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Recent research has shown the gut microbiome’s impact on memory, yet limitations hinder the
identification of specific microbes linked to cognitive function. We measured spatial working memory
in individual mice before and after fecal microbiota transplantation (FMT) to develop a targeted
analysis that identifies memory-associated strains while minimizing host genetic effects.
Transplantation of human fecal into C57BL/6 mice yielded varied outcomes: some mice showed
significant improvements while others had negligible changes, indicating that these changes are due
to differences in FMT colonization. Metagenomic analysis, stratified by memory performance,
revealed a positive correlation between the abundance of Akkermansia muciniphila and improved
memory. Moreover, administering two A. muciniphila strains, GMB 0476 and GMB 2066, to wild-type
mice elevated spatial working memory via BDNF activation. Our findings indicate that specific gut
microbes, particularly A. muciniphila, may modulate memory and represent potential targets for

therapeutic intervention in cognitive enhancement.

The human gut microbiome, predominantly comprised of bacteria but also
including protozoa, archaea, eukaryotes, and viruses, forms the most
intricate microbial community within our body'. Residing symbiotically in
the gastrointestinal (GI) tract, these microbes crucially influence a myriad of
human phenotypes and diseases, ranging from gastrointestinal disorders
like Crohn’s disease and ulcerative colitis™’, to systemic conditions such as
obesity*, diabetes’, and even neurological concerns like depression and
neurodegenerative diseases’". As a result, the gut microbiome and its role in
human phenotypes and diseases have garnered significant attention in
recent times. Despite its paramount importance akin to our genome, efforts
to pin down specific gut microbes linked to diseases or phenotypes haven’t
progressed as anticipated. The challenge in identifying specific gut microbes
linked to diseases and phenotypes at the species level underscores the need
for a novel approach to gut microbiome analysis. The vast number of
intestinal microbes, comprising around 100 trillion, poses challenges not
only in terms of analysis but also in generating various degrees of noisy data
that can lead to misleading conclusions'’™"%.

Apart from the complexity of metagenomics data, recent evidence
has revealed intrinsic problems with current gut microbiome analysis.
The composition of the gut microbiome can vary significantly depending
on the location within the GI tract”’. Furthermore, the composition of the
whole gut microbiome differs substantially from that of the fecal
microbiome™. The influence of host genetic backgrounds further

complicates the identification of intestinal microbes associated with
diseases or phenotypes'™™"’. Host genetic backgrounds have a more sig-
nificant impact on the gut microbiome than dietary shifts'®, making it
challenging to establish causal relationships during the analysis of the gut
microbiome.

Aging is widely recognized as a major contributor to cognitive decline,
including impairments in memory and learning abilities””. This decline has
been attributed to several biological mechanisms, such as increased neu-
roinflammation, oxidative stress, synaptic deterioration, and dysregulation
of neurotransmitter systems. In particular, aging leads to structural and
functional changes in the hippocampus, a key brain region involved in
spatial working memory”. Additionally, age-related alterations in gut
microbiota composition have been observed, including a reduction in
microbial diversity and beneficial taxa, which may further exacerbate neu-
roinflammatory processes and cognitive dysfunction.

Recent studies suggest that the gut microbiome may also play a role in
cognitive functions, particularly spatial working memory, a cognitive pro-
cess critical for navigation and decision-making™. While the influence of
genetics, nutrition, and environmental factors on spatial working memory is
well documented, the role of the gut microbiome remains underexplored™.
Despite growing evidence, direct causal links between specific gut microbes
and spatial working memory remain poorly understood. Identifying the
precise microbial contributors to cognitive function and their underlying
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Fig. 1| FMT of a human fecal mixture into C57BL/ a

6 mice leads to a modification in the spatial
working memory of the mice. Change in mouse
spatial working memory following FMT.
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mechanisms is essential for advancing our understanding of the
gut-brain axis.

To address this, fecal microbiota transplantation (FMT) has been
utilized as a tool to investigate the causal relationship between gut microbes
and host phenotypes™. By transferring the gut microbiota from one
organism to another, FMT enables researchers to assess how microbial
communities influence specific physiological and cognitive traits™. In this
study, we used naturally aged C57BL/6 mice as a model to identify gut
microbes that may help mitigate age-related cognitive decline, particularly
in spatial working memory. Through this approach, we identified Akker-
mansia muciniphila as a potential key player associated with enhanced
spatial working memory. Our findings suggest that Akkermansia mucini-
phila may counteract these aging-related effects and help support spatial
working memory.

Building on these findings, we further investigated whether the
administration of Akkermansia muciniphila could enhance spatial working
memory. Our results indicate that supplementation with Akkermansia
muciniphila improves spatial working memory, providing new insights into
the relationship between the gut microbiome and cognitive function. This
study underscores the importance of considering gut microbial composition
in age-related cognitive decline and highlights potential therapeutic appli-
cations of microbiome-based interventions in cognitive health.

Results

FMT of human stool into C57BL/6 mice resulted in diverse effects
on spatial working memory

In order to find the gut microbes responsible for regulating the spatial
working memory (SWM), a mixture of human gut microbiome was
transplanted into naturally aged 12-month-old C57BL/6 mice where their
gut microbiome was depleted by administration of a mixture of three broad-
spectrum antibiotics and nystatin (Fig. 1a). FMT was then performed for
3 months to ensure that the diversity of the gut microbiota increased and
sufficient changes in the host phenotype were observed”**’. We compared
changes in SWM in the same mice before and after FMT to evaluate pre-
cisely the influence of the gut microbiome on SWM while excluding genetic
factors. The differences in SWM of each mouse before FMT reflect the

differences in the intelligent characteristics of individual mice. We checked
the degree of change in SWM of each mouse after 3 months of FMT to
confirm changes in intelligence caused by human intestinal microorgan-
isms, excluding the intelligence of individual mice. Over the three-month
experimental period, the changes in SWM could be categorized into three
groups: the positive group (PL; n = 10; % Alternation change = 17.6 + 3.7%,
10 females and 10 males), the ineffective group (I; n=10; % Alternation
change = 0.3 + 0.9%, 7 females and 3 males), and the negative group (NI;
n=10; % Alternation change=—14.6+1.1%, 6 females and 4 males)
(Fig. 1b, c). It should be noted that the original SWM of the PI group
(50.2+3.0% at 0 months) was the lowest, while that of the NI group
(71.9 + 1.9% at 0 months) was the highest (Fig. 1d). These differences may
result from individual factors, including genetic factors of individual mice.
The inverse relationships after FMT, the PI group (67.8 + 3.1% at 3 months)
and NI group (57.3 £ 1.1% at 3 months), signify that the transplanted gut
microbiome plays an important role in determining SWM.

During the experimental period, no significant group differences
were observed in the changes in body weight and blood profile (Sup-
plementary Fig. 1). However, it is worth noting that across all three
mouse groups, there were general trends observed in the body weight and
blood profile. Specifically, body weight, blood glucose levels, LDL-
cholesterol levels, and triglyceride levels increased, while HDL-
cholesterol levels decreased during the experimental period (Supple-
mentary Fig. 1). These changes reflect the natural ageing process of the
mice over the course of the experiment.

FMT altered the composition of the gut microbiome

To determine whether FMT altered the gut microbiome of mice, we first
analyzed faecal samples from all mice before and after FMT to determine the
changes in microbial composition. As shown in Fig. 2a and Supplementary
Table 2, the species richness measured by ACE (203.75 + 4.391 at 0 months,
337.814 + 8.126 at 3 months, p < 0.001), Fisher (27.76 + 0.684 at 0 months,
50.879 £1.288 at 3 month, p<0.001), and Shannon (4.11+0.049 at
0 month, 4.39 + 0.058 at 3 month, p < 0.001) dramatically improved, indi-
cating that the number of the microbial species constituting the gut
microbiome was increased by FMT. Despite the increase in the microbial
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Fig. 2 | FMT induces significant compositional changes in the gut microbiome of
C57BL/6 mice. a Comparisons of a-diversity indices of the fecal gut microbiome,
measured using ACE richness, Fisher, Shannon, Simpson, and Inverse Simpson
methods, between before (n = 30) and 3 months after FMT (n = 30) are shown in box
plots. b Comparisons of phylogenetic compositions of the fecal gut microbiome at
the phylum level between before (n = 30) and 3 months after FMT (n = 30). ¢ The f-
diversity plots of the fecal gut microbiome were measured using a nonmetric mul-
tidimensional scaling plot before (n = 30) and 3 months after FMT (n = 30).

d Maximum-likelihood phylogenetic tree comprising taxa of the fecal gut micro-
biome before (left, n = 30) and 3 months after FMT (right, n = 30). The circular

dendrogram rings represent phylum levels, with corresponding taxa depicted in the
inner layer. See Supplementary Fig. 4 for the circular ring (phylum) and inner layer
(family) color legends. e Color-coded network graphs of the fecal gut microbiome
before (left, #n = 30) and 3 months after FMT (right, n = 30), illustrating co-
occurrence and mutual exclusion interactions among operational taxonomic units
(OTUs). The network was developed using class-level OTUs. Additional network
information is provided in Supplementary Table 3. 0m_Feces represents the fecal gut
microbiome before FMT. 3m_Feces represents the fecal gut microbiome 3 months
after FMT.

species of the gut microbiome, the species evenness measured by Simpson
(0.966 +£0.002 at 0 months, 0.96+0.004 at 3 months, p>0.05), and
InvSimpson (31.966 + 1.8 at 0 months, 32.06 + 2.881 at 3 months, p > 0.05)
indices indicated that the patterns of species distribution were not changed
(Fig. 2a and Supplementary Table 2). In accordance with the species rich-
ness, phylogenetic classification showed that the microbial compositions

dramatically altered and diversified after FMT. The gut microbiome mainly
consisted of Bacteroidetes (56.906%) and Firmicutes (39.887%) before FMT
(Fig. 2b). However, FMT increased the relative abundance of Verrucomi-
crobia (9.649%) and decreased the abundance of Bacteroidetes (48.925%)
and Firmicutes (37.521%) (Fig. 2b). The microbial distribution at lower
classification levels are shown in Supplementary Fig. 2. The analyses of beta
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diversities (Fig. 2c and Supplementary Fig. 3), phylogenetic trees (Fig. 2d
and Supplementary Fig. 4), and co-occurrence network (Fig. 2e and Sup-
plementary Table 3) further confirmed the distinct nature of the gut
microbiome before and after FMT. Thus, it was established that FMT
effectively replaces the gut microbiota.

The Gl gut microbiome analysis elucidated the association of the
gut microbiome with spatial working memory

Building on prior findings that FMT influenced gut microbiome com-
position, we further examined how microbiome changes varied among
mice with different SWM performance levels. Specifically, we examined
changes in gut microbiota composition according to the degree of SWM
change before and after FMT by analyzing fecal samples. As shown in
Fig. 3a and Supplementary Table 2, the species richness measured by
ACE, Fisher, and Shannon increased after FMT, indicating that the
number of microbial species constituting the gut microbiome was
increased by FMT in all groups. However, the species evenness assessed
by Simpson did not show significant differences before and after FMT
across all groups. Comparing alpha-diversity between groups after FMT
in fecal samples, neither species richness nor evenness showed significant
differences (p>0.05 in all alpha-diversity index) (Fig. 3a and Supple-
mentary Table 2). In accordance with the species richness, phylogenetic
classification showed that the microbial compositions dramatically
altered and diversified after FMT. The gut microbiome mainly consisted
of Bacteroidetes (55.563% in the PI group, 60.837% in the II group, and
54.319% in the NI group) and Firmicutes (40.437% in the PI group,
36.945% in the II group, and 42.278% in the NI group) before FMT
(Fig. 3b, left and Supplementary Table 4). However, FMT caused the
proliferation of Verrucomicrobia (10.693% in the PI group, 8.153% in the
II group, and 10.100% in the NI group), and thus reduction of the
abundances of Bacteroidetes (48.959% in the PI group, 52.217% in the II
group, and 45.600% in the NI group) and Firmicutes (35.986% in the PI
group, 35.763% in the II group, and 40.814% in the NI group) (Fig. 3b,
right and Supplementary Table 4). The microbial distribution at lower
classification levels are shown in Supplementary Fig. 5 and Supple-
mentary Tables 5-9. Although changes in the gut microbiome before and
after FMT were confirmed in the fecal samples, no correlation was
observed in the alpha diversities (p >0.05) (Fig. 3a and Supplementary
Table 2), the beta diversities analyses (p > 0.05) (Fig. 3¢, d, Supplementary
Figs. 6 and 7, and Supplementary Table 10), phylogenetic trees (Sup-
plementary Fig. 8), and co-occurrence network analysis (Fig. 3e, f and
Supplementary Table 3) between groups related to SWM.

Since fecal gut microbiota does not fully represent the entire gut
microbiome', we further analyzed a possible association between the gut
microbiome and SWM by using GI contents. The GI content was
obtained by sacrificing the mice after FMT and collecting the contents
from the stomach to the end of the colon. As shown in Fig. 4a and
Supplementary Table 2, the species richness and distribution pattern of
the gut microbiome isolated from the GI contents (GI gut microbiome)
were very different from those isolated from feces (fecal gut microbiome).
More importantly, there were clearly group differences in the species
richness and distribution pattern of the GI gut microbiome unlike in the
cases of the fecal gut microbiome. When comparing the alpha-diversity
of the GI gut microbiome between the PI and NI groups, significant
differences were observed in the ACE (p<0.05), Fisher (p<0.05),
Simpson (p <0.01), and Shannon (p <0.01) indices (Fig. 4a and Sup-
plementary Table 2). In accordance, the actual composition of the gut
microbes constituting the gut microbiome was not only different from
that of the fecal gut microbiome, but also there was a clear group dif-
ference (Fig. 4b, Supplementary Fig. 9 and Supplementary Tables 4-9).
The composition of the GI gut microbiome differed significantly among
groups according to SWM. At the phylum level, the abundance of Fir-
micutes was decreased (28.943% in the PI group, 43.796% in the II group,
and 49.618% in the NI group), while the abundance of Verrucomicrobia
was increased (42.974% in the PI group, 29.403% in the II group, and

16.264% in the NI group), especially in groups with increased SWM. The
alpha-diversity analysis confirmed differences between groups according
to SWM, while the beta-diversity analysis did not confirm differences
between groups (p >0.05) (Fig. 4c, d, Supplementary Fig. 10, and Sup-
plementary Table 10). However, when compared to fecal samples
(p=0.544), it was observed that there was a slightly greater difference
between groups in GI samples (p=0.266). The phylogenetic trees
(Fig. 4e), and co-occurrence network analysis (Fig. 4f and Supplementary
Table 3) also confirmed that the gut microbiome of the three groups were
differed each other. We believe that analysis of the GI gut microbiome
but not the fecal gut microbiome visualized the association between the
gut microbiome and SWM because the GI gut microbiome represents
more accurately the real gut microbiome than the fecal gut microbiome.
This result was perfectly matched with the recent works, which showed
that the fecal gut microbiome does not represent the whole gut
microbiome'.

To determine whether sex affects the relationship between cognitive
function and gut microbiota, we conducted analyses by separating the sex of
the mice. As shown in Supplementary Fig. 11, alpha-diversity indices did not
show significant differences in the fecal gut microbiome after FMT in both
males and females but showed striking differences in the GI gut microbiome
according to SWM (Supplementary Fig. 11a, b). In addition, in the com-
position of the gut microbiome at the phylum level, Firmicutes in the GI gut
microbiome of the PI group was decreased, and Verrucomicrobia was
increased in both males and females (Supplementary Fig. 11c, d). In other
words, it was confirmed that there was no difference in the change in SWM
according to FMT by sex.

The enrichment of Akkermansia muciniphila in the gut micro-
biome was positively associated with increased mouse spatial
working memory

After identifying the association of the GI gut microbiome with SWM, we
were bound to identify the individual gut microbial species associated with
SWM. Figure 5 shows the gross association of the gut microbiome with
SWM at the phylum level. As expected by the above gut microbiome ana-
lyses, there was not any correlation observed in the gut microbiome isolated
from fecal samples with SWM. However, unlike the fecal gut microbiome,
the GI gut microbiome analysis elucidated an associative relationship with
SWM. The abundance of the phylum Verrucomicrobia was clearly corre-
lated with increased SWM in mice compared to other phyla (Fig. 5a,
R®=0.2241).

To confirm the relationship at the species level, the Taxonomizr pro-
gram was used to obtain the NCBI accession number with the most similar
sequence to identify the microbial species, and then the DESeq2 method,
which represents the difference in the abundance of intestinal micro-
organisms as a fold change in the gut microbial community of each group,
was used for analysis (Fig. 6a). A total of five bacterial species were found to
have significantly different abundance between the PI and NI groups.
Among the five bacterial species, two were enriched in the positive group
(Fig. 6b, c), while three were enriched in the negative group (Fig. 6d-f).
Although the five bacteria showed an association with the SWM of mice,
Akkermansia muciniphila was the only bacterial species realistically asso-
ciated with SWM if considering the abundance of the bacteria in the gut
microbiome. A. muciniphila was not only abundantly present in the gut
microbiome of the mice groups so as to affect the phenotype of its host but
also linearly correlated with the increase of SWM in an abundance-
dependent manner.

A. muciniphila was not quantified in human stool samples. However,
previous studies have shown that the abundance of A. muciniphila increases
with age in humans” ", whereas it decreases in mice’ . Our results also
confirmed that A. muciniphila was almost absent in the gut microbiota of
12-month-old mice before FMT, and increased after FMT (Fig. 2b, Ver-
rucomicrobia). Therefore, it is difficult to view it as a restoration of the
original gut microbiota of mice, but rather as a microorganism established
due to FMT.
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Fig. 3 | Analysis of the fecal gut microbiome before and after FMT shows that the
fecal microbiome had little effect on changes in spatial working memory in mice.
a Comparisons of a-diversity indices of the fecal gut microbiome in each group,
measured using ACE richness, Fisher, Simpson, and Shannon methods, between
before and 3 months after FMT are shown in box plots (n = 10 per group).

b Comparisons of phylogenetic compositions of the fecal gut microbiome in each
group at the phylum level before FMT (left) and 3 months after FMT (right) (n =10
per group). ¢ The B-diversity plots of the fecal gut microbiome were measured using
nonmetric multidimensional scaling plot before FMT (upper) and 3 months after
FMT (lower) in each group (n = 10 per group). d Heatmaps display the unsupervised

hierarchical clustering of microbial species’ relative abundance in the fecal gut
microbiome of each group before (upper) and 3 months after EMT (lower) (n =10
per group), with data log-transformed and row-scaled (standardized). The heatmap
legend represents the range of row-scaled (standardized) values from log-
transformed relative abundance data, with color gradients indicating deviations
from the mean abundance of each species. e, f Color-coded network graphs of the
fecal gut microbiome in each group before FMT (e) and 3 months after FMT (f)
(n =10 per group), illustrating co-occurrence and mutual exclusion interactions
among OTUs. The network was developed using class-level OTUs. Additional
network information is provided in Supplementary Table 3.
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Fig. 4 | Analysis of the GI gut microbiome elucidates that the gut microbiome is
responsible for the alteration of spatial working memory in mice. a Comparisons
of a-diversity indices of the GI gut microbiome, measured using ACE richness,
Fisher, Simpson, and Shannon methods, 3 months after FMT are shown in box plots
(n =10 per group). b Comparison of phylogenetic compositions of the GI gut
microbiome at the phylum level, 3 months after FMT (n = 10 per group). ¢ The p-
diversity plot of the GI gut microbiome, measured using a nonmetric multi-
dimensional scaling plot, 3 months after FMT (n = 10 per group). d Heatmap dis-
plays the unsupervised hierarchical clustering of microbial species’ relative
abundance in the GI gut microbiome of each group 3 months after FMT (n = 10 per
group), with data log-transformed and row-scaled (standardized). The heatmap
legend represents the range of row-scaled (standardized) values from log-

o

transformed relative abundance data, with color gradients indicating deviations
from the mean abundance of each species. e Maximum-likelihood phylogenetic tree
comprising taxa of the GI gut microbiome 3 months after FMT in the PI group (left,
n = 10), the IT group (middle, n = 10), and the NI group (right, # = 10). The circular
dendrogram rings represent phylum levels, with corresponding taxa depicted in the
inner layer. See Supplementary Fig. 4 for the circular ring (phylum) and inner layer
(family) color legends. f Color-coded network graphs of the GI gut microbiome

3 months after FMT in the PI group (left, n = 10), the II group (middle, n = 10), and
the NI group (right, n = 10), illustrating co-occurrence and mutual exclusion
interactions among OTUs. The network was developed using class-level OTUs.
Additional network information is provided in Supplementary Table 3. 3m_GI
represents the GI gut microbiome 3 months after FMT.

Akkermansia muciniphila increased the mouse spatial working
memory by increasing the expression level of BDNF in the
hippocampus
In the FMT model, we observed that despite an increase in A. muciniphila,
SWM remained unchanged in the II group and declined in the NI group.
This suggests that the presence of A. muciniphila is not sufficient to enhance
cognitive function when introduced within a complex microbial commu-
nity. Given that FMT introduces a diverse microbial population, it is pos-
sible that bacterial species with opposing effects on cognition were also
transferred, potentially offsetting the benefits of A. muciniphila.

To clarify the specific role of A. muciniphila, we conducted addi-
tional experiments where candidate strains were administered

individually. These experiments were designed to isolate the effects of A.
muciniphila without interference from other microbial species. Since it is
known that cognitive function decreases with aging in mice™, we
examined whether ingestion of A. muciniphila suppresses the decline in
cognitive function due to aging. The two strains of A. muciniphila, GMB
0476 and GMB 2066, were orally administrated into aged mice expected
to have cognitive decline, establishing a de novo microbiome for
3 months. As shown in Fig. 7a, feeding of A. muciniphila gradually
increased the SWM, and there was a clear group difference after
3 months of the experimental period. The positive effects of both strains
further validate the effect of A. muciniphila on the increase of the SWM.
Also, it is interesting to note that A. muciniphila GMB 2066 (an increase
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A Intelligent performance

from 61.8% to 66.8%) showed a better effect than A. muciniphila GMB
0476 (an increase from 61.8% to 65.7%).

Previous studies have shown that brain-derived neurotrophic factor
(BDNF), one of the major brain neurotrophic factors, is associated with
neural plasticity and short- and long-term memory™ ™. As a result of
observing the brains of the mice, histological examination of the hippo-
campal area did not show significant differences among the experimental
mice (Fig. 7b). However, the expression levels of brain-derived neurotrophic
factor (BDNF) in the hippocampus were much more highly expressed in the
A. muciniphila-feeding groups (Fig. 7c—f). Especially in accordance with the
performance results of the memory test (Fig. 7a), BDNF in the A. mucini-
phila GMB 2066 feeding group (fluorescence intensity 10.8) was more
highly expressed than that of the A. muciniphila GMB 0476 feeding group
(fluorescence intensity 6.7) (Fig. 7c—f). This coincidence of the memory test
result and the BDNF expression levels clearly indicates that A. muciniphila
increased the mouse SWM by increasing the expression level of BDNF in the
hippocampus. In addition to the improvement in SWM, the feeding of A.
muciniphila resulted in enhanced blood profiles, including reductions in
triglycerides (TG), blood glucose, and LDL-cholesterol levels, along with an
increase in HDL-cholesterol (Supplementary Fig. 12). However, feeding of
A. muciniphila does not improve immune response (Supplementary Fig. 13)
and physical performance (Supplementary Fig. 14). The results from these
targeted interventions of A. muciniphila provide stronger evidence for the
direct impact of A. muciniphila on cognitive function.

Discussion

Recent extensive studies on the gut microbiome have highlighted its crucial
role in a wide array of human diseases and phenotypes™ ™. Intriguingly,
some research suggests that the gut microbiome might even influence

neurological diseases and neuronal functions through the gut-brain axis,
pointing to a potential link between the gut microbiome and
intelligence™**"**, Many studies have showcased the impact of the gut
microbiome on memory performance in experimental animals™ . A recent
study revealed that pasteurized A. muciniphila treatment have beneficial
effects on anxiety-like behavior and memory defects in the C. rodentium
infection model®®. However, the mechanisms of A. muciniphila are still
unclear. This study, which demonstrated an improvement in mouse
memory via BDNF activation after feeding A. muciniphila, provides the first
mechanistic evidence for the role of specific gut microbes in memory
enhancement. BDNF has been implicated in neuroplasticity to form new
neural connections™. Given that neuroplasticity is a foundational
mechanism for learning and memory®"*, it is noteworthy to mention that A.
muciniphila enhances mouse spatial working memory by elevating BDNF
expression levels (Fig. 7). Furthermore, the improvement of spatial working
memory was consistently observed with two independent A. muciniphila
strains (GMB 0476 and GMB 2066), which further strengthens the vali-
dation of A. muciniphila’s effect on memory improvement (Fig. 7).

In addition to the memory-improving effect observed in this study,
several previous works consistently demonstrated that A. muciniphila
lowers blood glucose levels, LDL-cholesterol levels, and TG while increasing
HDL-cholesterol levels” . It also shows promise in improving liver stea-
tosis, reducing inflammation, and enhancing responsiveness to cancer
immunotherapies®®. The blood profile analysis conducted in this study
also revealed improvements, including lowered levels of LDL-cholesterol,
TG, and blood glucose, as well as increased HDL-cholesterol levels (Sup-
plementary Fig. 12). However, these improvements were not as significant
as those reported in previous studies. Past animal experiments assessing the
effects of A. muciniphila on metabolic diseases typically employed diets high
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Fig. 6 | The gut microbial species associated with
spatial working memory are identified. a Log2-
fold change in abundance of most abundantly pre-
sent species in the GI gut microbiome of the PI and
NI groups (n = 10 per group) analyzed by DESeq2
differential abundance analysis. Each point repre-
sents a species comparison between two experi-
mental groups. b, ¢ Comparison of the GI gut
microbiome and fecal gut microbiome of two species
with higher % abundance in the PI group than in the
NI group. Akkermansia muciniphila (b) and Olse-
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in fat and glucose””. In contrast, a normal diet was used in our study to
evaluate A. muciniphila’s impact on spatial working memory. Despite the
normal diet, the beneficial effects of A. muciniphila on blood profile
improvement were evident, consistent with earlier research®*.

While the gut microbiome significantly affects human intelligence,
including memory, specific gut microbes associated with memory remain
unidentified due to current limitations in gut microbiome analysis. These
limitations stem from the host’s genetic background, which plays a critical
role in determining diseases or phenotypes, and the fact that the fecal gut
microbiome does not represent the entire gut microbiome of the host. In this
study, we mitigated the effects of the host genetic background on memory by
comparing the same individual mouse before and after EMT. As the genetic
background of an individual mouse remains constant, any change in spatial
working memory post-FMT can be attributed solely to the gut microbiome.
In the analysis of the gut microbiome of mice before and after FMT, we were
able to more accurately assess the impact of the gut microbiome on spatial
working memory by analyzing not only fecal samples but also the entire
gastrointestinal microbiome. With this methodology, we identified A.
muciniphila as a gut microbe that enhances spatial working memory in mice
(Figs. 1-6) and validated these findings through a proof-of-concept animal
experiment (Fig. 7). While this study employed the spontaneous alternation
Y-maze to assess cognitive improvement, a comprehensive evaluation of
cognitive function requires additional tests, such as those measuring long-
term memory and other cognitive domains. Further investigations are
needed to explore the underlying mechanisms of A. muciniphila effects on
cognition.

Despite these promising findings, certain limitations should be
acknowledged. This study was conducted in a controlled laboratory envir-
onment using a specific mouse model, which may not fully replicate the
complexity of human gut microbiome interactions and cognitive processes.
Additionally, individual variability in response suggests that biological
diversity, dietary factors, and environmental influences may contribute to

the efficacy of A. muciniphila. Another limitation is that we cannot deter-
mine whether the differences in efficacy between the two A. muciniphila
strains are due to the functional effects of the strains themselves or differ-
ences in their colonization levels. Future research should investigate the
cognitive benefits associated with varying degrees of colonization while
incorporating diverse study populations, extended observation periods, and
mechanistic analyses to further elucidate the role of A. muciniphila in
cognitive function and neuroprotection.

Methods

Study design and animal experiment

Thirty 12-month-old female/male C57BL/6 mice were purchased from the
Animal Facility of Aging Science (KJ309) in Korea Basic Science Institute
(Gwangju, Republic of Korea) and individually housed in a specific
pathogen-free (SPF) facility with sterilized food and water ad libitum.
Animals were maintained in a 12-h light/12-h dark cycle at 22 + 1 °C and
40-50% humidity. Microbiological monitoring in a specific-pathogen-free
(SPF) facility was performed using a Laser scanning confocal microscope
(Leica TCS SP5 AOBS/Tandem, KJ302) at the Honam Regional Center of
Korea Basic Science Institute (KBSI).

To investigate the influence of human gut microbes on SWM in mice,
fecal samples were collected from ten healthy volunteers aged 20-40 years.
The fecal samples were mixed in JM medium (Alpha Biochemicals Co.,
Jeonju, Republic of Korea) to create a composite fecal mixture containing a
variety of human gut microbes”. After 1 week of acclimation, mice were
weighed, and individual fecal and blood samples were collected. Subse-
quently, all mice were given water containing three types of antibiotics (1 g/L
ampicillin, 0.5 g/L kanamycin, and 0.5 g/L cefoxitin; Sigma-Aldrich, MA,
USA) and antifungal (0.5 g/L nystatin; Sigma-Aldrich, MA, USA) for 2 days
to deplete their endogenous microbiota. Following microbiota depletion,
mice were orally administered the human fecal mixture (20 uL) via oral
gavage using a 22 G oral gavage needle, twice a week for 3 months to
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transplant human gut microbes into the mice. While FMT has the potential
to introduce harmful factors, no adverse health effects were observed in this
study. Mice were closely monitored for signs of distress, weight loss, or other
health deterioration, but no unexpected adverse events occurred. Before and
three months after FMT, mice were weighed, and individual fecal and blood
samples were collected. Y-maze spontaneous alternation tests were con-
ducted both before and three months after the administration of the human
fecal mixture in a behavior analysis room set up separately from the rearing
room. By comparing the Y-maze records before and after FMT, the subjects
were divided into groups with increased SWM (PI, n =10), unchanged
SWM (II, n = 10), and decreased SWM (NI, n = 10).

For efficacy evaluation experiments, 21-month-old C57BL/6 mice
(female, n = 50) were purchased from the Animal Facility of Aging Science
at the Korea Basic Science Institute (Gwangju, Republic of Korea). The mice
were divided into three groups and housed in cages by group (maximum of
five mice per cage): Control (n =15), GMB 0476 (feeding A. muciniphila
GMB 0476, n=17), and GMB 2066 (feeding A. muciniphila GMB 2066,
n =18). The gut microbiomes of mice were depleted by the daily adminis-
tration of antibiotic/antifungal mixtures used above for 2 days. The two
strains of A. muciniphila GMB 0476 and GMB 2066 were obtained from Gut
Microbe Bank (https://www.gmbank.org), and cultured by using J]M med-
ium at 37 °C anaerobic condition. A. muciniphila was orally administered to
mice daily to establish a de novo microbiome for 3 months.

The primary outcome measure used to determine the sample size was
SWM performance. Sample size estimation was based on expected differ-
ences in SWM performance between groups, as assessed by the Y-maze test.
Based on previous studies and a priori power analysis (80% power, a = 0.05),

we calculated that 15 mice per group were required to detect an expected size
of 0.8. Additionally, to account for potential dropouts due to unforeseen
toxic reactions or the attrition of aged mice, we allocated an additional 2-3
mice per group. Mice were assigned to experimental groups using stratified
randomization based on body weight to ensure similar average body weight
across groups.

Body weight and behavior tests were performed monthly. However, no
specific measures were taken to control potential confounders, such as the
order of treatments and measurements or animal/cage location. Humane
endpoints were established to minimize unnecessary suffering. Mice were
monitored weekly for severe weight loss, significant lethargy, or abnormal
behavior. If these conditions were observed, they were excluded from the
study and euthanized according to ethical guidelines. Additionally, any mice
that died from non-experimental causes before the study endpoint were
excluded from the final analysis. These exclusion criteria were established a
priori. In the control group, the number of mice decreased due to natural
death, with 14 mice remaining one month after the start of the experiments,
and 13 mice remaining two and three months later. Group allocation
information was not blinded at any stage of the experiment. Researchers
conducting the experiment, assessing outcomes, and analyzing data were
aware of the group assignments.

At the end of the experiment, mice were euthanized under deep
anesthesia with 3% isoflurane inhalation to minimize pain and distress.
Once complete anesthesia was confirmed, blood was collected via car-
diac puncture, and the brain was extracted for further analysis. All
procedures were performed following ethical guidelines to ensure
humane treatment.
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Y-maze spontaneous alternation test

To assess spatial working memory, the Y-maze spontaneous alternation test
was employed. The maze consisted of three black opaque Perspex arms (A,
B, and C), each measuring 21 cm x 7 cm x 15.5 cm and containing a visual
cue. Each mouse was placed individually in arm A and allowed to explore
freely for 8 min. The sequence of arm entries was recorded. Spontaneous
alternation, indicative of spatial working memory, was defined as entering
all three arms consecutively, with overlapping triplets. The percentage of
alternations was calculated as the number of actual alternations divided by
the maximum number of alternations (the total number of arm

entries — 2)"*,

Analyses of biochemical parameters

The blood glucose level was determined using glucose test strips and a
handheld blood glucose meter (Accu-Chek Active; Roche Diagnostic
GmbH, Mannheim, Germany).

The serum levels of total cholesterol (TCHO), triglyceride (TG), and
high-density lipoprotein cholesterol (HDL-CHO) were determined by
enzymatic methods using commercial assay kits (Asan Pharmaceutical Co.,
Seoul, Republic of Korea) as described previously”>”. In brief, the low-density
lipoprotein cholesterol (LDL-CHO) levels were calculated using Friedewald’s
equation [(LDL-CHO) = (TCHO) — ((HDL-CHO) — (TG)/5)].

DNA extraction and 16S rDNA gene sequencing

To isolate genomic DNA from bacterial samples, a previously established
phenol-chloroform isoamyl alcohol extraction method was employed’””.
Briefly, samples were suspended in lysis buffer (200 mM NacCl, 200 mM
Tris-HCI (pH 8.0), 20 mM EDTA) and subjected to bead-beating for cell
disruption. Following this, genomic DNA was partitioned from the lysate
into the aqueous phase wusing a mixture of Phenol:-
Chloroform:Isoamylalcohol. The DNA was subsequently precipitated with
3 M sodium acetate and isopropanol, rinsed with 70% ethanol to remove
impurities, and finally re-suspended in TE buffer (10 mM Tris-HCI (pH
8.0), | mM EDTA) for further analysis.

Metagenome sequencing analyses of the gut microbiome DNA were
processed and sequenced by a commercial company, ebiogen, Inc.
(Republic of Korea). They employed the Illumina 16S Metagenomic
Sequencing Library protocols. Briefly, this involved amplifying the 16S
rRNA gene V3-V4 region using specific primers for each sample. To add
multiplexing indices and Illumina sequencing adapters, a subsequent
limited-cycle amplification step was performed. The amplified libraries were
then normalized and pooled using the PicoGreen, and size-verified using the
Agilent TapeStation DNA ScreenTape D1000 system (Agilent Technolo-
gies, Santa Clara, CA, USA). Finally, paired-end sequencing was performed
on the Illumina MiSeq platform (Illumina, San Diego, CA, USA). Sequence
data was subsequently processed using DADA2 software (version 1.10.1) to
account for potential amplicon errors”’.

Data and statistical analyses

Statistical analyses were performed using established protocols as previously
described””*". Briefly, the QIIME 2 platform was used for data processing
and analysis. Following denoising and quality control, the taxonomic clas-
sification of sequencing data was performed using the Q2-Feature classifier.
Alpha-diversity metrics were calculated using the “q2-diversity” plugin with
appropriate sampling depth. Normalized OUT data was then imported into
R (version 3.6.1) using the phyloseq package (version 1.28.0) for visualiza-
tion of alpha (within-group) and beta (between-group) diversity. Alpha-
diversity comparisons were performed using the Kruskal-Wallis rank sum
test. For beta-diversity analysis, Bray-Curtis dissimilarity matrices were
generated from log-transformed OTU data using the vegan package in R.
Non-metric multidimensional scaling (NMDS) was then performed to
visualize community dissimilarities. The ADONIS test (vegan package) with
999 permutations was used to assess the statistical significance of factors
influencing Bray-Curtis distances. Finally, unsupervised filtering with a 5%
abundance threshold identified the most abundant taxa for heatmap

generation using average linkage hierarchical clustering and Bray-Curtis
distance metrics.

Construction of phylogenetic tree and co-occurrence network
Phylogenetic trees and co-occurrence networks were constructed for each
experimental group following previously established methods’””*. To build
the phylogenetic trees, taxa that could not be classified to the species level
were assigned a new classification based on their NCBI accession numbers
using the R package Taxonomizr (0.5.3)". Subsequently, 16S rRNA
sequences were aligned using default ClustalW parameters. These align-
ments served as the basis for constructing maximum-likelihood phyloge-
netic trees in MEGAX with 500 bootstrap replicates. Finally, all phylogenetic
trees were visualized using the iTOL online platform.

To investigate microbial co-occurrence patterns associated with spatial
working memory changes in mice, co-abundance networks were con-
structed using a permutation-renormalization-bootstrap approach.
Unnormalized abundance data for each experimental group was uploaded
separately to CoNet, a Java Cytoscape plugin. CoNet employed multiple
ensemble correlation methods to identify significant co-occurrences of
operational taxonomic units (OTUs) across samples. OTUs present in less
than three samples were excluded from the analysis. The final network was
generated by combining five similarity measures (Spearman and Pearson
correlations, mutual information score, Bray-Curtis dissimilarity, and
Kullback-Leibler Dissimilarity) calculated by CoNet. P-values from these
measures were merged using Brown’s method and subsequently adjusted
for multiple comparisons with the Benjamini-Hochberg correction
(adjusted P-value < 0.05). Edges in the network represent significant co-
abundance relationships between OTUs identified by at least two of the five
similarity measures. Finally, the igraph package in R was used to visualize
the co-occurrence network structure. This package employs the Louvain
algorithm to identify network communities, optimizing the modularity
score within each network.

Differential abundance

For species-level analysis, we used the Taxonomizr package (version 0.5.3)
in R to assign species names based on NCBI accession numbers®'. Subse-
quently, following established protocols””*, differential abundance analysis
was performed using DESeq2 software (version 1.24.0)***. This analysis
compared the relative abundance of taxa in the gut microbiome between
spatial working memory groups. Taxa with a presence in less than 0.5% of
samples were excluded from the analysis to ensure robust comparisons.

H & E staining

The histological analysis protocol was followed as previously described™.
For mouse anesthesia, Open the abdominal cavity and fully expose the heart
and lungs. A needle is inserted at the end of the left ventricle of the heart, and
asaline solution is injected for 10 min. After 10 min, a 10% formalin solution
isinjected with a needle at the same location. The mouse brain was harvested
and fixed in a 10% formalin solution. The brain tissue was embedded in
paraffin and sliced at 5 um thickness. After staining the nuclei with Harris
hematoxylin solution (Sigma-Aldrich, Catalog#HHS32) for 5min and
washing with water. The cytoplasm was stained with Eosin solution (Sigma-
Aldrich, Catalog#HT110116) for 3 min. And dehydrated by immersion in
80% ethanol three times, 95% ethanol three times, and 100% ethanol three
times. The stained tissue was sealed using a mounting agent (Vector
Laboratories, Catalog#H-5000-60) and cover glass. Images were captured
under a light and fluorescence slide scanner (400X, KFBio, Catalog#KF-
FL-005).

Immunohistochemistry

For immunostaining, brain tissues from mice at 12 weeks of the experi-
mental intervention were embedded in paraffin and cut into 5 pm thick
sections on a microtome machine. The tissue sections were deparaffinized
with xylene and rehydrated with a descending series of diluted ethanol
(100%, 95%, 70%, and 50%) and H,O. Antigens in the tissue sections were
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retrieved with 10 mM sodium citrate buffer, pH 6.0 for 25 min at 85 °C,
subsequently rinsed in PBS and then incubated in 0.3% H,O, in PBS to
quench endogenous peroxidase. After that, the tissue section was rinsed
with PBS for incubation with 5% normal goat serum in PBS containing
0.025% Triton X-100 at RT for 30 min to block nonspecific binding. Sections
were then blocked with 5% BSA for 30 min and incubated with primary
(BDNF Polyclonal Antibody, rabbit and Anti-NeuN Antibody, clone A60,
mouse) antibody (1:200; Invitrogen, Catalog#PA585730 and Sigma-
Aldrich, Catalog#MAB377) overnight at 4 °C. The sections were incubated
with secondary (Goat anti-Rabbit IgG (H + L) Cross-adsorbed secondary
antibody Alexa Fluor 594 and Goat anti-mouse IgG (H + L) highly Cross-
adsorbed secondary antibody, Alexa Fluor 488) antibody (1:200; Invitrogen,
Catalog#A-11012 and Catalog#A-11029) for 1 h. Nuclei were stained with
DAPI (Thermo Fisher Scientific, Catalog#62248) for 15 min. Slides were
mounted with an antifade mounting medium solution (Vector Labora-
tories, Catalog#H-1400-10). Images were captured under a light and
fluorescence slide scanner (400X, KFBio, Catalog#KF-FL-005).

Western blotting

For the western blot assay, brain tissue was homogenized and proteins were
extracted using lysis buffer (Thermo Fisher, USA, Cat #89900), and addi-
tionally, a protein inhibitor cocktail was added (Abbkine Scientific Co.,
China, Cat #BMP100). Tissue lysate supernatants were subjected to SDS-
PAGE Gel Electrophoresis, and the separated proteins were transferred to a
nitrocellulose membrane. The membrane was then incubated with primary
antibodies specific to the protein of interest, BDNF (Thermo Fisher, USA,
Cat #PA585730) and beta-actin (Abcam, UK, Cat #ab8227), followed by
incubation with a secondary antibody (Goat Anti-Rabbit IgG H&L (HRP):
Abcam, UK, Cat #ab6721) conjugated to an enzyme for detection. The
protein of interest was visualized using an imaging system (iBright CL750
Imaging system, Invitrogen, USA, Cat #A44116).

Enzyme-linked immunosorbent assay

The mouse blood serum was used to measure the levels of three cytokines,
IL-6, IL-1B, and TNF-a using ELISA kits from MyBioSource (Cat
#MBS175960, #MBS175967, and #MBS175787). The kit manuals typically
provide detailed instructions for each step of the ELISA protocol, including
sample preparation, incubation times and temperatures, washing steps,
detection reagents, and data analysis.

Motor function test

After the consumption of two strains of A. muciniphila, the motor abilities
were evaluated through the Pole test, Wire suspension test”, and the
Rotarod test”, which measured the locomotor ability of the hind limbs. In
the Pole test, the time taken for the mouse’s head to descend completely
from the top to the floor was measured using a straight wooden pole with a
diameter of 1 cm and a height of 60 cm. This measurement was used to
assess the muscle strength of the mouse. The Wire test involved placing the
mouse on a 120 cm wire and measuring the time it could hold on before
falling off. This method was used to evaluate the muscle endurance of the
mouse. The Rotarod test involved placing the mouse on a rotating rod with a
diameter of 3 cm and setting it to rotate at 30 rpm. The time it took for the
mouse to fall off the rotating rod was measured. This method was used to
evaluate the locomotor ability and motor skills of the mouse’s hind limbs. All
motor ability tests were conducted with a time limit of 300 s, and the eva-
luations were performed at monthly intervals.

Statistics and reproducibility

All statistical analyses are reported as the mean + standard error of the mean
(SEM). Statistical comparisons were conducted using Student’s t-test or
one-way ANOVA, as appropriate. The differences in the relative abundance
of bacterial populations were analyzed using the Mann-Whitney sum rank
tests in R software. Significance was declared at P < 0.05 with Benjamini and
Hochberg’s adjustment. The normality of the data was assessed using the
Shapiro-Wilk test. The homogeneity of variance was tested using Levene’s

test. If the assumptions for parametric tests were violated, non-parametric
alternatives such as the Mann-Whitney U test or Kruskal-Wallis test were
used instead.

The sample size was determined based on prior studies and a priori
power analysis (80% power, « =0.05), which estimated that at least 15
mice per group were needed to detect an expected effect size of 0.8. To
account for potential attrition due to aging-related mortality or other
unexpected factors, an additional 2-3 mice were included in each group.
Biological replicates were defined as individual mice within each
experimental group, with sample sizes ranging from 15 to 18 per group.
Measurements were taken from each mouse separately, ensuring inde-
pendent observations. No technical replicates were included in the sta-
tistical analysis.

Ethics approval

Human fecal samples for FMT were collected from healthy participants who
provided written informed consent. This study was approved by the Insti-
tutional Review Board (IRB) of Jeonbuk National University Hospital
(Approval No. CHU_KOREAN_FOOD_2-2_2010) and conducted in
accordance with the Declaration of Helsinki. All ethical regulations relevant
to human research participants were followed.

Animal experiments were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Korea Basic Science Institute
(Approval No. KBSI-IACUC-23-12) and conducted following the ARRIVE
guidelines. We have complied with all relevant ethical regulations for animal
use. A detailed study protocol, including research objectives, design, and
analysis plan, was prepared before the study began but was not registered in
a public database.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The 165 rRNA sequencing data were deposited in the NCBI SRA database
under the BioProject accession number: PRINA1234090%. The taxonomic
profiles processed from this for analysis were deposited in Figshare (https://
doi.org/10.6084/m9.figshare.22123937.v2)*. All numerical source data
underlying the graphs and charts presented in the figure were deposited in
Figshare (https://doi.org/10.6084/m9.figshare.28594700.v1)*”. Uncropped
western blot images were provided in Supplementary Fig. 15.
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