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Early-life high-fat diet-induced obesity programs hippocampal
development and cognitive functions via regulation of gut
commensal Akkermansia muciniphila

Youjun Yang', Zhangiong Zhong', Baojia Wang', Xiuwen Xia', Weiyi Yao', Ling Huang', Yili Wang' and Weijun Ding’

Obesity is one of the most serious public health challenges in the world. Obesity during early life has been associated with an
increased risk of neurodevelopmental disorders, including deficits in learning and memory, yet the underlying mechanisms remain
unclear. Here, we show that early life high-fat diet (HFD) feeding impairs hippocampus-dependent contextual/spatial learning and
memory, and alters the gut microbiota, particularly by depleting Akkermansia muciniphila (A. muciniphila), in mice. Transplantation
of the HFD microbiota confers hippocampus-dependent learning and memory deficits to mice fed a chow diet. Oral treatment of
HFD-fed mice with the gut commensal A. muciniphila corrects gut permeability, reduces hippocampal microgliosis and
proinflammatory cytokines (tumor necrosis factor-a (TNF-a), interleukin-1f (IL-18) and IL-6) expression, and restores neuronal
development and synapse plasticity, thus ameliorates defects in learning and memory. Interestingly, treatment of mice with
lipopolysaccharide (LPS) mimics HFD-induced hippocampus-dependent cognitive impairment in chow-fed mice. In line with these
findings, pharmacologic blockade of Toll-like receptor 4 (TLR4) signalling or antibiotics treatment both effectively prevent
hippocampus-dependent learning and memory deficits in HFD-fed mice. Collectively, our findings demonstrate an unexpected
pivotal role of gut microbiota in HFD-induced cognitive deficits and identify a potential probiotic therapy for obesity associated

with cognitive dysfunction during early life.
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INTRODUCTION
Childhood and adolescent obesity is considered a tremendous
public health challenge in the world. In addition to its broad
impact on cardiovascular and metabolic health, compelling
studies suggesting an association between obesity and cognitive
deficits [1-5], such detrimental effects have been found in obese
and overweight people across their whole lifespan, suggesting
that excess adiposity earlier in life may not only increase risk for
later dementia, but also may be associated with some extent of
cognitive dysfunction in youth long prior to dementia onset [5, 6].
Previous studies have shown that high-fat diet (HFD) reduces
the expression of intestinal tight junction protein and disrupted
gut barrier integrity, leading to translocation of bacterial
lipopolysaccharide (LPS) into the blood and producing inflamma-
tion [7]. Interestingly, LPS-induced inflammation can produce both
reversible cognitive deficits and acute brain injury contributing to
long-term cognitive impairment by interleukin-1 (IL-1)-dependent
mechanisms [8]. Microglia, the mononuclear phagocytes of the
central nervous system (CNS), are important for the maintenance
of CNS homeostasis, but also critically contribute to CNS
pathology, microglial activation has been associated with synapse
loss, and cognitive dysregulation [9-11]. Previous study demon-
strated that HFD-induced obesity alters microglial morphology,
diminishes synaptic markers, and impairs cognitive function [2].
Microglia express numerous members of the Toll-like receptor
(TLR) family, which recognize conserved microbial motifs

expressed by a wide array of pathogens. For example, LPS binds
to TLR4 and activates c-Jun N-terminal kinase (JNK) and nuclear
factor-kappa B (NF-kB), two important inflammatory signaling
molecules. The activation of TLR4-JNK/NF-kB signaling pathway
leads to the production of proinflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), IL-1f3, and IL-6, and contributes to
the development of neurodegenerative diseases [12-14]. Hippo-
campal neurogenesis and its related learning and memory are
influenced negatively by microglial activation and neuroinflamma-
tion [15-17]. Obesity is characterized by low-grade systemic
inflammation, which is associated with an alteration of gut
microbiota [4, 18, 19]. The composition and function of the gut
microbiota is significantly shaped by diet. Diet-induced alteration
in the gut microbiota are persistent and reproducible, and as such,
have lasting effects on the host [7, 20]. Evidence has linked a HFD
with alterations of gut microbiota and cognitive impairment [18].
However, we still lack a full understanding of the mechanisms by
which microbiota may influence the gut-brain axis and, thereby,
brain function and behavior during obesity.

Recently, the gut commensal Akkermansia muciniphila (A. mucini-
phila) has been identified as a mucin-degrading bacteria that resides
in the mucus layer [21-23]. A. muciniphila represent 3-5% of the
microbial community in healthy subjects, and its abundance inversely
correlates with body weight and type 1 diabetes in mice and humans
[24, 25]. A purified membrane protein from A. muciniphila or the
pasteurized bacterium improves metabolism in obese and diabetic
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mice [26]. A. muciniphila treatment reverses HFD-induced metabolic
disorders, including fat-mass gain, metabolic endotoxemia, adipose
tissue inflammation, insulin resistance [20], and increases the intestinal
levels of endocannabinoids that control inflammation, the gut barrier
and gut peptide secretion [20]. Besides, A. muciniphila treatment
ameliorates alcoholic liver disease [27], controls islet autoimmunity in
nonobese diabetic (NOD) mice [28], mediates the antiseizure effects
of the ketogenic diet [29], and orchestrates energy homeostasis
during cold [30].

Here we found that early life HFD-induced obesity in mice is
associated with hippocampus-dependent learning and memory
deficits, which are mediated by alterations in the gut microbiome.
Notably, we also reported that HFD-induced changes in the gut
microbiota block neuronal development and plasticity in the
hippocampus. Moreover, oral treatment with gut commensal A.
muciniphila restores intestinal permeability, microgliosis, neuro-
development, and neuronal plasticity in the hippocampus of HFD-
fed mice through correcting gut permeability, thus preserving
cognitive function. Our findings suggest that targeting the
microbiome may represent an approach for targeting the
individual with obesity-related cognitive deficits.

MATERIALS AND METHODS

Details regarding protein extraction and western blotting,
immunohistochemistry and confocal microscopy, 5-bromo-2-
deoxyuridine (BrdU) assays, brain slice electrophysiology, Golgi
impregnation and tracing, qRT-RNA analysis, fecal DNA extraction
and 16S ribosomal RNA (rRNA) gene sequencing, fecal microbial
transplantation, antibiotic treatment, LPS injection, resatorvid
(TAK-242) and LPS-RS administration, and intestinal permeability
assay are available in the Supplemental materials and methods.

Mice and diet

Juvenile C57BL/6J male mice (postnatal day 21, P21) were
obtained from Chengdu DaShuo Experimental Animal Company
and were kept on a 12 h light/dark cycle with access to food and
water ad libitum in a temperature-controlled room (25 °C). All mice
were maintained in a light and humidity controlled climatic
chamber (three mice/chamber) for the SPF conditions and fed
with HEPA-filtered air, and provided with irradiated food and
water. Mice were placed on either a regular chow diet (chow) (Lab
Diets, #5053) or HFD consisting of 60% kcal from fat, 20% kcal
from protein, and 20% kcal from carbohydrates (Research Diets,
#D12492). Weight was measured weekly, fat mass were measured
using an NMR (Minispec body composition analyzer, Bruker
Optics, Billerica, MA). After 6 weeks on diet, mice were conducted
to behavior test or tissue collection. All animal procedures were
carried out in strict accordance with the principles of laboratory
animal care and use approved by the Chengdu University of TCM
Animal Care and Use Committee guidelines.

Contextual fear-conditioning test

Contextual fear-conditioning test were carried out in accor-
dance with previously established behavioral schemes with
slight modifications [31]. Briefly, mice were fear-conditioned in
a test cage inside a sound-attenuated box. On conditioning
day, test mice were placed in the box and allowed to explore
for 2min for habituation. After habituation, mice were
conditioned with five or ten trials consisting of a 30-s tone
(5kHz, 70 dB) and received a 2's, 0.5 mA foot shock delivered
through the electrified floor grid. Each trial was separated by a
30 s inter-trial interval. After the final tone-shock pairing, mice
remained in the conditioning chamber for 1 min before being
returned to their home cages. Trials were videotaped, and
freezing during the initial 2-min acclimation/exploration
period was scored as a measure of baseline freezing to the
conditioning context. Memory for the context was assessed
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after specified time intervals by returning the mice to
contextual box, where freezing behavior was scored during
the last 3.5 min of the total 5.5 min spent in the chamber. After
the contextual fear test, mice were returned to their home
cages. Memory for the cue was assessed by placing the mice in
a novel box. After a 2 min acclimation period in novel box, mice
were presented with three 30-s tones (5 kHz, 70 dB) separated
by an inter-trial interval of 30s. Freezing behavior was scored
during each of the 30-s tone presentations. The freezing time
of the mouse was measured by Video Fear Conditioning “Video
Freeze®” Software (SOF-843, Med Associates).

Barnes circular maze test

Barnes circular maze test were carried out in accordance with
previously established behavioral schemes with slight modifica-
tions [32]. Briefly, animals were tested during light cycle and were
transferred to the behavior testing room with light control (80 Lx)
for 1 h before the start of experiments. Spatial cues with distinct
patterns and shapes were placed on the wall of the testing room.
A 500 lux light was turned on during the trial. One day before the
training trials began, test mice were habituated in the target box
for 3 min. The training trials were repeated for 4 consecutive days,
and three trials were performed each day with 20 min inter-trial
intervals. The movement of the mouse was recorded, and
the number of errors made, and the latency to find the target
hole were recorded during the training trials by video tracking
software (BMT-100, Chengdu Techman Software, China). On day 5,
the probe trial was performed with each mouse, the escape box
was removed, the test mouse was allowed to find the target hole
freely for 90s, and the time in the target area was measured.

Bacterial culture and treatment

A. muciniphila (ATCC BAA845) was cultured under anaerobic
conditions at 37 °C in Brain Heart Infusion media supplemented
with 0.05% hog gastric mucin type lll (Sigma-Aldrich) [29]. L. reuteri
MM4-1A (ATCC-PTA-6475) was cultured anaerobically in MRS
broth in a 90% N,, 5% CO,, and 5% H, environment [33]. A.
muciniphila and L. reuteri were freshly cultured in anaerobic
conditions as described above, and then washed, pelleted, and
resuspended at 5 x 10° cfu/ml in prereduced PBS. For heat killing,
A. muciniphila were placed at 100°C for 20 min. Mice were
gavaged every 12 h for 28 days with 200 pl bacterial suspension or
sterile prereduced PBS as vehicle control.

Measurement of hippocampal cytokines and serum endotoxin
Hippocampal tissue homogenates were prepared in RIPA buffer
containing protease inhibitor cocktail (ThermoFisher) and diluted
into PBS. TNF-a, IL-13 and IL-6 ELISAs (eBioscience) were
performed according to manufacturer’s instructions. Serum
endotoxin was quantified using a Limulus amaebocyte lysate
kit (Cambrex Bio Science) according to the manufacturer's
instructions. Briefly, serum samples were diluted 1:10 to 1:1000
in endotoxin-free water (Lonza), heated at 70°C for 10-15 min
and processed according to the manufacturer’'s protocol.
Recovery rate was determined based on the net LPS concentration
of spiked samples supplemented with LPS (0.1 EU/mL, Sigma-
Aldrich). Samples with a recovery rate of at least 50% were
considered.

Statistical analyses

The investigators were blinded to allocation during experiments and
outcome assessment for behavioral analyses, voltage-clamp record-
ings, and analysis of hippocampal patches. No animals or
data points were excluded from analyses. Results are expressed as
mean £ SEM. For behavioral experiments, statistics were based on
the two-sided unpaired Student's t-tests, one- or two-way ANOVA
with Bonferroni post hoc analysis to correct for multiple compar-
isons, unless otherwise indicated. P, t, and F values are presented in
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the Figure legends, n values are provided in the Figures. p < 0.05 was
considered significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. GraphPad Prism 6 (GraphPad Software) and IBM SPSS
Statistics 20 (St Leonards) software were used to perform statistical
analyses and for generating graphical representations of data.
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RESULTS

Hippocampus-dependent contextual/spatial learning and memory
are impaired in early life HFD-fed mice

To investigate how HFD-induced obesity affects neurodevelop-
ment and cognitive function, juvenile male mice were fed either
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Cognitive functions deficits and dysbiosis of the gut microbiota in HFD mice. a Schematic of chow and HFD feeding experiment. b

Experimental design for contextual and cued fear-conditioning test. ¢ Percent of freezing in the contextual fear-conditioning test. d Percent of
freezing in cued fear conditioning test. e Experimental design for Barnes circular maze test. f Barnes circular maze. Arrows showed the position
of escape hole and target quadrant. g Representative traces of chow- and HFD-fed mice in the Barnes circular maze test during training and
probe trial. h Number of errors in the training session of Barnes circular maze. i Escape latency in the training session of Barnes circular maze
test. j Time in the target quadrant during the probe trial on the fifth day of Barnes circular maze test. k Average speed during the probe trial
on the fifth day of Barnes circular maze test. | Alpha diversity of fecal 16S rDNA sequencing data from mice fed chow or HFD for 6 weeks. m
Principal coordinates analysis (PCoA) based on weighted UniFrac analysis of OTUs. Each symbol represents a single sample of feces after
6 weeks of chow feeding or HFD feeding. n, o Comparison of phylum-level proportional abundance of feces sample after 6 weeks of chow or
HFD feeding. p Relative abundances of A. muciniphila and L. reuteri in chow- and HFD-fed mice. n = 8/group, means = SEM (error bars) are
plotted. Statistics were performed with Student’s t-test or one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <

0.0001, n.s., not significant

chow or HFD for 6 weeks after weaning (P21) (Fig. 1a). As
expected, HFD-fed mice maintained higher bodyweights, higher
body fat percentages, higher fat pad weight, and lower lean-body-
mass percentages when compared with chow-fed littermates
(Fig. Sla-d). Given that obesity has been associated with
increased risk for neurodevelopmental disorders including cogni-
tive impairment, we first employed contextual-fear conditioning
test to evaluate contextual learning and memory in chow- and
HFD-fed mice (Fig. 1b). Chow- and HFD-fed mice showed no
difference in baseline freezing behavior during the habituation
period (Fig. 1c). However, HFD-fed mice exhibited decreased
freezing during fear conditioning and showed less freezing
behaviors when returned to the shock cage 30 min and 24 h later
when compared with chow-fed littermates (Fig. 1¢). This indicates
early life HFD feeding impairs hippocampus-dependent contex-
tual learning and memory in mice. Interestingly, HFD feeding had
a significant effect in the contextual fear test, but not cued fear
test (Fig. 1d), suggesting a hippocampal-related, but not
amygdala-related, change in HFD-fed mice [31]. There is a
difference in the freezing percentage during the “training phase”
between the chow- and HFD-fed mice, likely indicating a different
sensitivity to the shock. Thus, we increased training sessions to
achieve the same percent of freezing and then see whether
memory deficits persist 30 min and 24 h later in HFD-fed mice
(Fig. S2a, b). We found that HFD feeding resulted in a significant
deficit in freezing responses when reexposure to the conditioning
chamber after 30 min and 24 h (Fig. S2c), suggesting that deficits
in contextual fear memory in HFD-fed mice were not due to
altered locomotor activity or sensitivity.

To assess spatial learning and memory, we performed the
Barnes circular maze test in which mice learn to rapidly escape a
brightly lighted circular field by finding a specific dark hole at its
periphery (Fig. 1e, f). Results revealed that HFD-fed mice were
significantly impaired their learning performance during 4 days of
training (Fig. 1g), with increased number of errors (Fig. 1Th) and
increased escape latency (Fig. 1i) to find the target hole when
compared with chow-fed littermates. In the probe trials at day 5,
HFD-fed mice showed impaired memory performance, with
decreased time in the target quadrant (Fig. 1g, j). However, there
is no significant difference in the average speed between chow-
and HFD-fed mice (Fig. 1k). These data, together with the results of
the contextual fear-conditioning test, indicated that early life HFD
feeding severely impaired hippocampal-dependent learning and
memory in mice, which are consistent with previous reports
[5, 15, 34].

HFD feeding alters the gut microbiota

To examine whether HFD induces alterations of gut microbiota,
we analyzed the bacterial composition and community structure
in the feces of chow- and HFD-fed mice by 16S rRNA gene
sequencing. The alpha diversity of microbiota, computed based
on weighted UniFrac distances (the assessment of community
structure by considering abundance of operational taxonomic
units [OTUs]), in HFD-fed mice was reduced when compared to
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chow-fed mice (Fig. 11). These results indicated that the richness
and diversity of gut microbial communities were decreased in
HFD-fed mice. Principal coordinates analysis (PCoA) based on
weighted UniFrac distance, showed major alterations of the
microbiota content in feces samples of HFD-fed mice (Fig. Tm). As
expected, the microbial communities in both chow- and HFD-fed
mice were comprised of a typical mouse gut microbiota,
dominated by Bacteroidetes and Firmicutes. However, we
observed differences in OTUs abundance at phylum level in
Bacteroidetes, Firmicutes, Verrucomicrobia, and Proteobacteria
(Fig. 1n, o). Comparison of phylum level proportional abundance
in feces showed shifts in proportions, especially in the ratio
Firmicutes/Bacteroidetes. Firmicutes phylum increased its richness
in feces up to 68.7% under HFD feeding (compared to 57.3% in
chow-fed mice) and Bacteroidetes decreased it to 19.7%
(compared to 36.8% in chow-fed mice) (Fig. 1n, 0). When looking
at the most significantly changed OTUs using analysis of variance,
Akkermansia muciniphila (A. muciniphila) and Lactobacillus reuteri
(L. reuteri) were the most reduced bacteria (Fig. 1p). Together,
these results demonstrate a major shift in gut microbiota in
response to HFD exposure, which are consistent with previous
report [20].

Gut microbiota mediated HFD-induced hippocampal-dependent
learning and memory deficits

To identify functional differences between gut microbial commu-
nities and determine whether their role is causal, we transplanted
fecal microbiota from adult chow- and HFD-fed mice into 3-week-
old antibiotics (Abx)-pretreated mice (Fig. 2a, fed with a regular
chow diet). As expected, Abx treatment reduced the fecal bacterial
load by >2 log-folds (Fig. S3a), decreased alpha diversity as
measured by the Shannon index (Fig. S3b). Next, we characterized
the bacterial gut microbiome of the reconstituted chow FTM mice
and HFD FTM littermates. As shown in the PCoA in Fig. S3c, the
gut microbiome of recipient mice clustered together with that of
donor mice without major changes. Assessment of taxa abun-
dance in chow, chow FTM, HFD, and HFD FTM mice confirmed the
above observations at the rank of phylum (Fig. 35d). This indicates
that the preservation and transfer protocol had no major effect on
commensal community structure, confirming engraftment effi-
cacy. Interestingly, Abx-pretreated mice that received fecal
microbiota from chow-fed mice showed normal hippocampal-
dependent cognitive function (Fig. 2b-g). By contrast,
hippocampal-dependent cognitive function was impaired in
Abx-pretreated mice that received fecal microbiota from HFD-
fed mice (Fig. 2b-g). Taken together, these data revealed that gut
microbiome play a critical role in HFD-induced hippocampal-
dependent cognitive deficits.

Since A. muciniphila treatment could reverse HFD-induced
metabolic disorders, including fat-mass gain, metabolic endotox-
emia, adipose tissue inflammation, and insulin resistance
[20, 24-26]. We hypothesized that the most decreased A.
muciniphila in the microbiota of HFD mice was causally related
to their cognitive deficits. To investigate whether this strain alone
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could revert part of the HFD-induced phenotype, we reintroduced of A. muciniphila had no major effect on bacterial composition of
A. muciniphilas into HFD-fed mice at weaning for 6 weeks, after HFD-fed mice (Fig. S3c, d). Results from several control experi-
which behavior was tested (Fig. 2h). Remarkably, treatment with A. ments underscore the specificity of A. muciniphilas-mediated
muciniphilas significantly improved hippocampal-dependent cog- rescue of hippocampal-dependent cognitive function in HFD-fed
nitive performance in HFD-fed mice (Fig. 2i-n). However, addition mice. First, treatment with heat-killed A. muciniphilas (100 °C for
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Fig. 2 HFD-associated microbiota impairs cognitive function in antibiotics pretreated mice fed a regular chow diet due to absence of A.
muciniphilas. a Schematic of chow FTM and HFD FTM experiment. b Percent of freezing in the contextual fear-conditioning test.
¢ Representative traces of chow FTM mice and HFD FTM mice in the Barnes circular maze test. d Number of errors in the training session of
Barnes circular maze. e Escape latency in the training session of Barnes circular maze test. f Time in the target quadrant during the probe trial
on the fifth day of Barnes circular maze test. g Average speed during the probe trial on the fifth day of Barnes circular maze test. h Schematic
of A. muciniphilas reintroduction experiment. i Percent of freezing in the contextual fear-conditioning test. j Representative traces of A.
muciniphilas— and vehicle-treated mice in the Barnes circular maze test. k Number of errors in the training session of Barnes circular maze.
| Escape latency in the training session of Barnes circular maze test. m Time in the target quadrant during the probe trial on the fifth day of
Barnes circular maze test. n Average speed during the probe trial on the fifth day of Barnes circular maze test. n = 8/group, means + SEM
(error bars) are plotted. Statistics were performed with Student’s t-test or one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, and

***P < 0.001, n.s., not significant

20min) failed to restore hippocampal-dependent cognitive
function in HFD-fed mice (Fig. S4a-g). Second, similar treatment
with another bacteria, L. reuteri, whose abundance is also reduced
in the gut microbiota of HFD-fed mice, failed to rescue
hippocampal-dependent cognitive function in HFD-fed mice
(Fig. S4h-n). Besides, A. muciniphilas-treated mice maintained
lower bodyweights and had lower body fat percentages and
higher lean-body-mass percentages when compared with vehicle-
treated littermates (data not shown), which is consistent with
previous report [20]. Overall, these findings reveal that A.
muciniphilas specifically rescues hippocampal-dependent cogni-
tive function in HFD-fed mice.

Treatment with A. muciniphilas reverses both hippocampal
neuronal development and long-term potentiation (LTP) in HFD-
fed mice

Some forms of cognitive function deficits are postulated to be
caused by disruption of synaptic transmission between excitatory
and inhibitory circuits. Thus, we recorded, in whole-cell config-
uration, miniature inhibitory and miniature excitatory postsynaptic
currents (mIPSC and mEPSC, respectively) of pyramidal neurons in
the hippocampal CA1 region. When action potentials were
blocked with tetrodotoxin (TTX, 1 mM), recordings of mIPSC from
the hippocampal CA1 region showed that amplitude and
frequency were not altered, indicating normal inhibitory synaptic
function in HFD-fed mice (Fig. 3a-c). Similarly, in the presence of
TTX, the frequency of mEPSC was unchanged (Fig. 3d, e). However,
the amplitude of mEPSC in hippocampal CA1 from HFD-fed mice
was reduced with a clear right shift in the cumulative distribution
of mEPSC inter-event intervals (Fig. 3d, f). Consistent with this, LTP
in the hippocampus was impaired in HFD-fed mice (Fig. 3g-i).
Therefore, these results indicate that HFD do not affect the
formation of inhibitory synapses or function on CA1 pyramidal
neurons during early postnatal development but impair the
development of normal excitatory synaptic function and synaptic
plasticity in the hippocampus.

We then characterized the neuronal proliferation in the
hippocampal dentate gyrus (DG). Using BrdU labeling, we found
decreased neuronal proliferation in P35 and P63 (adult) in HFD-
fed mice, but not at P21 (Fig. 3j, k). Another neuronal
characteristic that can also be correlated with cognitive
performance is dendritic morphology and complexity. Golgi-
Cox staining and Sholl analysis of the dendritic length of DG
granule cells of chow- and HFD-fed mice revealed that the
proximal quarter of the arbor (between 0 and 60pum
from the neuron) was similar (Fig. 3l, m). However, neurons
from HFD-fed mice exhibited shorter dendritic length in distal
areas (60-240 um) (Fig. 31, m), and less spine density (Fig. 3n, o)
when compared with chow-fed littermates. A reduction in AMPA
receptor and/or NMDA receptor (AMPAR and/or NMDAR)
expression could account for the LTP deficit in HFD-fed mice.
We therefore, examined protein levels in total, postsynaptic
density (PSD) hippocampal fractions. We found that the
expression of GIuA1l and GIuA2 subunits was substantially
reduced in both total hippocampal lysate and PSD fraction from
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the HFD-fed mice (Fig. 3p, q). In contrast, protein levels of NR2A
and NR2B subunits in the total lysate and PSD fractions were
unaltered (Fig. 3p, g). Taken together, these data suggest that
the HFD leads to an impairment in neuronal development and
permanent LTP changes in the hippocampus that could
contribute to the reduced cognitive performance of HFD-
fed mice.

We next wondered whether A. muciniphilas treatment, which
restores hippocampus-dependent cognitive function in HFD-fed
mice, would also rescue hippocampal neuronal development
and LTP. We found that A. muciniphilas treatment rescued
synaptic plasticity (Fig. 3a-i), as well as neuronal development
(Fig. 3j-q) in the hippocampus of HFD-fed mice. To be more
specifically, using BrdU labeling, A. muciniphilas treatment
rescued neuronal proliferation in the DG (Fig. 3j, k). In addition,
dendritic morphology and complexity were completely restored
by A. muciniphilas treatment (Fig. 31-0), and the expression of
GluA1 and GIuA2 subunits returned to normal level after A.
muciniphilas treatment (Fig. 3p, q). Thus, A. muciniphilas
treatment prevents HFD-induced neuronal development and
LTP impairment in the hippocampus and consequently amelio-
rates cognitive deficits.

A. muciniphilas treatment reduced microgliosis and inflammation
in the hippocampus of HFD-fed mice

We found that HFD-fed mice have a significant deficit in intestinal
barrier integrity, as reflected by decreased mRNA level of junction
protein in the colon (Fig. 4a), and increased translocation of FITC-
dextran across the intestinal epithelium, into the circulation
(Fig. 4b). Consistent with the leaky gut phenotype, the serum
endotoxin level was significantly increased in HFD-fed mice
(Fig. 4c), which are consistent with previous study [7]. Gut
permeability is commonly associated with an altered immune
response. Accordingly, immunohistochemical examination with
the microglia marker Iba-1" revealed a significant increase in the
number of microglia in hippocampus of HFD-fed mice when
compared with chow-fed littermates (Fig. 4d, e). Then, we
assessed hippocampal proinflammatory cytokines, including TNFa,
IL-1B, and IL-6. Results revealed that HFD exposure significantly
increased the mRNA and protein levels of TNFq, IL-1B, and IL-6 in
the hippocampus (Fig. 4f, g), which are consistent with previous
report [5]. These results indicate that the aggravation of cognitive
impairment of HFD-fed mice may associate with microgliosis and
proinflammatory cytokines expression in hippocampus.

We next wondered whether A. muciniphilas treatment, which
restores cognitive function in HFD-fed mice, would also inhibit
HFD-induced gut permeability, hippocampal microgliosis, and
proinflammatory cytokines expression. We found that A. mucini-
phila treatment normalized HFD-induced “leaky gut” (Fig. 4a, b)
and metabolic endotoxemia level (Fig. 4c), which is consistent
with previous study [20]. Moreover, A. muciniphila treatment
completely reversed HFD-induced microgliosis (Fig. 4d, e) and
proinflammatory cytokines expression (Fig. 4f, g) in hippocampus.

To directly assess the role of microgliosis and proinflammatory
cytokines expression on the hippocampus-dependent cognitive
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impairment. Microgliosis and proinflammatory cytokines expres-
sion were induced in chow-fed mice injected intraperitoneally of
cell membrane-derived LPS (Fig. S5a). Results showed that
injection of LPS resulted in microgliosis (Fig. S5b, ¢) and
proinflammatory cytokines expression (Fig. S5d) in hippocampus
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of chow-fed animals, and impaired hippocampus-dependent
cognitive function (Fig. S5e-j). Taken together, these findings
reveal that microgliosis and proinflammatory cytokines expression
may be the strong drivers of hippocampal-dependent cognitive
deficits in HFD-fed mice.
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Fig. 3 A. muciniphilas treatment restores synaptic plasticity and neuronal development in the hippocampus of HFD-fed mice. a Representative
traces of mIPSCs in CA1 pyramidal neurons from chow-, HFD-, and HFD + Akk-fed mice. Scale bars represent 0.2s, 5 pA. b, ¢ Cumulative
probability plots of mIPSCs inter-event intervals and histograms of mIPSCs frequency, and amplitude (n =15 neurons of 4 mice/group.
d Representative traces of mEPSCs in CA1 pyramidal neurons from chow-, HFD-, and HFD+ Akk-fed mice. Scale bars represent 2s, 2 pA.
e, f Cumulative probability plots of mEPSCs inter-event intervals and histograms of mEPSCs frequency, and amplitude (n = 28 neurons of four
mice/group. g Shown on the right were representative traces taken before (1) and 50 min after theta-burst stimulation (TBS) (2), scale bars
represent 20 ms, 0.15 mV. h Impaired LTP at SC-CA1 synapses in the hippocampus of mice. Normalized fEPSP slopes were plotted every 1 min.
Arrow denotes LTP induction. i Quantitative analysis of LTP level in | (n =9 slices from 4 mice/group). j Representative images proliferation
cells in the subgranular zone (SGZ) of each group at P63, scale bar represents 40 um. k Number of proliferation cells in the SGZ at P21, P35,
and P63 were measured 2 h after BrdU labeling (n = 6/group). | Representative images and corresponding traces of distal granule cells in each
group, scale bar represents 20 pm. m Dendritic length of distal granule cells in each group (n = 6/group). n, o Spine density in adult (P63)
granule cells, scale bar represents 2 um. p Hippocampal tissues were collected from each group and homogenized for western blotting.
Shown were representative blots of three independent experiments with similar results. @ Quantitative analysis of data in p (n = 5/group).
Band densities of interested proteins were normalized by the loading control $-actin; values of chow-fed mice were taken as 100%. Means +
SEM (error bars) are plotted. Statistics were performed with Student’s t-test or one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, and
***¥p < (0.0001, n.s., not significant
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Fig. 4 A. muciniphilas treatment corrects gut barrier deficits and reverses microgliosis and proinflammatory cytokines expression in the
hippocampus of HFD-fed mice. a mRNA levels of tight junction component (TJP1, TJP2, and OCLN) in the colon were measured by qRT-PCR.
Data for each gene are normalized to chow-fed mice. b Intestinal permeability assay, measuring FITC intensity in serum after oral gavage of
FITC dextran. ¢ Serum endotoxin were measured in each group. d Representative confocal micrograph of microglia (Iba-1") in the
hippocampus of each group and scale bar, 40 um. e Density of Iba-1* cells in the hippocampus of each group. f mRNA levels of
proinflammatory cytokines in the hippocampus of each group. Data for each gene are normalized to chow-fed mice. g Protein levels of
proinflammatory cytokines in the hippocampus of each group. n = 8/group, means + SEM (error bars) are plotted. Statistics were performed
with Student’s t-test or one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, and ***P < 0.00

TLR4 block or altering the microbiome prevents HFD induced
cognitive deficits

LPS activates intracellular signals through the innate immune
receptor TLR4, we therefore hypothesized that microglial
TLR4 stimulate MyD88-JNK/NF-kB signalling in response to LPS
that translocate from the gut lumen to brain—a process strongly
influenced by the composition of the gut microbiome. This
hypothesis predicts two novel approaches to treat HFD-induced
cognitive deficits: TLR4 blockade and manipulation of the
microbiome. To directly assess the requirement for TLR4 in HFD-
induced hippocampal-dependent cognitive decline, TAK-242
(@ small-molecule TLR4 antagonist that binds the intracellular
domain of TLR4 and blocks signal transduction) [35] and LPS-RS (a
hypo-acetylated LPS derived from Rhodobacter sphaeroides that
competitively antagonizes TLR4) [36] were used to blockade
TLR4 signal pathway (Fig. 5a). We found that TAK-242 or LPS-RS
treatment inhibits the proinflammatory cytokines expression in
hippocampus of HFD-fed animals (Fig. 5b). Results showed that
treatment of HFD-fed mice with TAK-242 rescued the

Neuropsychopharmacology (2019) 44:2054 - 2064

hippocampal-dependent cognitive deficits in HFD-fed mice
(Fig. 5c-h). Consistently, treatment of HFD-fed mice with LPS-RS
conferred a great hippocampal-dependent cognitive function
improvement compared with vehicle-treated littermates
(Fig. 5i-n). However, TAK-242 or LPS-RS treatment have no effects
on cognitive functions (Fig. S6a—g) and body mass composition
(Fig. S6h-0) of chow-fed mice. Overall, these results confirm the
essential role of TLR4 signalling in HFD induced hippocampal-
dependent cognitive deficits and suggest that TLR4 antagonists
may be effective therapies.

To test the effect of deliberate microbiome manipulation on
cognitive deficits in HFD-fed mice, we used antibiotics to reset the
microbiome. Broad-spectrum antibiotics were administered in
HFD-fed mice (Fig. S7a). As expected, antibiotic treatment
significantly reduced the total gut bacterial load and alpha
diversity (Fig. S7b—d). Abx-treated mice maintained lower body-
weights and had lower body fat percentages and higher lean-
body-mass percentages when compared with vehicle-treated
littermates (Fig. S7e-h). Furthermore, Abx treatment inhibits
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microgliosis (Fig. S7i, j) and proinflammatory cytokines expression DISCUSSION

(Fig. S7k) in hippocampus of HFD-fed animals, in association with
an improved hippocampal-dependent cognitive function in HFD-
fed mice (Fig. S7I-q). Collectively, these findings provide further

In the present study, we demonstrate that HFD influences
hippocampus development and hippocampal-dependent cog-
nitive function in mice. These effects are associated with

evidence that qualitative changes in the bacterial microbiome can
alter HFD-induced hippocampal-dependent cognitive decline.

SPRINGERNATURE

dysregulation of gut microbiota. In addition, we found that A.
muciniphila treatment is sufficient to rescue HDF-induced
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Fig. 5 Preventing HFD-induced cognitive deficits by TLR4 antagonism. a Schematic of TLR4 antagonism experiment. b Protein levels of
proinflammatory cytokines in the hippocampus of TAK-242-, LPS-RS-, and vehicle-treated mice. ¢ Percent of freezing in the contextual fear-
conditioning test. d Representative traces of TAK-242- and vehicle-treated mice in Barnes circular maze test. e Number of errors in the training
session of Barnes circular maze. f Escape latency in the training session of Barnes circular maze test. g Time in the target quadrant during the
probe trial on the fifth day of Barnes circular maze test. h Average speed during the probe trial on the fifth day of Barnes circular maze test. i
Percent of freezing in the contextual fearconditioning test. j Representative traces of LPS-RS- and vehicle-treated mice in Barnes circular maze
test. k Number of errors in the training session of Barnes circular maze. | Escape latency in the training session of Barnes circular maze test. m
Time in the target quadrant during the probe trial on the fifth day of Barnes circular maze test. n Average speed during the probe trial on the
fifth day of Barnes circular maze test. n = 8/group, means + SEM (error bars) are plotted. Statistics were performed with Student’s t-test or one-
way analysis of variance (ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s., not significant

cognitive impairment, which indicates that A. muciniphila
treatment is a potential probiotic therapy for obesity associated
with cognitive dysfunction during early life. Our findings are
relevant not only to the understanding of etiology of HFD on the
developmental progression of hippocampus, but also demon-
strate the importance of gut microbiota for the normal brain
functions.

Compelling evidence suggests there is an association between
HFD, gut microbiota, and body weight regulation [3, 4, 37, 38].
Obesity in childhood and adolescence could have a particularly
relevant impact since this is a critical periods for neurodevelop-
ment and neuronal plasticity [34, 39, 40], where HFD can
significantly alter brain functions, behaviors, and mood states in
adulthood [41]. Here, we demonstrated that animals fed HFD
show great potentially pathological changes in hippocampus,
including impaired synaptic plasticity, reduced neuron prolifera-
tion, and atrophic dendritic spines.

A variety of factors could contribute to the HFD-induced
cognitive function abnormalities. HFD has been shown to alter the
gut microbiome and individuals diagnosed with obesity can
copresent dysbiosis of the gut microbiota [4, 38]. The associations
established between obesity and cognitive impairment in
epidemiological and experimental studies point to shared
contributing factors, and pathophysiological mechanisms [4].
These associations could be related to dietary induced alterations
in the intestinal microbiota that, in turn, may contribute to (neuro)
inflammation and dysregulation of the neuroendocrine system
associated with obesity comorbid with cognitive impairments
[4, 42, 43]. We showed that HFD induces alterations of gut
microbiota, particularly by depleting A. muciniphila. A. muciniphila
within the mucus layer is implicated in the control of host mucus
turnover, which improves gut barrier function and is linked to
obesity [20, 24, 25]. HFD-fed animals are reported displays Gl
abnormalities, including increased intestinal permeability or “leaky
gut” [7, 44, 45], which leads to translocation of bacterial LPS into
the blood and producing inflammation [7, 44, 45]. In HFD-induced
obesity, endotoxemia has been linked with alterations of gut
microbiota and increased intestinal permeability [19]. Currently,
obesity and the related cognitive decline are associated with
microbiota alterations and low-grade systemic and central
inflammation, which contribute to interruption of the gut-brain
axis [3, 19]. This hypothesis has been confirmed to some extent in
this study, which investigated the effectiveness of A. muciniphila
treatment in both attenuating obesity and associated cognitive
disorders.

It has been reported that activated microglial cells release
proinflammatory cytokines TNF-q, IL-1f, and IL-6, which negatively
regulate cognitive functions [12-14]. Our findings demonstrated
that HFD promoted the expression of lba-1 in hippocampus
suggesting an excessive microgliasis. Hippocampal inflammation
is highly associated with recognition memory impairment [14].
Therefore, A. muciniphila treatment that prevent high endotoxin
level and inhibit hippocampal microgliosis and inflammation may
contribute to spatial learning, and memory restoration. TLR4 is the
receptor for LPS and expressed in microglia, astrocytes, and
neurons in the brain [46]. Activation of TLR4 signaling inhibits

Neuropsychopharmacology (2019) 44:2054 - 2064

neurogenesis, while deficiency of TLR4 dramatically ameliorates
neuro-inflammation in the hippocampus of mice [46]. In this
study, A. muciniphila treatment prevented the activation of the
TLR4 inflammatory signaling pathway and an overexpression of
proinflammatory cytokines in the hippocampus induced by a HFD
feeding. Besides, TAK-242 or LPS-RS treatment effectively reduce
HFD-induced cognitive deficits, confirming TLR4 as a ‘druggable’
target for obesity associated cognitive disorders. Meanwhile,
manipulation of gut microbiome-host interactions is also an
exciting potential strategy to treat a life-long disease such as HFD-
induced cognitive deficits.

CONCLUSIONS

In conclusion, this study demonstrated that A. muciniphila
reinstalls and restores cognitive function in HFD-induced obese
mice. These beneficial effects are accompanied by a reduction of
hippocampal microgliosis. The behavioral and neurochemical
improvements suggest that A. muciniphila could be a promising
strategy to improve gut-brain axis for the prevention of HFD-
induced obesity and associated cognitive decline. However,
further translational and functional studies are needed to progress
in the identification of molecular targets/pathways that could be
favorable modulated by microbiota-based interventions to help
reduce obesity associated complications.
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