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Akkermansia muciniphila reverses neuronal atrophy in Negr1 knockout mice with 
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ABSTRACT
Genetic predispositions can shape the gut microbiome, which in turn modulates host gene 
expression and impacts host physiology. The complex interplay between host genetics and the 
gut microbiome likely contributes to the development of neuropsychiatric disorders, yet the 
mechanisms behind these interactions remain largely unexplored. In this study, we investigated 
the gut microbiota in Negr1 knockout (KO) mice, which exhibit anxiety- and depression-like 
behaviors, as NEGR1 (neuronal growth regulator 1) is a cell adhesion molecule linked to neuronal 
development and neuropsychiatric disorders. Our findings show significant early-life alterations in 
the gut microbiota composition of Negr1 KO mice, most notably a marked reduction in 
Akkermansia spp. along with reduced dendritic arborization and spine density in the nucleus 
accumbens (NAc) and the dentate gyrus (DG) of the hippocampus. Remarkably, daily administra
tion of an Akkermansia strain isolated from wild-type mice reversed the neuronal structural 
abnormalities and ameliorated anxiety- and depression-like behaviors in Negr1 KO mice. 
Transcriptomic profiling revealed upregulation of mitochondrial genome-encoded genes in the 
NAc and hippocampus of Negr1 KO mice, along with a predisposition toward a pro-inflammatory 
state in the colon of Negr1 KO mice. The Akkermansia supplementation downregulated these 
mitochondrial genes in the NAc and hippocampus and upregulated genes involved in T cell 
activation and immune homeostasis in the colon. These findings demonstrate a novel gene– 
microbiome interaction in the pathophysiology of Negr1 KO mice, positioning Akkermansia spp. 
as a key mediator that improves neuronal atrophy and modulates anxiety- and depression-like 
behaviors. Our study provides compelling evidence for bidirectional interactions between host 
genetics and the gut microbiome in modulating neuropsychiatric phenotypes, offering new 
insights for addressing genetically influenced mental disorders.
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Introduction

Major depressive disorder (MDD) is a prevalent 
mental disorder with a significant impact on indi
viduals’ well-being and social functioning. The 
pathogenesis of MDD is highly complex, involving 
genetic, environmental, and psychological factors.1 

Recent research has highlighted the potential role 
of the gut microbiome in developing MDD.2 

Studies have indicated that individuals diagnosed 
with depression, as well as animal models exhibit
ing depression-like behaviors, have alterations in 
the gut microbiome, compared to normal subjects.
3–6 This microbiome dysbiosis can be characterized 

by altered diversity and abundance of bacterial 
species.4,7,8 Notably, experiments involving the 
transplantation of fecal microbiota from indivi
duals with depression into germ-free rodents have 
replicated depression-like behaviors in the recipi
ent rodents.9,10 Despite these findings, the intricate 
dynamics underlying the gut-brain connection in 
MDD remain poorly understood. It is especially 
unclear whether host genetics drive changes in 
the gut microbiome that subsequently play a cau
sative role in the onset of depression-like beha
viors. Therefore, investigating the relationship 
between genetic variations and the gut microbiome
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in depression-like behaviors, particularly using ani
mal models with known genetic predispositions to 
depression-like behaviors, could be instrumental in 
clarifying this complex interplay.

Neuronal morphological defects in brain 
regions, such as the nucleus accumbens (NAc) 
and the dentate gyrus (DG) of the hippocampus, 
are crucial in the pathophysiology of depression.11 

The NAc is a core region of brain reward circuitry 
and a center for emotionally salient information,12 

and neuronal atrophy in the NAc can lead to aver
sive behaviors, such as social avoidance and 
anhedonia.13,14 The DG is vital for cognition, sen
sory memory, and emotional processing,15 and 
decreased neurogenesis and neuronal atrophy in 
the DG have been linked to psychiatric disorders, 
including anxiety and depression16,17 and psycho
social stress, such as that associated with intimate 
partner violence.18 It has been reported that neu
ronal atrophy in the hippocampal CA3 region was 
observed in germ-free mice,19 suggesting that the 
gut microbiome may influence brain functions 
through regulating neuronal morphology. 
However, specific members of the gut microbiome 
that influence neuronal morphology and their 
mechanisms of action in neuronal structural remo
deling are largely unknown.

Negr1 is recognized as a risk gene for depression. 
For instance, Negr1 is highly expressed in the brain, 
particularly in the cortex, hippocampus, and 
striatum.20 It plays an important role in brain devel
opment and neuronal migration, maintenance of 
dendrites, and adult neurogenesis.21–24 Genome- 
wide association studies reported that single nucleo
tide polymorphism of Negr1 is highly associated 
with MDD25–27 and a transcriptome-wide associa
tion study also identified Negr1 as one of the genes 
associated with depression.28 Additionally, the 
expression level of Negr1 decreased in postmortem 
hippocampal tissue of patients with depression com
pared to those of healthy individuals.29 In animal 
studies, restraint stress decreased Negr1 expression 
levels in the medial prefrontal cortex in rats,30 and 
NEGR1 deficiency has been linked to depression- 
like behaviors in mice.24,31 As such, Negr1 knockout 
(KO) mice could be a suitable model for studying the 
interplay between genetic variations and the gut 
microbiome in the context of depression-like 
behaviors.

In this study, we investigated whether NEGR1 
deficiency alters gut microbiota composition and 
whether these changes are linked to neuronal atro
phy and anxiety- and depression-like behaviors in 
Negr1 KO mice. Akkermansia spp. emerged as a 
key taxon strongly associated with these phenoty
pic abnormalities. Transcriptomic profiling identi
fied molecular pathways through which 
Akkermansia may influence gut–brain interactions, 
including the regulation of mitochondrial gene 
expression in the NAc and hippocampus, as well 
as immune homeostasis in the colon. These find
ings provide insights into how host genetic factors 
shape gut microbiome composition and, in turn, 
impact neuronal function and behavior.

Results

Negr1 knockout mice exhibit defective dendritic 
arborization and reduced spine density in the 
nucleus accumbens and dentate gyrus

In this study, we investigated whether NEGR1 
affects dendritic arborization of neurons in the 
NAc and DG, which are critically connected with 
depression phenotypes.32,33 We first conducted 
experiments to verify whether Negr1 KO mice exhi
bit anxiety- and depression-like behaviors, as 
reported in previous studies.20,24,31 In the three- 
chamber sociability test, Negr1 KO mice spent 
more time in the empty cage zone than in the 
stranger mouse cage zone, while WT littermate 
mice spent more time in the stranger cage zone 
(p < 0.05) (Figure 1(a)). In the elevated plus maze 
test, Negr1 KO mice spent significantly less time in 
the open arm than WT mice (p < 0.05) (Figure 1 
(b)). Notably, the total distance moved in both tests 
did not differ significantly between groups, indicat
ing that the observed behavioral differences are 
unlikely to be attributed to general locomotor def
icits (Figure 1(a–b)). In the tail suspension test, the 
immobility time did not differ significantly 
between WT and Negr1 KO mice (Figure 1c). 
However, in the forced swim test, Negr1 KO mice 
exhibited significantly increased immobility time 
compared to WT mice (p < 0.05) (Figure 1(d)). 
These findings support the conclusion that 
NEGR1 deficiency contributes to anxiety- and 
depression-like behaviors in mice. These findings
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Figure 1. Negr1 KO mice displayed depression-like behaviors and reduced dendritic arborization in NAc and DG neurons. (a) 
Representative heatmaps and bar graphs of WT and Negr1 KO mice for the three-chamber social test. Bar graph shows the time 

GUT MICROBES 3



corroborate that NEGR1 deficiency leads to anxi
ety- and depression-like behaviors in mice. 
Subsequently, we examined neuronal morphology 
in the NAc and DG of Negr1 KO mice. Neurons in 
these regions of Negr1 KO mice showed shorter 
total dendritic length and reduced dendritic com
plexity compared to those of WT mice (p < 0.05) 
(Figure 1(e–j)). These morphological abnormalities 
in the neurons are likely associated with the 
observed anxiety- and depression-like behaviors 
in Negr1 KO mice.

Community-level alterations in the gut microbiota 
of Negr1 knockout mice in early life

The microbiome plays a vital role in the gut–brain 
axis underlying psychiatric disorders, including 
MDD.34,35 To investigate whether anxiety- and 
depression-like behaviors of Negr1 KO mice are 
associated with alterations in the gut microbiota, 
we compared fecal microbiota between Negr1 KO 
mice at the age of 9–11 wk (9 wk, n = 17) and age- 
and gender-matched WT mice (n = 12). To mini
mize potential bias arising from different birth 
dates and breeding cages, we collected fecal sam
ples from mice representing at least three different 
birth dates and five different breeding cages. 
Amplicon sequencing of the 16S rRNA gene was 
conducted, and the fecal microbiota were com
pared based on ASVs, which represent biological 
variants in a sample prior to amplification and 
sequencing steps.36 The composition of fecal 
microbiota (442 ASVs, 222 ± 58 ASVs per sample) 
was compared using PCoA with Bray-Curtis dis
similarity for ASV abundance and Jaccard distance 
for ASV occurrence. The fecal microbiota differed 

significantly between Negr1 KO and WT mice in 
both the abundance and occurrence of bacterial 
ASVs (p < 0.001) (Figure 2(a), Supplementary Fig. 
S1A), indicating that Negr1 KO mice have an 
altered gut microbiota. To determine whether this 
alteration is initiated early in life, we compared the 
fecal microbiota composition between Negr1 KO 
and WT mice at 6–7 wk of age (6 wk). The fecal 
microbiota comprised 411 ASVs (201 ± 52 ASVs 
per sample) and was compared based on the two 
distance matrices. Again, significant differences 
were found in both the abundance and occurrence 
of bacterial ASVs between Negr1 KO and WT mice 
(p < 0.001) (Figure 2(a), Supplementary Fig. S1A). 
These findings suggest that the altered microbiota 
of Negr1 KO mice may be assembled in the intes
tine early in life.

We further investigated whether the altera
tions in the gut microbiota of Negr1 KO mice 
could be attributed to differences in the biodi
versity of gut microbiota. At both ages, Negr1 
KO mice exhibited a higher number of bacterial 
ASVs, indicative of species richness, compared 
to WT mice (p < 0.05) (Supplementary Fig. S1B). 
Pielou’s evenness, a measure of how evenly spe
cies are distributed within a community, was 
also significantly higher in Negr1 KO mice 
than in WT mice (p < 0.05), though the signifi
cance weakened at the later age (Supplementary 
Fig. S1B). Accordingly, Shannon index, which 
measures community biodiversity, was higher 
in Negr1 KO mice than in WT mice 
(Supplementary Fig. S1B). Taken together, 
alterations in species richness and abundance 
of gut microbiota in Negr1 KO mice are asso
ciated with NEGR1 deficiency, which may con

spent in zones with the stranger mouse (left) and the total distance moved during the test (right) (n = 11 for WT mice, n = 10 for Negr1 
KO mice). (b) Representative heatmaps and bar graphs of WT and Negr1 KO mice for the elevated plus maze test. Bar graphs show time 
spent in the open (left) and closed (middle) arms and total distance moved (right) (n = 10 for WT mice, n = 11 for Negr1 KO mice). (c) 
Bar graph of immobility time in the tail suspension test (TST) (n = 11 for WT mice, n = 11 for Negr1 KO mice). (d) Bar graph of 
immobility time (left) and latency to first immobility (right) in the forced swimming test (FST) (n = 11 for WT mice, n = 12 for Negr1 KO 
mice). (e) Representative reconstruction images of Golgi-stained medium spiny neurons in the NAc. (f, g) Quantitative analysis of NAc 
neuronal morphology (n = 22 neurons for both WT and Negr1 KO mice from four brains). Total dendritic length (f). Dendritic 
complexity assessed by Sholl analysis (g). (h) Representative reconstruction images of Golgi-stained DG neurons. (i, j) Quantitative 
analysis of DG neuronal morphology (n = 20 for WT mice, n = 23 for Negr1 KO mice from five brains). Total dendritic length (I). 
Dendritic complexity measured by Sholl analysis (j). P values were determined by (multiple) unpaired two-tailed t-test. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. All data are presented as mean ± S.E.M.
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Figure 2. Alterations in the composition and network of the gut microbiota in Negr1 KO mice. (a) PCoA based on Bray-Curtis 
dissimilarity showing bacterial community composition at 9 wk (left) and 6 wk (right). Statistical significance was evaluated using 
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tribute to anxiety- and depression-like behaviors 
alongside neuronal structural abnormalities.

Low abundance of Akkermansia spp. correlates 
with community-wide alterations in the gut 
microbiota of Negr1 knockout mice

The majority of bacterial ASVs at both ages were 
assigned to four phyla (>1% average abundance). 
The Bacteroidetes (44.1 ± 14.5% in 6 wk; 37.9 ±  
11.4% in 9 wk, average ± s.d.) and Firmicutes 
(37.9 ± 16.6% in 6 wk; 40.2 ± 16.2% in 9 wk) phyla 
were predominant, with a minor abundance of 
Verrucomicrobia (8.9 ± 10.2% in 6 wk; 8.6 ± 8.0% 
in 9 wk) and Proteobacteria (3.2 ± 2.2% in 6 wk; 4.3  
± 5.6% in 9 wk) phyla (Supplementary Fig. S1C). 
The four phyla encompassed 48 bacterial genera, of 
which nine genera corresponded to the most abun
dant taxa in the gut microbiota of Negr1 mice at 
both ages (>1.0% average abundance): S24–7 (24.5  
± 10.8% in 6 wk; 21.4 ± 8.2% in 9 wk), Akkermansia 
(8.9 ± 10.2% in 6 wk; 8.6 ± 8.0% in 9 wk), Prevotella 
(6.0 ± 5.5% in 6 wk; 6.1 ± 4.0% in 9 wk), Bacteroides 
(5.0 ± 6.0% in 6 wk; 2.3 ± 2.1% in 9 wk), 
Oscillospira (3.2 ± 1.8% in 6 wk; 2.6 ± 1.7% in 9 
wk), Ruminococcus of Lachnospiraceae (1.8 ± 1.9% 
in 6 wk; 1.9 ± 1.5% in 9 wk), Lactobacillus (1.4 ±  
1.4% in 6 wk; 2.8 ± 3.5% in 9 wk), Paraprevotella 
(1.0 ± 1.8% in 6 wk; 2.3 ± 2.7% in 9 wk), and 
Coprococcus (0.9 ± 0.9% in 6 wk; 1.5 ± 1.2% in 9 
wk) (Supplementary Fig. S1C). These core genera 
have been widely reported as predominant mem
bers in any previous studies of murine gut 
microbiota.37,38

To identify influential taxa driving community- 
wide alterations in the gut microbiota of Negr1 KO 
mice, we examined correlations between the rela
tive abundance of bacterial ASVs and an axis of db- 
RDA constrained to genotype with permutations. 

Significant correlations were found for eight ASVs 
(r > 0.7, p < 0.01) in the 6-wk Negr1 KO mice and 
43 ASVs (r > 0.6, p < 0.01) in the 9-wk Negr1 KO 
mice with the constrained axes of db-RDA plots 
using Bray-Curtis dissimilarity (Figure 2(b)). Most 
of the significant ASVs were specific to Negr1 KO 
mice, which corresponds to the high diversity of 
the microbiota in Negr1 KO mice. Only one ASV 
had a significant correlation specific to WT mice at 
both ages (r = 0.8529 in 6 wk and r = 0.6262 in 9 
wk), which was taxonomically assigned to the 
genus Akkermansia. A similar result was obtained 
from discriminant analysis using LEfSe.39 In total, 
44 and 36 differentially abundant ASVs were iden
tified in 6-wk and 9-wk Negr1 mice, respectively 
(LDA score > 3.0, p < 0.01). The majority of the 
differentially abundant ASVs were enriched in 
Negr1 KO mice, while the Akkermansia ASVs 
were enriched in WT mice at both ages 
(Supplementary Fig. S1D). Indeed, the relative 
abundance of the Akkermansia ASVs was signifi
cantly higher in WT mice than Negr1 KO mice at 
both ages (p < 0.01) (Supplementary Fig. S1E). 
Akkermansia is a genus of Gram-negative, mucin- 
degrading bacteria belonging to the phylum 
Verrucomicrobia, known for its role in maintaining 
intestinal barrier integrity and regulating host 
metabolism and immune function.38,40–42 Given 
its crucial role in gut homeostasis and host–micro
biome interactions, the limited development of 
Akkermansia spp. in early life may be associated 
with neuronal structural defects and depression- 
like behaviors caused by NEGR1 deficiency.

To understand microbial interactions of the 
altered gut microbiota observed in Negr1 KO 
mice, we constructed co-occurrence networks by 
predicting positive and negative correlations 
among the bacterial ASVs (r > 0.4, p < 0.01). 
Microbial networks contained 741 and 1,288

Adonis with 999 permutations. (b) Discriminant ASVs between WT and Negr1 KO mice at 9 wk (left) and 6 wk (right), predicted by 
correlation with the constrained axis of db-RDA for genotype based on Bray-Curtis dissimilarity. Statistical significance was evaluated 
using envfit with 999 permutations. (c) Co-occurrence networks for ASVs with >0.1% average abundance in each group, displaying 
positive correlations among ASVs in Negr1 WT and KO mice at 6 wk (left panel) and 9 wk (right panel). Node size proportionally 
corresponds to the average relative abundance of ASVs within each group. Taxonomy was presented at nodes with >1% of average 
abundance. (d) Comparison of network modularity (upper panel) and the ratio of negative-to-positive associations (lower panel) 
between WT and Negr1 KO mice.
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correlations connecting 120 and 126 ASVs in WT 
and Negr1 KO mice at 6 wk, respectively (Figure 2 
(c)). The number of microbial associations 
increased to 870 and 1,849 correlations connecting 
127 and 140 ASVs at 9 wk in WT and Negr1 KO 
mice, respectively (Figure 2(c)), indicating that 
microbial interactions are enriched along with 
host development. The microbial association net
work of WT mice at 6 wk consisted largely of three 
discrete groups: Akkermansia-Prevotella, 
Lachnospiraceae-Clostridiales, and Bacteroidales- 
S24-7 (recently referred to as Muribaculaceae) 
groups, which were sustained well at 9 wk (Figure 
2(c)). However, the microbial associations of Negr1 
KO mice at 6 wk were constructed only with the 
Bacteroides-Lachnospiraceae-S24–7 group, and this 
single group was concentrated more at 9 wk 
(Figure 2(c)). This was evident in the microbial 
network properties: the modularity level was 
lower in Negr1 KO mice than in WT mice, and 
the network of Negr1 KO mice was dominated by 
positive correlations (Figure 2(d)). Environmental 
stress has been shown to destabilize microbial net
works, making them less modular and dominated 
by positive association.43 This pattern has been 
observed in the gut microbiomes of human, rodent, 
and zebrafish under various perturbations.44–47 

Accordingly, the gut microbiota of Negr1 KO 
mice, characterized by low modularity and a high 
ratio of positive-to-negative associations, may 
reflect a state of stress induced by NEGR1 defi
ciency, and the altered microbial networks could 
be associated with the low development of 
Akkermansia spp.

Akkermansia spp. ameliorates anxiety- and 
depression-like behaviors and restores neuronal 
structural abnormalities in Negr1 knockout mice

The observation of the low abundance of 
Akkermansia spp. in Negr1 KO mice allowed us 
to hypothesize that Akkermansia spp. may contri
bute to the development of anxiety- and depres
sion-like behaviors of Negr1 KO mice. We 
attempted to obtain the cultural strains of 
Akkermansia spp. that have been locally evolved 
and adapted to specific conditions of WT mice. 
Ten strains of Akkermansia spp. were isolated 
from fecal samples of WT mice. The 16S rRNA 

gene sequences exhibited similarities greater than 
99.5% among the isolates, and >99.5% and <97.0% 
with the 16S rRNA gene sequences of A. mucini
phila MucT and A. glycaniphila PytT, respectively 
(Supplementary Fig. S2A). The same result was 
drawn from the sequence similarities of the V3- 
V4 regions of the 16S rRNA gene (Supplementary 
Fig. S2B). The phylogenetic analysis showed that 
the isolates positioned together with the 
Akkermansia ASVs in a single branch 
(Supplementary Fig. S2C), indicating that the 
Akkermansia cultural isolates were representative 
of the Akkermansia spp. specific to WT mice. The 
genotypes of the Akkermansia isolates and A. muci
niphila MucT were further compared using ERIC- 
PCR.48 No differences were observed in the geno
mic fingerprints among the isolates, whereas dis
tinct bands were evident in the fingerprints when 
comparing the isolates to A. muciniphila MucT 

(Supplementary Fig. S2D).
To investigate whether the reduced presence of 

Akkermansia spp. is associated with anxiety- and 
depression-like behaviors and abnormalities in 
neuronal cell morphology in Negr1 KO mice, we 
administrated a single strain (m3-2) of the 
Akkermansia isolates or PBS to Negr1 KO and 
WT mice every weekday for 4 wk (Supplementary 
Fig. S3A). We then compared anxiety- and depres
sion-like behaviors across four groups: WT+PBS, 
KO+PBS, KO+AKK, and WT+AKK. In the three- 
chamber sociability test, KO+AKK mice appeared 
to prefer the stranger mouse cage, whereas KO 
+PBS mice exhibited social deficits by favoring 
the empty cage zone, although the differences 
were not statistically significant (Figure 3(a)). In 
the elevated plus maze test, which measures anxi
ety-like behavior, KO+AKK mice spent more time 
in the open arms, indicating reduced anxiety, while 
KO+PBS mice spent less time in the open arms 
(Figure 3(b)). The total distance moved was com
parable between the groups in both tests, indicating 
that general locomotor deficits did not contribute 
to the observed behavioral differences 
(Supplementary Fig. S4A-B). However, unlike the 
effects seen in the sociability and elevated plus 
maze tests, KO+AKK and KO+PBS mice showed 
no significant differences in the forced swim test 
and tail suspension test (Figure 3(c), 
Supplementary Fig. S4C-4D). These results suggest
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that Akkermansia treatment alleviates anxiety- and 
depression-like behaviors in Negr1 KO mice, 
although its effects were not consistent across all 
behavioral assessments.

Next, we examined the effect of Akkermansia on 
neuronal cell morphology in Negr1 KO mice. The 
reductions in total dendritic length, dendritic com
plexity, and dendritic spine density observed in the 
NAc neurons of the KO+PBS group were restored 
in the KO+AKK group following Akkermansia 
administration (Figure 3(d–h), Supplementary 
Fig. S5A). Additionally, the KO+AKK group 
showed partial restoration of total dendritic length 
and complexity, and significant restoration of den
dritic spine density in DG neurons (Figure 3(I–m), 
Supplementary Fig. S5B). In contrast, these neuro
nal attributes remained unchanged in the WT 
+AKK group (Figure 3(d–m)). These results sug
gest that Akkermansia administration ameliorates 
morphological defects in neuronal cells within both 
the NAc and DG. Taken together, this evidence 
indicates that frequent exposure to Akkermansia 
spp. alleviates anxiety- and depression-like beha
viors in Negr1 KO mice, potentially by inducing 
neuronal morphological changes in the NAc 
and DG.

Akkermansia administration modulates gene 
expression in Negr1 knockout mice

To understand the mechanisms behind the 
observed improvements in neuronal morphology 
and behaviors, we examined the impact of 
Akkermansia administration on gene expression. 
We conducted RNA-Seq analysis to identify 

DEGs between the pairs of three groups (WT 
+PBS, KO+PBS, and KO+AKK) in the brain and 
colon tissues, aiming to elucidate potential links 
between genetic alterations and neuronal struc
tures following Akkermansia administration. In 
the NAc of the brain, the gene expression profile 
of the KO+PBS group significantly differed from 
those of the WT+PBS (p = 0.013) and KO+AKK (p  
= 0.01) groups (Figure 4(a)). Specifically, there was 
an upregulation of 256 genes and a downregulation 
of 176 genes in the KO+PBS group compared to the 
WT+PBS group. Additionally, in the KO+AKK 
group compared to the KO+PBS group, 239 genes 
were upregulated and 332 genes downregulated 
(BH-adjusted p < 0.05, fold change > 1.5) (Figure 4 
(b), Supplementary Fig. S6A). Conversely, the gene 
expression profiles between the WT+PBS and KO 
+AKK groups showed no significant differences (p  
= 0.306) (Figure 4(a)), with 37 genes upregulated 
and 12 genes downregulated (Figure 4(b), 
Supplementary Fig. S6A). These results suggest 
that Akkermansia treatment reverses the gene 
expression profile in the NAc of Negr1 KO mice, 
making it similar to that of WT mice.

To gain insights into the biological significance 
of DEGs, we analyzed functional enrichment in the 
network using the GO, WikiPathways, and KEGG 
databases (Figure 4(c,d), Supplementary Fig. S6C). 
Interestingly, we found that genes involved in the 
oxidative phosphorylation pathway and aminoacyl 
tRNA biosynthesis, all of which are mitochondrial 
genome-encoded, were upregulated in the KO 
+PBS group compared to the WT+PBS group in 
the NAc. These same genes were downregulated 
upon Akkermansia treatment (Figure 4(d),

mice). (d) Representative neuronal reconstruction images of Golgi-stained medium spiny neurons in the NAc for each group. (e, f) 
Quantitative analysis of NAc neuronal morphology (n = 14 neurons for WT+PBS mice, n = 16 neurons for KO+PBS mice, n = 16 neurons 
for KO+AKK mice, and n = 15 neurons for WT+AKK mice, from three brains). Dendritic complexity measured by Sholl analysis (e). 
Quantification of total dendritic length (f). (g, h) Quantitative analysis of spine density in NAc neurons for each group (n = 14 neurons 
for WT+PBS mice, n = 16 neurons for KO+PBS mice, n = 16 neurons for KO+AKK mice, and n = 15 neurons for WT+AKK mice, from 
three brains). Representative images of Golgi-stained dendritic spines in NAc in each group (g). Quantification of dendritic spine 
density (h). (i) Representative neuronal reconstruction images of Golgi-stained DG neurons in each group. (j, k) Quantitative analysis of 
DG neuronal morphology (n = 14 neurons for WT+PBS, n = 11 neurons for KO+PBS, n = 22 neurons for KO+AKK, and n = 11 neurons 
for WT+AKK, from three brains). Dendritic complexity measured by Sholl analysis (j). Quantification of total dendritic length (k). (l, m) 
Quantitative analysis of spine density in NAc neurons for each group (n = 14 neurons for WT+PBS, n = 11 neurons for KO+PBS, n = 22 
neurons for KO+AKK, and n = 11 neurons for WT+AKK, from three brains). Representative images of Golgi-stained dendritic spines in 
the DG (l). Quantification of dendritic spine density in the DG (m). P values were determined by one-way ANOVA with Tukey’s multiple 
comparison test or two-way ANOVA with Bonferroni’s multiple comparison test. *p or #p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. *: WT+PBS vs. Negr1 KO+PBS, #: Negr1 KO+PBS vs. Negr1 KO+AKK. All data are presented as mean ± S.E.M.
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Figure 4. Transcriptome analysis of NAc tissues in WT, Negr1 KO, and Negr1 KO mice treated with Akkermansia strain. (a) PCA of NAc 
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< 0.01 are displayed.
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Supplementary Fig. S6C). We verified these 
changes in gene expression by qRT-PCR 
(Supplementary Fig. S7A). Similar changes were 
observed in the hippocampus, which includes the 
dentate gyrus (DG), reinforcing the idea that 
Akkermansia‘s effects on the expression of mito
chondrial genome-encoded genes are consistent 
across different brain regions (Supplementary Fig. 
S8). In addition, genes related to neuroactive 
ligand–receptor interaction and response to mono
amine neurotransmitters and hormones, such as 
serotonin and corticosterone, were downregulated 
in the KO+AKK group compared to KO+PBS 
(Figure 4(c,d)). We also noted a restoration of the 
IL-17 signaling pathway, which was depleted in the 
KO+PBS group (Supplementary Fig. S6C, 7B).

In contrast to the results from the NAc tran
scriptome, the colonic transcriptome showed sig
nificant differences in overall gene expression 
across all group comparisons (p < 0.05), with the 
KO+AKK group showing the greatest divergence 
from the WT+PBS group (Figure 5(a)). 
Specifically, in the KO+PBS group, 144 genes 
were upregulated and 61 were downregulated com
pared to the WT+PBS group (Figure 5(b), 
Supplementary Fig. S6B). Similarly, a comparable 
number of DEGs were observed between KO+AKK 
and KO+PBS groups (Figure 5(b)). Notably, the 
KO+AKK group exhibited a large shift in gene 
expression, with 786 genes upregulated and 704 
downregulated relative to the WT+PBS group 
(Figure 5(b), Supplementary Fig. S6B). These find
ings suggest that Akkermansia administration 
induced significant changes in the colonic tran
scriptome of Negr1 KO mice, independent of the 
effects of NEGR1 deficiency.

We also identified functional enrichment in the 
colon transcriptome. DEGs upregulated in the KO 
+PBS group were predominantly associated with 
interferon-inducible genes, while downregulated 
genes were enriched for α-defensin, in comparison 
to the WT+PBS group (Figure 5(c,d), 
Supplementary Fig. S6D). This suggests that the 
gut environment of Negr1 KO mice may be predis
posed toward a pro-inflammatory state, supporting 
the formation of an unstable microbial network 
(Figure 2(d)). Treatment with Akkermansia in 
Negr1 KO mice increased the expression of genes 
associated with T cell signaling, including T cell 

activation, T cell receptor signaling, and T cell 
migration.49 This upregulation may promote the 
differentiation of effector T cells, such as Th17 
cells, in the KO+AKK group. Additionally, we 
observed the downregulation of several nuclear- 
encoded oxidative phosphorylation genes in the 
KO+AKK group, which contrasts with the mito
chondrial genome-encoded genes observed in the 
NAc transcriptome analysis. These results suggest 
that Akkermansia treatment affects gene expression 
differentially depending on the tissue.

Discussion

This study contributes to the understanding of 
bidirectional interactions between genetic varia
tions and the gut microbiome in the context of 
depression-like behaviors. The administration of a 
single strain of Akkermansia spp. isolated from WT 
mice not only alleviated anxiety- and depression- 
like behaviors in Negr1 KO mice but also restored 
impaired dendritic arborization and spine density. 
The potential mechanisms of Akkermansia‘s action 
are partly hinted by transcriptomic analyses of the 
NAc, hippocampus, and colonic tissues, raising the 
possibility that Akkermansia may influence mito
chondrial function in the brain and immune 
responses in the colon. These changes could poten
tially contribute to the observed improvements in 
both neuronal structure and anxiety- and depres
sion-like behaviors in Negr1 KO mice.

NEGR1 deficiency in mice induces early-life, 
community-wide alterations in the gut micro
biome, notably characterized by a reduced abun
dance of Akkermansia. In addition to microbiome 
alterations, Negr1 KO mice exhibited significant 
immunological changes in the colon, including 
the upregulation of IFNγ and IFNγ-inducible 
genes, such as Irgm1, alongside a downregulation 
of antimicrobial peptides like α-defensin. These 
findings align with a previous report that IFNγ 
induction impairs the secretion of antimicrobial 
peptides from Paneth cells by depleting antimicro
bial peptide-containing granules.50 This mechanis
tic link is further substantiated by finding that 
Akkermansia abundance increases significantly in 
IFNγ-deficient mice but decreases upon IFNγ 
restoration.42 Therefore, the tripartite relationship 
between IFNγ, antimicrobial peptides, and
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Figure 5. Transcriptome analysis of colon tissues in WT, Negr1 KO, and Negr1 KO mice treated with Akkermansia strain. (a) PCA of 
colonic transcriptomes from WT, Negr1 KO+PBS, and Negr1 KO+AKK groups, based on Euclidean distance. Statistical significance was 
evaluated using PERMANOVA. (b) Volcano plots displaying differentially expressed genes, showing up-regulated and down-regulated 
genes in pairwise comparisons among the three groups. (c, d) Gene Ontology (GO) analysis (c) and WikiPathways analysis (d) were 
performed for each pairwise comparison among the three groups. The top 20 features with p < 0.01 are displayed.
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Akkermansia likely contributes to the observed 
microbiota alterations in Negr1 KO mice.

The role of A. muciniphila in maintaining gut 
barrier integrity and its association with various 
health issues, such as intestinal inflammation, obe
sity, type 2 diabetes, and liver steatosis, have been 
established.41,51–53 Recently, its potential involve
ment in neurological disorders is gaining attention, 
with studies noting a decrease in the abundance of 
A. muciniphila in conditions like amyotrophic lat
eral sclerosis, Alzheimer’s disease, autism spectrum 
disorder, and depression models induced by 
chronic stress or antibiotics.54–58 However, the 
causative role of A. muciniphila has not been well 
established in most studies with neurological dis
orders, with only a few studies addressing this 
issue. In depression, oral treatment of A. mucini
phila elicits anti-depressive effects from a mouse 
model subjected to either chronic restraint stress or 
antibiotic treatment.59–61 Postnatal supplementa
tion of A. muciniphila ameliorates valproic acid- 
induced social deficits in mice.62 In contrast to 
these models, our study demonstrates that 
Akkermansia administration ameliorated depres
sion-like behaviors in a genetically predisposed 
mouse model with NEGR1 deficiency. 
Furthermore, our study importantly uncovered 
the new trait of A. muciniphila influencing neuro
nal cell structures, specifically its ability to restore 
impaired dendritic arborization caused by NEGR1 
deficiency. This finding partly aligns with the pre
vious study reporting the restorative effect of A. 
muciniphila in the degeneration of motor neurons 
in the Sod1-Tg mouse model of ALS.54 Overall, it 
seems likely that gut-resident A. muciniphila can 
manipulate neuronal functions in the brain and 
peripheral organs. Further investigations are 
needed to clarify the neuro-modulatory effects of 
gut-associated A. muci niphila in other neuronal 
disease models.

Several studies have proposed mechanisms by 
which A. muciniphila may influence stress-induced 
depression.57,59 One proposed mechanism is the 
suppression of neuroinflammation, which contri
butes to neurodegeneration.63 A. muciniphila acti
vates TLR2 signaling and reduces pro- 
inflammatory factors such as TNFα, IL-1, and IL- 
6.64,65 Notably, in a chronic stress-induced depres
sion mouse model, the outer membrane protein of 

A. muciniphila Amuc_1100 was shown to suppress 
neuroinflammation by activating TLR2 signaling 
and decreasing the levels of these pro-inflamma
tory cytokines.66,67 However, our transcriptomic 
analysis revealed modulation of IL-17-related path
ways, suggesting that Akkermansia may influence 
neuronal function and behavior in Negr1 KO mice 
through an alternative neuroimmune mechanism. 
IL-17 signaling has been implicated in neuroim
mune interactions, synaptic plasticity, and 
neuroinflammation,68,69 but its specific role in 
Akkermansia-mediated effects remains to be eluci
dated. Further studies are required to investigate 
whether IL-17 modulation contributes to the 
observed behavioral and neuronal improvements.

Another potential mechanism involves the reg
ulation of brain-derived neurotrophic factor 
(BDNF), which promotes neurogenesis, dendrito
genesis, synaptogenesis, and neuronal survival by 
activating the TrkB receptor.58,66,70,71 Previous stu
dies have suggested that Akkermansia spp. may 
modulate BDNF expression70,72; however, Negr1 
KO mice did not exhibit significant changes in 
BDNF mRNA expression in the hippocampus or 
whole brain,24 and our RNA-seq analysis con
firmed no significant differences in hippocampal 
BDNF expression among the WT+PBS, KO+PBS, 
and KO+AKK mice. These results suggest that the 
improvement in anxiety- and depression-like beha
viors of Negr1 KO mice following Akkermansia 
administration may not be directly related to 
BDNF regulation.

Beyond their traditional role as cellular power
houses, mitochondria are emerging as key regula
tors of neuronal structure, function, and behavior. 
Mitochondrial dysfunction has increasingly been 
linked to neuropsychiatric disorders,73,74 which 
often exhibit structural changes in neurons, such 
as dendritic atrophy and spine loss.75,76 Recent 
evidence further supports a strong link between 
mitochondrial dynamics and psychiatric condi
tions, including anxiety and depression.14,77 For 
instance, high-anxiety animal models show 
reduced mitofusin 2 levels specifically in medium 
spiny neurons of NAc, leading unexpectedly to 
larger, rounded mitochondria rather than the smal
ler, fragmented structures typically associated with 
impaired fusion. Moreover, these neurons exhibit 
fewer mitochondria-endoplasmic reticulum
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contacts, challenging conventional assumptions 
about mitochondrial division,14 suggesting that 
mitochondrial regulation is highly cell-type-speci
fic. Given the critical role of mitochondria in neu
ronal health, our findings raise the possibility that 
mitochondria-related processes might be involved 
in the behavioral and structural abnormalities 
observed in Negr1 KO mice. Our transcriptomic 
analyses revealed significant alterations, particu
larly an upregulation of mitochondrial genome- 
encoded genes in the examined brain regions in 
Negr1 KO mice (Figure 4d, Supplementary Figs. 
S6C and S7A). Previous studies have shown that 
metabolic stress, such as high glucose-induced 
reactive oxygen species (ROS), can trigger a com
pensatory increase in mtDNA-encoded electron 
transport subunit expression.78 Since NEGR1 defi
ciency is associated with obesity and Type II 
diabetes,79 metabolic stress may similarly influence 
mitochondrial genome-encoded gene expression in 
Negr1 KO mice. Interestingly, Wang et al. recently 
reported that Akkermansia muciniphila may influ
ence mitochondrial homeostasis, potentially 
through the production of short-chain fatty acids 
(SCFAs), such as propionic acid.80 However, in our 
study, no significant differences in cecal concentra
tions of SCFAs, including acetate, propionate, and 
butyrate, were observed among the WT+PBS, KO 
+PBS, and KO+AKK mice (Supplementary Fig. 
S9), suggesting that the observed mitochondrial 
gene expression changes and beneficial effects of 
Akkermansia are likely independent of SCFAs 
modulation.

A. muciniphila has been shown to exhibit diverse 
immunomodulatory effects depending on the dis
ease model. It can promote regulatory T cells in the 
adipose tissue and the colon in models of diet- 
induced obesity and colitis38,81,82 while modulating 
CD8+ T lymphocyte activation in cancer models,83 

suggesting that Akkermansia has a flexible role in 
immune regulation, adapting to different physiolo
gical contexts. In Negr1 KO mice, the gut appeared 
predisposed toward a pro-inflammatory state 
(Figure 5c,d), resulting in an unstable microbial 
network (Figure 2d). Treatment with the 
Akkermansia strain modulated this gut environ
ment, increasing the expression of genes involved 
in the T cell receptor signaling pathway (Cd247, 
Cd3e, Lck, Zap70, Lat, Itk, and Pik3cd) in the colon 

(Figure 5c,d). These findings suggest that 
Akkermansia’s immunomodulatory properties 
restored the skewed immune homeostasis caused 
by NEGR1 deficiency.

One such pathway involves IL-17, a pro-inflam
matory cytokine produced mainly by Th17 cells, 
which plays a complex role in both health and 
disease states.84 Chronic IL-17 activity is involved 
in the pathogenesis of inflammatory diseases, such 
as psoriasis, rheumatoid arthritis, and inflamma
tory bowel disease, while it also contributes to 
mucosal immunity by promoting antimicrobial 
peptide production and maintaining epithelial bar
rier integrity in the intestine.84,85 Similarly, the role 
of IL-17 in mood and behavior is paradoxical. 
Elevated blood IL-17 levels are observed in patients 
with depression,86–88 and chronic stress-induced 
IL-17 contributes to depression-like behaviors 
through neuroinflammation in mice.89 

Conversely, IL-17 deficiency has been associated 
with social avoidance behaviors,90,91 suggesting 
that an appropriately balanced IL-17 response is 
crucial for normal neuroimmune function. 
Notably, the NAc of Negr1 KO mice showed low 
expression of IL-17 signaling genes (Il17ra, Traf5) 
compared to WT, but Akkermansia treatment 
reversed this trend by upregulating these same 
genes (Supplementary Fig. S7B). This points to a 
broader immunoregulatory effect of Akkermansia 
that extends beyond the peripheral immunity into 
central neuroimmune circuits, potentially affecting 
both behavior and overall inflammatory status.

Akkermansia has also been shown to improve 
metabolic dysfunctions by enhancing intestinal 
barrier integrity.92 To investigate whether NEGR1 
deficiency impairs gut barrier function or whether 
Akkermansia spp. could improve it in Negr1 KO 
mice, we assessed mucus thickness and related 
markers. However, no significant differences in 
mucus thickness were observed (Supplementary 
Fig. S10A, 10B). Furthermore, Akkermansia treat
ment did not significantly affect the expression of 
genes encoding mucin (MUC2) or tight junction 
proteins (ZO-1 and occludin) (Supplementary Fig. 
S10C).

In conclusion, our study uncovers a critical 
interaction between host genetics and the gut 
microbiome in modulating neuropsychiatric phe
notypes associated with NEGR1 deficiency
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(Supplementary Fig. S11). We found that NEGR1 
deficiency leads to alterations in gut microbiome 
composition, specifically reducing early-life abun
dance of Akkermansia spp., which is causally linked 
to neuronal structural abnormalities and depres
sion-like behaviors in Negr1 KO mice. Remarkably, 
Akkermansia spp. administration induced substan
tial changes in gene expression in both the brain 
and gut, including the expression of genes asso
ciated with mitochondrial function and immune 
homeostasis. These findings support a potential 
bidirectional relationship in which host genetic 
predispositions shape gut microbiome composi
tion, which in turn modulates host gene expression 
and neuronal integrity. While our findings strongly 
suggest that Akkermansia plays a key role, we 
acknowledge that other microbial components 
may also contribute to these phenotypes. 
Understanding how specific microbial taxa and 
their interactions shape neuronal function may 
provide new insights into microbiome-based inter
ventions for neuropsychiatric disorders, particu
larly in individuals with genetic predispositions to 
altered gut-brain axis regulation.

Materials and methods

Animals

All animal studies were approved by the 
Institutional Animal Care and Use Committee of 
Chungnam National University (202012A-CNU- 
177). Male C57BL/6J wild-type (WT) and Negr1 
KO (Negr1−/−) mice24 were used in this study. 
The mice were housed in groups of 3–5 per cage 
under a 12-h light–dark cycle with ad libitum 
access to food and water.

Fecal 16S rRNA gene amplicon analysis

Metagenomic DNA was extracted from fecal sam
ples (0.05–0.1 g) using the QIAamp Fast DNA 
Stool Mini Kit (Qiagen, Germany), as described 
in the protocol Q of Costea et al.93 Repeated bead 
beating was performed at 5.5 m/s for 30 s using the 
FastPrep®-24 instrument (MP Biomedicals, USA), 
as described by Zoetendal et al.94 The V3-V4 
region of the 16S rRNA gene was amplified using 
primers 341F and 805R combined with Illumina 

adapters. Amplicons (3–5 replicates per sample) 
were pooled and purified with the QIAquick PCR 
Purification Kit (Qiagen, Germany). Sequencing 
was performed using the Illumina MiSeq platform 
(2 × 300 bp), according to the manufacturer’s 
instructions (Illumina, USA). The 16S rRNA gene 
sequences were processed using QIIME2 (version 
2018.11), as described previously.95 Briefly, primer 
sequences were trimmed from paired-end raw 
reads, and Divisive Amplicon Denoising 
Algorithm 236 was used to generate amplicon 
sequence variants (ASVs) after filtering out low- 
quality reads, correcting errors, removing chimeric 
sequences, and merging into a single read. Samples 
were rarefied evenly to 40,000 sequences, and ASVs 
were removed when the following conditions were 
met: 1) fewer than 40 sequences, and 2) observed in 
less than six samples. Taxonomic classification was 
performed using a Naive Bayesian classifier trained 
on the de-replicated sequences (99% similarity) of 
Greengenes database (2013–08 release). Diversity 
matrices (Observed_OTUs, Shannon index, and 
Pielou’s evenness) were estimated. Beta-diversity 
was determined based on Bray-Curtis dissimilarity 
and Jaccard distance. Spearman correlations 
among ASVs (>0.1% of average abundance) were 
calculated within groups using CCREPE.96 

Microbial association networks were constructed 
from significant positive and negative correlations 
(r > 0.4, p < 0.01) and visualized with Cytoscape 
3.8.2 using the Compound Spring Embedder 
Layout. The modules of co-occurrence network 
were identified using the Clauset – Newman – 
Moore algorithm (greedy_modularity_communities 
from the networkx Python package),97 with mod
ularity calculated via nx_comm.modularity. The 
ratio of negative-to-positive association was calcu
lated manually.

Cultural isolation of Akkermansia strains

Cultural strains of Akkermansia spp. were iso
lated from fecal samples of WT mice. Fecal sam
ples were suspended in 1 ml of anaerobic 
phosphate-buffered saline (PBS, Bioneer, South 
Korea) containing 0.05% L-cysteine hydrochlor
ide (Sigma, USA). Suspensions were cultured on 
brain heart infusion medium without dextrose 
(Kisan-Bio, South Korea), supplemented with
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0.4% type III porcine stomach mucin (BHI-M, 
Sigma, USA), and on BHI-M added with 5 μg/ 
ml vancomycin (Sigma, USA). Cultures were 
incubated for 72 h at 37°C in an anaerobic cham
ber (COY Laboratory Products, USA), following a 
previously established protocol.40 The isolates 
were sub-cultured in the same medium, and 16S 
rRNA gene sequences were amplified by colony 
PCR using universal primers 27F and 1492R. The 
PCR products were purified with a QIAquick 
PCR Purification kit (Qiagen, Germany) and 
sequenced using a BigDye Terminator Cycle 
Sequencing Ready Reaction kit (Applied 
Biosystems, USA), according to the manufac
turers’ instructions. The sequencing reaction pro
ducts were analyzed using the PRISM 3730XL 
DNA Analyzer (Applied Biosystems, USA). 
Partial 16S rRNA gene sequences were assembled 
using SeqMan (DNASTAR, USA) and compared 
to sequences in the NCBI nr database via 
BLASTn. The V3-V4 region sequences of the 
isolates were aligned with 16S rRNA gene 
sequences of Akkermansia ASVs, A. muciniphila 
MucT, A. muciniphila GP strains, A. glycaniphila 
PytT, A. muciniphila EB-AMDK, A. muciniphila 
JCM 30,893, and A. muciniphila Akk, using 
Clustal Omega from the EMBL-EBI. The 
trimmed alignment was converted to MEGA for
mat for phylogenetic analyses. Phylogenetic con
sensus trees were constructed using the 
maximum-likelihood method with MEGA X and 
evaluated using 1,000 bootstrap replicates.

Genotyping of Akkermansia strains isolates

Genomic DNA was extracted from ten isolates and 
the type strain of A. muciniphila MucT (DSM 
22,959) using the QIAamp Fast DNA Stool Mini 
Kit (Qiagen, Germany) following the manufac
turer’s instructions. ERIC-PCR was performed 
with ERIC primers (ERIC-1 5’-ATG TAA GCT 
CCT GGG GAT TCA C-3’; ERIC-2 5’-AAG TAA 
GTG ACT GGG GTG AGC G-3’), as previously 
described.98 A 10 μl aliquot of PCR product was 
stained with an equal volume of 1× loading star dye 
(Dyne Bio, South Korea) and loaded onto 1.5% 
agarose gel. Electrophoresis was performed at 50  
V for 1 h and photographed under UV light.

Oral administration of an Akkermansia isolate

Akkermansia spp. strain m3-2 was cultured on 
and harvested from BHI-M medium and sus
pended in PBS containing 0.05% L-cysteine 
hydrochloride. Fresh cell suspensions of strain 
m3-2 were prepared weekly, stored at 4°C, and 
pre-warmed to room temperature before admin
istration. Four groups of 6–8-wk-old mice 
received oral administration of 200 μl of pre- 
reduced PBS or the m3-2 cell suspension every 
weekday for 4 wk. The cell suspension con
tained an average of 9.3 ± 0.3 log colony-form
ing units (CFU) per 200 μl, based on CFU 
counts on BHI-M medium (Supplementary Fig. 
S3B). To ensure stability in cell count and via
bility during 4°C storage, we compared the 
viable cell counts of strain m3-2 before and 
after storage, confirming no significant changes 
(Supplementary Fig. S3C).

Golgi-Cox staining

Golgi-Cox staining was performed following a 
previously described protocol.99 After behavioral 
tests, mice were decapitated, and brains were 
rapidly rinsed in double-distilled water (dd- 
H2O). Brains were then immersed in Golgi- 
Cox solution (1.04% potassium dichromate, 
1.04% mercuric chloride, and 0.83% potassium 
chromate) for 7–10 d before being transferred to 
a tissue protectant solution (0.05 M phosphate 
buffer with 30% sucrose and 30% ethylene gly
col). Coronal brain sections, 150 μm thick, were 
cut using a vibratome (VT1000S, Leica, 
Germany) and mounted on microscope slides 
with the tissue protectant solution. After air 
drying for 3 d, sections were developed. 
Sections were first incubated in 50% ethanol 
for 5 min, then in 66.6% ammonia solution for 
8 min, followed by rinsing with dd-H2O. 
Sections were then treated with 5% sodium 
thiosulfate for 10 min in the dark, rinsed with 
dd-H2O, and dehydrated in graded ethanol 
solutions (70%, 95%, and 100%) for 5 min 
each. Finally, sections were cleared in xylene 
and mounted with Permount (SP15–100, Fisher 
Chemical, UK).
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Neurostructural analysis

Neurostructural images were acquired using a con
focal microscope (LSM 880, Carl Zeiss, Germany) 
with a 20× objective (2048 × 2048 pixels; 1 μm z- 
stack intervals). Golgi-stained neurons were traced 
in 3D using Neurolucida software (MBF 
Bioscience), allowing for detailed reconstructions 
of dendritic structures. Total dendritic length and 
complexity were analyzed with NeuroExplorer 
software (MBF Bioscience, USA). To quantify 
spine density, three dendritic segments (secondary 
or tertiary dendrites >30 μm in length) per neuron 
were selected, and all dendritic protrusions were 
counted using ImageJ software (NIH, USA). 
Counts were averaged for each neuron.

Three-chamber sociability test

The 3-chamber test was performed according to a 
previously described procedure.100 The apparatus 
consisted of a rectangular box divided into three 
connected compartments, each separated by trans
parent walls. Wire cages were placed in the compart
ments flanking the central arena. Before the test, the 
subject mouse was habituated to the apparatus for 10 
min. In the test, the mouse was placed in the center 
compartment with access to the connecting cham
bers blocked. A stimulus mouse, designated as 
“Stranger 1”, was randomly placed in a wire cage. 
When the chambers were unblocked, the subject 
mouse could explore the entire apparatus freely. 
The test lasted 10 min, during which the mouse’s 
movements were recorded for sociability assess
ment. Time spent in each zone was analyzed using 
ANY-maze software (Stoelting Co., USA).

Elevated plus maze test

The elevated plus maze test was conducted accord
ing to a previously described procedure.101 The 
apparatus consisted of two opposite rectangular 
arms without walls, designated as “open arms” 
(25 cm × 5 cm), two opposite rectangular arms 
with opaque walls, designated as “closed arms” 
(25 cm × 5 cm × 16 cm), connected by a central 
square platform (5 cm × 5 cm). The plus maze was 
elevated 50 cm above the floor. Each mouse was 
placed in the center of the maze and recorded for 5 

min, during which time spent in the open and 
closed arms was analyzed using ANY-maze soft
ware (Stoelting Co., USA).

Forced swimming test

The forced swimming test was conducted following 
an established procedure.102 Mice were placed indi
vidually in a clear glass cylinder (20 cm diameter, 
20 cm height) filled with water (25 ± 1°C) to a 
depth of 12 cm. Water was replaced after each 
trial. Each mouse was gently placed in the cylinder 
and recorded for a total of 6 min. Immobility was 
defined as the time during which the mouse ceased 
swimming and floated motionless at the water sur
face. Immobility time was analyzed during the final 
4 min of the test.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from colonic tissue using 
TRIzol® reagent (Invitrogen, USA), and comple
mentary DNA (cDNA) was synthesized using a 
cDNA Synthesis Kit (TOYOBO, Japan). The 
cDNA was then used as a template for quantitative 
real-time PCR, conducted with the SYBR Green 
Real-Time PCR Master Mix Kit (TOYOBO, 
Japan). Gene expression levels were normalized to 
β-actin mRNA levels and expressed as fold induc
tion, calculated using the 2−ΔΔCT method.

Transcriptome analysis

WT (WT+PBS), Negr1 KO (KO+PBS), and Negr1 
KO mice treated with Akkermansia (KO+AKK) (n  
= 5 per group) were sacrificed by decapitation, and 
brains and entire colons were quickly dissected. 
The brains were rinsed briefly with ice-cold PBS 
and immediately frozen in liquid nitrogen. Each 
brain was sectioned into 1 mm slices using a cor
onal brain matrix (L.R-68707, L.M.S., South 
Korea), and the NAc and DG regions were isolated 
with a 1 mm biopsy punch (BPP-10F, Kai Medical, 
Japan) on dry ice. Colons were stored in cold PBS, 
and the proximal segments (~1 cm) were preserved 
in RNAlater solution (Invitrogen, USA). Total 
RNA was extracted from brain and colonic tissues 
using the RNA purification kit (Macherey-Nagel, 
Germany). RNA-sequencing libraries were
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prepared using the TruSeq Stranded RNA Sample 
Preparation Kit (Illumina, USA). Sequencing was 
performed on the Illumina NovaSeq X platform 
with paired-end reads. Raw reads were processed 
to remove low-quality reads, adapter sequences, 
and PCR duplicates. Trimmed reads were mapped 
to the mouse reference genome (mm10) using 
HISAT2, and aligned reads were assembled and 
quantified using StringTie. Differential expression 
analysis was conducted with DESeq2103 or 
PyDESeq2.104 Genes with a Benjamini-Hochberg 
adjusted p-value <0.1 and a fold-change > ±1.5 
were considered differentially expressed (DEGs) 
between groups. Regularized log-transformed 
expression values were compared based on 
Euclidean distance and visualized with principal 
component analysis (PCA). Gene set enrichment 
analysis was performed on DEGs against Gene 
Ontology, WikiPathways, and KEGG databases 
using Enrichr.105

Measurement of mucus thickness

Mesenteric fat tissue was removed from colons and 
flushed with ice-cold 1× PBS to clear luminal con
tents. For Periodic acid-Schiff (PAS) staining, a 1 cm 
section of the colon was fixed in Carnoy’s solution 
(60% methanol, 30% chloroform, 10% acetic acid). 
Fixed colon segments were embedded in Tissue-Tek 
O.C.T. compound (SAKURA, Japan), sectioned at 10  
μm thickness, and stained with PAS for mucus layer 
measurement. Mucus thickness was measured at 50 
points within the inner mucus layer using ImageJ 
software (NIH, USA).

Measurement of cecal SCFAs

Approximately 200 mg of cecal contents were used 
for acetate, propionate, butyrate, valerate, isobuty
rate, and isovalerate concentrations. Frozen cecal 
samples were homogenized in five volumes of 
dH2O and centrifuged at 13,000 rpm for 10 min 
at 4°C. The 150 µL of supernatants were transferred 
to 10 mL of screw-cap vials containing 150 µL of 
buffer solution with (NH4)2SO4, NaH2PO4, and 2- 
ethylbutyric acid as an internal standard. 
Headspace sampler-gas chromatography-Flame 
ionization detector (HS-GS-FID) analysis was 

performed by Agilent 7890B GC system equipped 
with a 7697A headspace sampler and FID (Agilent 
Technologies, USA). An HP-innowax capillary col
umn (30 m × 250 µm × 0.25 µm film thickness; 
Agilent) was used with nitrogen as the carrier gas 
at a constant flow rate. The operating conditions 
were as follows: oven temperature, 85°C; loop tem
perature 90°C; transfer lines, 100°C; FID tempera
ture 250°C; column temperature was initially at 60° 
C, raised to 140°C at 30°C/min, then raised to 170° 
C at 30°C, and finally to 180°C at 40°C and held for 
0.75 min. Data acquisition and operation proces
sing were conducted using ChemStation software 
(Agilent Technologies). SCFA levels were identi
fied and quantified using standard compounds.

Statistical analysis

All graphing and statistical analyses were performed 
using GraphPad Prism version 5.01 and 10.3.0 for 
Windows (GraphPad Software, USA). The Shapiro– 
Wilk normality test was performed to assess whether 
the data sets were normally distributed. Depending on 
the data characteristics, paired or unpaired two-tailed 
t-tests, one-way ANOVA, and two-way ANOVA 
were used with a significance set at p < 0.05. Two- 
tailed Mann–Whitney U tests were also performed. 
Principal Coordinates Analysis (PCoA) was per
formed based on Bray-Curtis dissimilarity and 
Jaccard distance using R package ‘vegan’.106 

Statistical significances for PCoA analysis were 
assessed using the ‘adonis’ function with 999 permu
tations. The percentages of explained variances for 
environmental variables were calculated based on 
Bray-Curtis dissimilarity using distance-based redun
dancy analysis (db-RDA) of R package ‘vegan’.106 The 
relative abundance of ASVs was correlated with the 
first axis of the db-RDA constrained ordination using 
the ‘add.spec.scores’ function from the ‘BiodiversityR’ 
package. Permutation tests were performed using the 
‘envfit’ function in ‘vegan’ with 999 permutations, and 
ASVs discriminating between groups were identified 
using LEfSe analysis.39
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