility, and data files were collected in FASTQ
format for the bioinformatic analysis.

RNA-seq bioinformatics analysis
The quality of DNA reads, in FASTQ format, was evaluated
using FastQC (Andrews, 2010). Adapters were trimmed, and
reads of poor quality or aligning to rRNA sequences were fil-
tered using Trim Galore (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/). The cleaned reads were aligned to
the mouse genome (mm10) using STAR (Dobin et al., 2013). Read
counts for each gene were calculated using HTSeq-Counts
(Anders et al., 2015) in conjunction with a gene annotation file
for mm10 obtained from Ensembl (http://useast.ensembl.org/
index.html). A comprehensive quality control report was gen-
erated using MultiQC (Ewels et al., 2016). Differential expression
was determined using DESeq2 (Love et al., 2014). The cutoff
for determining significant DEGs was an FDR-adjusted P value
<0.05. The data discussed in this publication have been depos-
ited in National Center for Biotechnology Information’s Gene

Expression Omnibus and are accessible through GEO Series
accession no. GSE185407 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE185407). GO analysis and identification
of DEGs belonging to specific pathways were performed using
Metascape (Zhou et al., 2019), and the results were confirmed
using DAVID online service (Huang et al., 2009) and GOrilla
online services (Eden et al., 2009).

Statistical analysis
GraphPad Prism software (version 7.0e) was used to run sta-
tistical analyses. Kruskal-Wallis (nonparametric) analysis was
performed to compare α- and β-diversity indices in 16S rRNA
microbiota analysis with multiple groups comparison correc-
tion. One-way ANOVA was used to compare multiple groups
(short-term ABX studies and WT- vs. Tg-FMT studies) unless
otherwise stated, followed by a post hoc comparison. Two-way
ANOVA was used (PLX 9-wk and PLX 3-mo studies) to compare
the effect of a control or PLX diet and ABX or ABX-FMT treat-
ments followed by Sidak post hoc comparison. Statistical P value
below 0.05 was considered for significant differences. Detailed
statistical information is provided in the figure legends or
Table S9.

Online supplemental material
Fig. S1 shows soluble Aβ1-40 Aβ1-42 levels measured by MSD
biochemical assay (A), graphical presentation of CD68 reactivity
in Iba1 away from plaques using ImageJ (B), andMBP expression
in cerebral cortex and corpus callosum using qualitative com-
parison (C). Fig. S2 shows plasma cytokines and chemokines
measured by RayBiotech cytokine array. Using serial standard
concentrations provided in the QAM-CYT-5 kit manual, inten-
sity values were plotted against cytokine concentrations for
standard curve preparations and for cytokine calculations. The
values were then recorded in picogram per milliliters and
plotted using GraphPad Prism for comparison analysis among
groups. bFGF, GM-CSF, leptin, and MIG showed significant
differences among male groups only. Cytokines/chemokines
such as BLC, G-CSF, IL-15, KC, MIP-γ, and TNF-Rll showed a
trend of reduction with ABX treatment in male mice compared
with controls, whose levels were restored with FMT in ABX-
treated male mice. Compared with those, CD30L showed a
trend of increase in ABX-treated male mice compared with
control male mice, whose levels were restored with FMT in
ABX-treated male mice. Fig. S3 shows 16S rRNA sequencing
analysis of fecal microbiota profile at PND22 in WT- versus Tg-
FMT study groups (A–F), intensity measurements for dot blots
presented in Fig. 5 D, b (G), cluster network analysis of lower
DEGs in M_Abx group presented in Fig. 6 E, a (I), and additional
RNAseq data from short-term ABX male and female mice sac-
rificed at 9 wk of age (H–J). (A–F) The 16s rRNA was employed
to confirm the ABX-related fecal microbiota perturbations
in ABX-, ABX+WT-FMT, and ABX+Tg-FMT groups compared
with vehicle-treated male group a day after cessation of ABX
(PND22). Data in panels G and H–J are supplemental data to
Fig. 5 D, b and Fig. 6, respectively. Fig. S4 shows that short-term
ABX treatment alters cerebral cortex transcriptome profiles at
PND24 in a genotype-dependent manner (A and B) and short-
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term ABX treatment in non-Tg male and female littermates al-
ters cerebral cortex transcriptome profiles at 9 wk in a sex-
specific manner (C–E). In these studies, animals (non-Tg and
Tg littermates) were administered ABX or vehicle (PND14–
PND21) and sacrificed at either PND24 (3 d after the cessation of
ABX/vehicle treatments; A and B) or 9 wk of age (C–E). RNA-seq
analysis was performed on RNA from the dorsal cerebral cortex.
Fig. S5 shows 16S rRNA analysis of fecal microbiota profile at
PND22 and 7 wk of age in WT (non-Tg littermates) versus Tg
APPPS1-21 mice. Table S1 shows ANCOM analysis of fecal mi-
crobiota at PND22 from the WT- versus Tg-FMT study. Table S2
shows ANCOM analysis of fecal microbiota at 9 wk from theWT-
versus Tg-FMT study. Table S3 shows lower DEGs in ABX-
treated APPPS1-21 male mice associated pathways. Table S4
shows higher DEGs in ABX-treated APPPS1-21 male mice asso-
ciated pathways. Table S5 compares DEGs between Tg_M_Ctr
(group 9) and Tg_M_Abx (group 7) at PND24. Table S6 compares
DEGs between non-Tg_M_Ctr (group 5) and non-Tg_M_Abx
(group 6) at PND24. Table S7 compares DEGs between non-
Tg_M_Ctr (group 3) and non-Tg_M_Abx (group 4) at 9 wk of
age. Table S8 compares DEGs between non-Tg_F_Ctr (group 2)
and non-Tg_F_Abx (group 1) at 9 wk of age. Table S9 details
statistical information for mentioned comparisons in each figure
legend.
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Figure S1. Soluble Aβ1-40 Aβ1-42 levels measured by MSD biochemical assay, graphical presentation of CD68 reactivity in Iba1 away from plaques
using ImageJ, and MBP expression in cerebral cortex and corpus callosum using qualitative comparison. (A) TBS soluble levels of Aβ1-40 and Aβ1-42 in
cerebral cortex homogenates are shown using the MSD biochemical assay. n = 6–7 mice per group. (B) Graphical presentation of the colocalization measure of
CD68-reactive Iba1+ microglia cells in microglia away from the plaques is shown. n = 8–10 per group. (C) Representative low-magnification (a–e) and high-
magnification images (f–y) of 3D6+ plaque (green)-localized, MBP (red) from vehicle-treated male (a, f, k, p, and u), ABX-treated male (b, g, l, q, and v),
ABX+FMT–treated male (c, h, m, r, and w), vehicle-treated female (d, i, n, s, and x), and ABX-treated female (e, j, o, t, and y) mice. Higher-magnification images
of single-plaque microenvironments were taken from either cerebral cortex (f–o) or corpus callosum (p–y) in a randommanner. Note that the arrows in k, m, u,
and w indicate loss of MBP in control and ABX+FMT–treated male mice. Arrowheads in n, o, x, and y represent loss of MBP in F_Ctr and F_Abx mice. Note the
loss of MBP either by arrows or arrowheads is more prominent in cortex compared with corpus callosum. ABX-treated male mice showed very minimal, if any,
loss of MBP-positive structures around Aβ plaques. Scale bar in e represents 500 µm and applies to a–e. Scale bars in j, o, t, and y represent 15 µm and apply to
f–y. M_Ctr = vehicle-treated male, M_Abx = ABX-treated male from PND14–PND21 only, M_Abx+FMT = ABX-treated male (PND14–PND21), followed by fecal
microbiota transfer (PND24–PND63) from age-matched Tg donor male mice, F_Ctr = vehicle-treated female, and F_Abx = ABX-treated female from
PND14–PND21 only. Error bars are mean ± SEM.
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Figure S2. Plasma cytokines and chemokines measured by RayBiotech cytokine array. Using serial standard concentrations provided in the QAM-CYT-5
kit manual, intensity values were plotted against cytokine concentrations for standard curve preparations and for cytokine calculations. The values were then
recorded in picogram per milliliters and plotted using GraphPad Prism for comparison analysis among groups. bFGF, GM-CSF, leptin, and MIG showed sig-
nificant differences among male groups only. Cytokines/chemokines such as BLC, G-CSF, IL-15, KC, MIP-γ, and TNF-Rll showed trends of reduction with ABX
treatment in malemice compared with controls, whose levels were restored with FMT in ABX-treated malemice. Compared with those, CD30L showed a trend
of increase in ABX-treated male mice compared with control male mice whose levels were restored with FMT in ABX-treated male mice. n = 4 or 5 mice per
group. Data are mean ± SEM. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. M_Ctr = vehicle-treated male, M_Abx = ABX-treated male from PND14–PND21 only,
M_Abx+FMT = ABX-treated male (PND14–PND21), followed by FMT (PND24–PND63) from age-matched Tg donor male mice, F_Ctr = vehicle-treated female,
and F_Abx = ABX-treated female from PND14–PND21 only. BLC, B lymphocyte chemoattractant; G-CSF, granulocyte CSF; KC, keratinocytes-derived
chemokine.

Dodiya et al. Journal of Experimental Medicine S3

Microbiota–microglia–amyloid axis in AD mice https://doi.org/10.1084/jem.20200895

https://doi.org/10.1084/jem.20200895


Figure S3. 16S rRNA sequencing analysis of fecal microbiota profile at PND22 in WT- versus Tg-FMT study groups, intensity measurements for dot
blots presented in Fig. 5 D, b; cluster network analysis of lower DEGs in M_Abx group presented in Fig. 6 E, a; and RNA-seq data analysis from short-
term ABX male and female mice sacrificed at 9 wk of age. The 16s rRNA was employed to confirm the ABX-related fecal microbiota perturbations in ABX-,
ABX+WT-FMT, and ABX+Tg-FMT groups compared with the vehicle-treated male group a day after cessation of ABX (PND22). (A) Faith’s diversity showed
significant differences among groups (one-way ANOVA: F(3,15) = 13.93, P = 0.0001). Compared with vehicle-treated male mice, ABX-treated mice in ABX,
ABX+Tg-FMT, and ABX+WT-FMT groups showed significantly lower diversity (Ctr vs. ABX, Ctr vs. ABX+Tg-FMT, Ctr vs. WT+FMT; P = 0.0006 for each
comparison). (B and C) Shannon index (B) and evenness (C) showed no significant differences among groups (P > 0.05). (D) PCoA plot generated using
unweighted version of the UniFrac distance metric. The two components explained 36.74% of the variance. ABX treatments resulted in separate clusters
compared with Ctr group, and ABX, ABX+Tg-FMT, and ABX+WT-FMT group clusters overlapped with each other at PND22. (E) Bray Curtis PCoA plot showed
similar results as unweighted PCoA plot. (F) Relative frequency percentage was plotted at the phylum taxonomy. Ctr = vehicle-treated male, Abx = ABX-treated
male, Abx+Tg-FMT = ABX-treated male with FMT from age-matched Tg donor male mice, and Abx+WT-FMT = ABX-treated male with FMT from age-matched
non-Tg C57Bl6 donor male mice. n = 4 or 5 mice per group for A–F. Data are mean ± SEM for A–F. ***, P < 0.001. (G) Graphical presentation of intensity
measurements for dot blots presented in Fig. 5 D, b. Error bars are mean ± SEM. (H, a)Heatmap associated with higher genes (FDR-P < 0.05) in vehicle-treated
female compared with vehicle-treated male mice. (H, b) Heatmap associated with lower genes (FDR-P < 0.05) in vehicle-treated female compared with
vehicle-treated male mice. (H, c) Heatmap associated with higher genes (FDR-P < 0.05) in FMT-transplanted ABX-treated male mice compared with vehicle-
treated male mice. (H, d) Heatmap associated with lower genes (FDR-P < 0.05) in FMT-transplanted ABX-treated male mice compared with vehicle-treated
male mice. (I) cluster network analysis of lower DEG-associated pathways in M_Abx compared with M_Ctr group presented in Fig. 6 E, a. (J) GO biological
process analysis using GOrilla. Identified microglial activation as a major impacted pathway similar to topmost GO biological pathways analyzed by Metascape
depicting a crucial involvement of microglia in our established model. PCoA, principal coordinate analysis.
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Figure S4. Short-term ABX treatment alters cerebral cortex transcriptome profiles at PND24 in a genotype-dependentmanner, and short-term ABX
treatment in non-Tg male and female littermates alters cerebral cortex transcriptome profiles in a sex-specific manner. In this study, animals (non-Tg
littermates and Tg male mice) were administered ABX or vehicle (PND14–PND21) and were sacrificed at PND24, 3 d after the cessation of ABX/vehicle
treatments. RNA-seq analysis was performed on RNA from the dorsal cerebral cortex. (A) ABX treatment showed changes in DEGs in a genotype-dependent
manner (Tg_M_Ctr vs. Tg_M_Abx: n = 208 DEGs; FDR-P < 0.05; Table S5; and non-Tg_M_Ctr vs. non-Tg_M_Abx: n = 79 DEGs; FDR-P < 0.05; Table S6).
(B, a) Heatmap associated with lower genes (FDR-P < 0.05) in ABX-treated APPPS1-21 Tg male compared with vehicle-treated APPPS1-21 Tg male mice at
PND24. (B, b) Heatmap associated with higher genes (FDR-P < 0.05) in ABX-treated APPPS1-21 Tg male compared with vehicle-treated APPPS1-21 Tg male
mice at PND24. (C–E) Dorsal cortical transcriptome of cohorts of non-Tg male and non-Tg female mice subject to ABX or vehicle treatment from PND14 to
PND21 and sacrificed at 9 wk of age. (C) PCA plot. (D) Significantly different DEGs from non-Tg M_Ctr compared with non-Tg M_Abx groups are plotted using
a heatmap to visualize the sex-specific alterations in the cortical transcriptome. ABX- and vehicle-treated non-Tg male mice showed profound differences
in cerebral cortex transcripts (n = 1,808 DEGs; FDR-P < 0.05), while non-Tg female mice showed no major changes between ABX- and vehicle-treated groups
(n = 1 DEG; FDR-P < 0.05). (E, a) Heatmap associated with lower genes (FDR-P < 0.05) in ABX-treated male mice compared with vehicle-treated male mice.
(E, b) Heatmap associated with higher genes (FDR-P < 0.05) in ABX-treated male mice compared with vehicle-treated male mice. acyl-CoA, acyl Coenzyme A;
ESR, estrogen receptors.
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Figure S5. 16S rRNA analysis of fecal microbiota profile at PND22 and 7 wk of age in WT (non-Tg littermates) versus Tg APPPS1-21 mice. (A and
B) 16S rRNA analysis of fecal microbiota profile was evaluated in freshly collected fecal pellet at PND22 (A) and 7 wk of age (B) in WT (non-Tg littermates)
compared with Tg APPPS1-21 male mice. (A) PCoA plot generated using unweighted version of the UniFrac distance metric. The two components explained
17.2% of the variance. Both non-Tg and Tg group clusters overlapped at PND22. (B and C) The α-diversity was measured by using Faith phylogenetic diversity
(B) and evenness (C). Both indices showed no changes among non-Tg and Tg groups (Kruskal-Wallis [KW]: P > 0.05 for both). (D) Heatmap of raw abundance
shows comparable species profile between non-Tg and Tg mice at PND22. (E–H) Similar to the microbiota diversity readouts at PND22, microbiota profiles
between non-Tg and Tg were also similar at 7 wk of age. (E) PCoA plot generated using unweighted version of the UniFrac distance metric. The two com-
ponents explained 31.8% of the variance. (F and G) Faith phylogenetic diversity (F) and evenness (G) indices showed no changes among non-Tg and Tg groups
(KW: P > 0.05 for both). (H) Heatmap of raw abundance shows similar species profiles between non-Tg and Tg mice at 7 wk of age. KW, Kruskal-Wallis; PCoA,
principal coordinate analysis.
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Provided online are nine Excel tables. Table S1 shows ANCOM analysis of fecal microbiota at PND22 fromWT- versus Tg-FMT study.
Table S2 shows ANCOM analysis of fecal microbiota at 9 wk from WT- versus Tg-FMT study. Table S3 shows lower DEGs in
ABX-treated APPPS1-21 male mice associated pathways. Table S4 shows higher DEGs in ABX-treated APPPS1-21 male mice
associated pathways. Table S5 compares DEGs between Tg_M_Ctr (group 9) and Tg_M_Abx (group 7) at PND24. Table S6 compares
DEGs between non-Tg_M_Ctr (group 5) and non-Tg_M_Abx (group 6) at PND24. Table S7 compares DEGs between non-Tg_M_Ctr
(group 3) and non-Tg_M_Abx (group 4) at 9 wk of age. Table S8 compares DEGs between non-Tg_F_Ctr (group 2) and non-Tg_F_Abx
(group 1) at 9 wk of age. Table S9 details statistical information for mentioned comparisons in each figure legend.
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