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SUMMARY
Amino acid formula (AAF) is increasingly consumed in infants with cow’s milk protein allergy; however, the
long-term influences on health are less described. In this study, we established amousemodel by subjecting
neonatal mice to an amino acid diet (AAD) to mimic the feeding regimen of infants on AAF. Surprisingly, AAD-
fedmice exhibited dysbioticmicrobiota and increased neuronal activity in both the intestine and brain, aswell
as gastrointestinal peristalsis disorders and depressive-like behavior. Furthermore, fecal microbiota trans-
plantation from AAD-fed mice or AAF-fed infants to recipient mice led to elevated neuronal activations and
exacerbated depressive-like behaviors compared to that from normal chow-fed mice or cow’s-milk-for-
mula-fed infants, respectively. Our findings highlight the necessity to avoid the excessive use of AAF, which
may influence the neuronal development and mental health of children.
INTRODUCTION

Extensively hydrolyzed formula (EHF) and amino acid formula

(AAF) are increasingly recommended for infants with cow’s

milk protein allergy (CMPA), depending on the severity of their

CMPA.1,2 The prevalence of CMPA in developed countries

ranging from 0.5% to 3%at age 1 year3,4; however, the prescrip-

tion of EHF and AAF, especially AAF, increased 6.7-fold during

2007–2018 and accounted for 55% of expenditure on the costs

of specialized formula in England, Norway, and Australia,5 sug-

gesting potential overdiagnosis of milk allergy and excessive

use of AAF in these countries.6,7 The side effects of AAF have

been studied in relation to dental decay and obesity8–10; howev-

er, the specific effects of AAF on neuronal development and

mental health remain poorly understood.

Major depressive disorder (MDD) is a debilitating mental

illness associated with significant morbidity and mortality.11

The precise etiology of depression is multifactorial and involves

complex signaling networks, and lifestyle factors like diet,

sleep, and exercise have been supposed to be associated

with MDD.12,13 Dietary patterns have also been reported to

regulate microbiota.14,15 The gut microbiota has been recog-

nized as a key factor in modulating brain function and behavior

in the communication of gut and brain,16 and accumulating ev-

idence from preclinical and clinical studies have suggested the

potential role of gut microbiota in the pathophysiology of

depression.17
This is an open access article und
We have used amino acid diet (AAD) feeding as a mouse

model to study how feeding without intact protein breaks im-

mune tolerance to food.18 Occasionally, we found that these

AAD-fed mice developed depressive-like behavior, leading to

the concern of the long-term mental health for those AAF-fed in-

fants. We discovered that AAD led to depressive-like behavior in

mice, with gut microbiota dysbiosis and neuronal activation as

measured by 16S and whole-brain cFos imaging. Infants fed

with AAF exhibit microbiota dysbiosis,19 and fecal from AAF-

fed infants transplanted into germ-free (GF) mice also led to

the depressive-like behavior. Taken together, our study indi-

cates a potential risk in infants with AAF, as their microbiota dys-

biosis could contribute to mental disorders with increased

neuronal activities.

RESULTS

AAD induces depressive-like behavior in mice
To mirror the situation of infants with AAF, we generated a

mouse model feeding with AAD (Figure 1A). The AAD is a

chemically defined elemental diet devoid of macromolecules,

as previously been reported20,21 (Tables S1 and S2). Neonatal

mice were divided into two groups, simultaneously fed with

normal chow diet (NCD) or AAD. After feeding for 4 weeks,

the AAD-fed group was switched to an NCD to closely mimic

the transition from AAF to regular formula in clinical practice.

At the age of 6 weeks, we assessed the general behaviors
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Figure 1. Amino acid diet (AAD) induces depressive-like behavior and gastrointestinal peristalsis disorder in mice

(A) Schematic of AAD.

(B) Neonatal littermates C57/B6J mice were fed with normal chow diet (NCD) or AAD from the age of 3 days to 4 weeks and the AAD-fed group was switched to

NCD; at the age of 6 weeks, the mice took behavior tests and GI motility tests.

(C and D) The immobility (immobile time per minute) of the mice in the TST and FST between NCD- and AAD-fed groups.

(E) The preference for sucrose (amount of sucrose consumed/total water intake in 24 h) of the mice between NCD- and AAD-fed groups.

(F–I) Representative tracks of NCD- or AAD-fed mice in open-field test (OFT), as well as (G) travel distance, (H) time spent in center, and (I) frequency into center.

(J) Whole-gut transit time between NCD- and AAD-fed groups.

(K) Bead latency test to measure colon transit time.

(L) Water content of the feces from NCD- and AAD-fed mice.

(M) Gastric emptying test to measure the time taken for ingested food to leave the stomach and move into the small intestine.

For (C)–(M), data are mean ± SEM, as determined by two-tailed paired t test, n = 26.

See also in Figure S1.
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and physiological conditions of the gut and brain between the

two groups (Figure 1B). AAD-fed mice appeared to be of similar

size and body weight to NCD-fed mice (Figure S1A). The

morphology, colon lengths, and histology of the intestine

between the two groups appeared no different (Figure S1B–

S1F). We also measured the energy consumption of AAD and

NCD mice, and the results showed no differences in food and

water intake (Figure S1G–S1H). Interestingly, these AAD-fed

mice exhibited depressive-like behaviors, presenting as

increased immobility in the forced swimming test (FST) and

the tail suspension test (TST) without changes in overall

locomotor activities, and decreased preference in the sucrose

preference test (SPT) without altered total consumption

(Figures 1C–1E). Moreover, in contrast to NCD-fed mice,

AAD-fed mice exhibited reduced interest in exploring the

central region and reduced locomotion in the open-field

test (Figures 1F–1I), showing that these mice exhibit more

anxiety.

However, there were no significant differences between the

two groups in other behavioral tests, including the Morris water

maze test, Y-maze test, rotarod test, grip strength test, hanging

test, pole test, and freezing time (Figures S1J–S1S), implying that

AAD feeding did not affect the cognition andmotility of mice. So-

cial behavior in the novel object recognition test (NORT), groom-

ing test, marble burying, and social interaction (Figures S1T–

S1X) reflected no differences between AAD- and NCD-fed

mice. Since increased corticotropin-releasing hormone was

postulated to be the indicator of depression,22,23 we consistently

found that AAD-fed mice had significantly increased levels of

corticosterone compared to NCD-fed mice (Figure S1I). Collec-

tively, these data demonstrate that AAD feeding induces depres-

sive-like behavior in mice.

AAD induces gastrointestinal (GI) peristalsis disorder in
mice
Besides the depressive-like behavior controlled by the central

nervous system (CNS), we also explored the direct impact of

AAD feeding on the GI tract’s function controlled by the enteric

nervous system (ENS). Peristaltic movements of the gut are

essential to facilitate proper anterograde propulsion of luminal

contents.24 In AAD- and NCD-fed mice, we assessed the whole

intestinal transit time, which measures GI motility from the time

food enters the stomach until it is removed from the body as

waste. Curiously, AAD-fed mice exhibited significantly higher

intestinal transit times compared to NCD-fed mice (Figure 1J),

requiring about 280 min to expel the carmine fecal pellet

compared to 150 min for NCD-fed mice. To gain a more pre-

cise understanding of the specific region of the intestine

affected, we next evaluated regional motility by measuring

gastric emptying and colon transit time. We found that AAD-

fed mice had increased colon transit times compared to

NCD-fed mice (Figure 1K), with lower fecal water content in

the feces of AAD-fed mice (Figure 1L). However, the gastric

emptying test showed no differences between the two groups

(Figure 1M). Taken together, the results showed that while the

times taken for different foods to enter the small intestine are

similar in both groups, AAD-fed mice exhibit increased GI peri-

stalsis disorder.
Increased cFos activation in the whole brain and gut of
AAD mice
The expression of immediate-early genes (IEGs) corresponds to

the activation of specific circuitry of the brain related to percep-

tion and integration of primary stimuli as well as to autonomic

and behavioral responses.25 Immobilization stress for 30 min

can induce intense expression of cFos (and other IEGs) in several

brain areas.26 However, the effects of AAD-feeding-induced

neuronal activities have not been assessed. Therefore, we con-

ducted whole-brain mapping of neuronal activity in AAD- and

NCD-fed mice by evaluating the cFos expression. We employed

a sample-preparation strategy with tissue clearing and staining

300 mm slices and reconstructed the whole-brain image by using

Imaris v.9.8 (bitplane, Oxford Instruments) (Videos S1 and S2).

We counted the number of cFos activated neurons with a

semi-automated procedure (Figure 2A). Staining intensity of indi-

vidual cFos-positive cells varied from very intense (black) to very

light (light brown). Overall, we observed a robust increase of

cFos expression throughout the whole brain of AAD-fed mice

compared to NCD-fed mice (Figure 2B). We further quantified

cFos-expressing neurons by staining serial section with 50 mm

slices, and by comparing the example images of the forebrain,

midbrain, and hindbrain in the two groups, we confirmed a reli-

able induction of cFos activation in the forebrain, midbrain, and

hindbrain, with an increased number of cFos-positive cells in

AAD-fed mice (Figures S1Y and S1Z). In addition to the brain,

we also measured the potential influence of AAD feeding on

the sympathetic neurons, as we observed GI peristalsis deficits

in these mice. Immunofluorescence analysis showed that AAD-

fed mice exhibited significantly more positive cFos neuronal

nuclei in the colon compared to NCD-fed mice (Figures 2C and

2D). Collectively, these data suggest that AAD feeding contrib-

utes to elevated levels of sympathetic activity in both the CNS

and ENS.

AAD-induced depressive-like behavior is independent
of vagus nerve or immune-mediated gut-brain
connection
To delve deeper into the mechanisms behind AAD-feeding-

induced depressive-like behavior, we examined both direct

and indirect dietary pathways leading to mental disorders. The

vagus nerve is recongnized as a neuronal pathway linking the

gut and brain.27 To evaluate whether AAD-feeding-induced

depressive-like behavior is regulated by the vagus nerve, sub-

diaphragmatic vagotomy (sdVx) was conducted in AAD-fed

mice. The sdVx was performed by cutting the left and right vagal

nerves along the esophagus, and the size and weight of stomach

were recorded to confirm a successful sdVx (Figures S2A–S2C).

After surgery, the mice were fed with AAD and NCD for 4 weeks

and behavior tests were conducted. The results showed no dif-

ferences in TST, FST, SPT, and intestinal transit time across the

groups of sdVx, sham-operated, and non-treated mice

(Figures S2D–S2G), which demonstrated that the AAD-feeding-

induced depressive-like behavior is not regulated via the vagus

nerve.

Previous studies have established that a high-cholesterol diet

can lead to disruption of the blood-brain barrier (BBB) in mice,

consequently resulting in cognitive impairments.28 In light of
Cell Reports 43, 113817, March 26, 2024 3
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Figure 2. Increased cFos activation in the whole brain and colon in AAD-fed mice

(A) Brain-wide cFos imaging of AAD- and NCD-fed mice (from left to right, 3D-reconstructed mouse brain, side view, front view, top view).

(B) The number of cFos-expressing neurons in the whole-brain imaging (NCD n = 3, AAD n = 4).

(C) cFos staining in the colon of NCD- and AAD-fed mice.

(D) The number of cFos-expressing neurons in the colon (n = 6).

For (B) and (D), data are mean ± SEM, as determined by two-tailed paired t test.

See also in Figure S1.
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these findings, we assessed the permeability of the BBB in mice

subjected to NCD and AAD feeding. We found no alterations in

BBB permeability between AAD-fed and control mice as

measured by 2%Evans blue dye in the brain after intravenous in-

jection. The result suggests that the AAD feeding does not affect

the permeability of the BBB (Figure S2H).

Further, the immune system, acknowledged as a significant

modulator of animal behaviors, was also evaluated.29 To

examine the role of the immune system in AAD-feeding-induced

behavioral changes, we exposed recombination activating gene

1 (Rag1�/�) mice and wild-type (WT) mice to AAD for 4 consec-

utive weeks and then measured the mice’s depressive-like

behavior (Figure S2I). Immunodeficient Rag1�/� mice and WT

mice exhibit similar behaviors: increased immobility in the FST

and TST, decreased preference in the SPT, and higher gut transit

time (Figures S2J–S2M). This implies that lymphocyte migration

is less likely to contribute to the AAD-induced depressive-like

behavior.

Together, these results suggest that neither the vagus nerve-

nor the immune system-mediated gut-brain connection plays a

pivotal role in AAD-induced depressive-like behavior.

AAD induced depressive-like behavior in a microbiota-
dependent way
Since it is known that AAF induces the dysbiosis of the micro-

biota19,30 and that microbiota transplantation from patients
4 Cell Reports 43, 113817, March 26, 2024
with MDD to rodents leads to depression-like behaviors,19,31,32

we reasoned that the aforementioned phenotype we observed

might due to themicrobiota dysbiosis. We analyzed the bacterial

composition and community structure in the feces of AAD- or

NCD-fed mice by 16S ribosomal RNA (rRNA) gene sequencing.

The a-diversity of microbiota in AAD-fed mice was significantly

reduced compared to that in NCD-fedmice (Figure 3A). Bacterial

diversity computed based on weighted UniFrac distances (the

assessment of community structure by considering abundance

of operational taxonomic units) revealed a significant difference

between the AAD- and NCD-fed mice (Figure 3B). We observed

shifted microbial communities in AAD-fed mice (Figure 3C), with

significant lower abundance of the phylum Firmicutes, such as

Clostridia, and the order Bacteroidales, such as Prevotellaceae

and Muribaculaceae (Figures S3A–S3E), as well as higher levels

of the phylum Actinobacteriota, such as Corynebacteriaceae,

and Deferribacterales (Figures S3F–S3H). Collectively, these

data showed that the AAD feeding altered the composition of

gut microbiota.

Then, we tested the minimum AAD-feeding period that is suf-

ficient to alter microbiota community. Wemonitored themicrobi-

al community changes from the first to the sixth week during the

AAD feeding and also recorded the depressive-like behavior and

GI motility. We found that the Shannon index (quantitative mea-

sure of community richness) increased continuously with age

and that AAD-fed mice harbored decreased a-diversity of



A B C

D

E F G

H I J

Figure 3. The gut microbiota regulates AAD-feeding-induced depressive-like behavior and gastrointestinal peristalsis disorder

(A–C) 16S rRNA sequencing of the feces from AAD- and NCD-fed mice.

(A) Estimation of microbial community a-diversity (observed Shannon) between AAD- and NCD-fed groups (n = 5).

(B) Principal-component analysis (PCA) plot generated from an unweighted UniFrac distance matrix displaying the distinct clustering pattern of the intestinal

bacteria community for AAD- and NCD-fed groups (n = 5).

(C) Relative abundance data for gut microbiota (family-level taxonomy) are presented as a percentage of the total detected sequences.

(D) Schemata of experimental design: C57/B6J mice were orally administered with antibiotics for 7 days, following FMT for 2 weeks, and then we conducted

behavior tests and GI motility.

(E–G) Depressive-like behavior tests after FMT (n = 12), (E) TST, (F) FST, and (G) SPT between FMT-recipient mice.

(H–J) GI motility tests after FMT (n = 12).

(H) Whole-gut transit time.

(I) Bead latency test to measure colon transit time.

(J) Water content of the feces from FMT recipient mice. NCD FMT WT, NCD’s feces transferred to WT; ACD FMT WT, AAD’s feces transferred to WT.

For (A) and (E)–(J), data are mean ± SEM, as determined by two-tailed paired t test, ns, no significance.

See also in Figure S3.
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microbiota as early as the first week of AAD exposure (Fig-

ure S3I). The principal coordinates analysis of microbiota was

also performed over a time course in fecal samples of NCD-

and AAD-fed mice (Figure S3J), and the differences persisted

throughout the AAD treatment (Figure S3K). Increased immo-

bility of TST was observed starting from the fourth week post-

AAD feeding and reached a significant change in the sixth

week (Figure S3L). An increasing trend of colon transit times in

the AAD-fed group was also observed starting from the second

week after AAD exposure (Figure S3M). Thus, AAD feeding leads

to the microbiota alteration in only 1 week, triggers GI motility

dysfunction beginning at 2 weeks, and induces depressive-like

behavior from 6 weeks.

We next performed fecal microbiota transplantation (FMT) to

test whether the altered gut microbiota is responsible for the

depressive-like behavior and GI peristalsis phenotype (Fig-

ure 3D). Fecal microbiota from AAD- or NCD-fed mice were

transferred by oral gavage into antibiotics-treated WT mice in

C57/B6J background (AAD FMT WT and NCD FMT WT).

After 2 weeks of colonization, microbiota transferred from

AAD-fed mice (AAD FMT WT) led to increased immobility in

the FST, TST, and SPT (Figures 3E–3G), indicative of depres-

sive-like behavior. FMT from AAD-fed mice (AAD FMT WT)

increased the colon transit time and whole-gut transit time

in recipient mice (Figures 3H and 3I), as well as lowered the wa-

ter contents of feces (Figure 3J), indicative of GI peristalsis

disorder.

Sequencing of the 16S rRNA verified the microbiota reconsti-

tution in the recipient mice.When comparing themicrobial struc-

tures of recipient and donor mice, the microbial composition in

AAD FMT WT recipient mice is similar to that of AAD-fed

mice. Likewise, the microbial makeup of NCD FMT WT recip-

ient mice is closer to that of NCD-fed mice than other groups

(Figures S3N and S3O). A heatmap showcasing the relative

abundance of family-level taxa like Bacteroides, Faecalibacte-

rium, Lachnospiraceae, Ruminococcaceae, Muribaculaceae,

Lachnospiraceae, and Clostridia_UCG-014 across each group

underscores this similarity (Figure S3Q). The bacterial species

compositions between two recipient groups are also different

(Figures S3R and S3S). Consistent with the enhanced depres-

sive-like behavior, we detected an increased level of corticoste-

rone in the serum of AAD FMT WT group (Figure S3P). We also

examined cFos expression in FMT mice; according to whole-

brain imaging, the AAD FMT WT mice showed stronger cFos

activation in the forebrain compared to NCD FMT WT mice

(Figures S3T and S3U). These data demonstrate that AAD-

induced microbiota dysbiosis contributes to the depressive-

like behavior and GI peristalsis disorder.

FMT of AAF-fed infants leads to depressive-like
behavior in GF mice
Since previous studies showed that AAF-fed infants also showed

altered microbiota,19 we next sought to determine whether mi-

crobiota from AAF-fed infants also tend to induce depressive-

like behavior. We performed an integrated analysis of the gut mi-

crobiota from AAF-fed (32) and cow’s milk formula (CMF)-fed

(28) Asian children (Figure S4A). Principal-component analysis

on the basis of genus composition revealed profound differ-
6 Cell Reports 43, 113817, March 26, 2024
ences between the two groups (Figure 4A). Besides, the micro-

biota of AAF-fed children showed decreased a-diversity

compared to CMF-fed children (Figure 4B). The linear discrimi-

nant analysis effect size (LEfSe) analysis showed the bacterial

differences between the two groups (Figures 4C and 4D),

including increased levels of Actinobacteriota (phylum) (Fig-

ure S4B), which corresponded to the changes in AAD- vs.

NCD-fed mice. Other than that, levels of Enterobacterales, En-

terobacterales (order), and Gammaproteobacteria (class) were

higher, and levels of Deferribacterales (order) were lower, in the

feces of AAF-fed children as compared to the CMF-fed group

(Figures S4C–S4C).

Additionally, we sought to determine whether the commonly

used AAFs (Nestle Alfamino) could directly cause depressive-

like behaviors in mice (Figure S4G). Interestingly, mice fed with

AAF exhibited depressive-like behaviors similar to those noted

in our other studies, with significant increases in immobility

during the FST and TST, decreased preference in the SPT, and

an elevated gut transit time when compared to those fed with

CMF (Nestle Beba) (Figures S4H–S4K).

To investigate whether FMT from AAF-fed infants could

induce a depressive-like phenotype in mice, we performed

FMT from 3 donor infants fed with AAF for 3, 4, and 5 months

(FMT-AAF1, -AAF2, and -AAF3, respectively) and 2 donor CMF

individuals (FMT-CMF1 and -CMF2, respectively) into GF mice

and then assessed the depressive-like behaviors (Figure 4E).

According to the results, there was a tendency toward higher

immobility in the TST weeks post-transplantation in FMT-AAF

mice (Figures 4F and 4G). Transplantation of AAF2 and AAF3

to GF mice caused a significant increase of immobile time

compared to CMF1-transferred GF mice. FMT-AAF mice also

displayed decreased preference for sugar water in the SPT

(Figures 4H and 4I). We also detected the corticosterone levels

in the serum from individual CMF1- and AAF3-transferred GF

recipient mice and confirmed a higher level of corticosterone

in FMT-AAF3 mice compared to FMT-CMF3 mice (Figure S4F).

Furthermore, we analyzed the cFos activation in the FMT-AAF3

and FMT-CMF1 mice. The whole-brain cFos staining showed

significantly stronger neuronal activation in FMT-AAF3 mice

than in FMT-CMF3 mice (Figures S4L and S4M). Taken

together, we found that microbiota from AAF-fed infants also

tend to induce depressive-like behavior in mice.

DISCUSSION

Dietary patterns have been shown to influence mental health,

and meta-analyses showed cross-sectional and prospective as-

sociations between diet quality and mental health.33,34 Evidence

from observational studies suggests that diets enriched in plant

foods, such as vegetables, fruits, legumes, and whole grains,

and lean proteins, including fish, are associated with a reduced

risk for depression, while dietary patterns that include more pro-

cessed food and sugary products are associated with an

increased risk of depression.12 A dose-dependent relationship

between dietary fiber intake and risk of depression has also

been reported.35 However, the association between the wide-

spread use of AAF and the risk of depression has not been inves-

tigated. We conducted animal models to find that AAD-fed mice
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Figure 4. Fecal microbiota of AAF-fed children leads to depressive-like behavior in GF mice

(A–D) Fecal samples were collected from CMF- (n = 28) and AAF-fed (n = 32) children for 16S rRNA sequencing.

(A) PCA plot generated from an unweighted UniFrac distance matrix displaying the distinct clustering pattern of the intestinal bacteria community for CMF- and

AAF-fed groups.

(B) Estimation of microbial community a-diversity (observed Shannon).

(C) LEfse analysis between CMF- and AAF-fed groups.

(D) Schematic of FMT of feces from 2 CMF-fed individuals into GF mice (n = 12) and 3 AAF-fed individuals transferred into GF mice (n = 18).

(E–H) TST (E and F) and SPT (G and H) of FMT mice.

For (B), (E), and (G), data are mean ± SEM, as determined by two-tailed paired t test. For (F) and (H), data are mean ± SEM, as determined by two-way analysis of

variance (ANOVA), ns, no significance.

See also Figures S6 and S4.
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exhibit depressive-like behavior, providing the causation be-

tween AAF feeding and mental health.

Dietary components play a crucial role in shaping the gut mi-

crobiota, as different dietary amino acids can profoundly impact

the function of gut microbes.14,15,36 Previous studies have re-

ported that infant formulas such as AAF alter the gut microbiota

in children19,37; however, the exact process of microbiota regu-

lation during AAF feeding is not known. Wemonitored the micro-

biota as well as the depressive-like behavior during 6 weeks of

the AAD feeding in mice. We observed significant changes in mi-

crobiota upon feeding with AAD for only 1 week; we found that

mice fedwith an AAD for 2weeks developGI peristalsis disorder,

and mice fed for 6 weeks start to develop depressive-like

behavior. These results indicate that the establishment of the

neonatal microbiota is of great importance for long-term

neuronal development and mental health.

It is reported that the extended use of AAF increased the poten-

tial risk in several disease, such as dental decay and obesity.1,30

Two large cohort studies revealed allergic disorder in early child-

hood (apopulationwithpotential higher usageofEHF) significantly

increased the risk of autism spectrum disorder or attention-deficit

hyperactivity disorder.38,39 However, a direct link between the use

ofAAFandpsychological problemssuchasdepression isstill lack-

ing experimentally or clinically. Based on our findings, we provide

animal experimental data to support the potential influence of AAF

feeding on the development of depressive-like behavior. When

considering the clinical prescription for food allergy in formula-

taken infants, first of all, try to avoid using AAF; second, try tomini-

mize the use of the EHF. For food allergy in breastfed infants,

at first, try not to discontinue the breastfeeding but avoid

the suspected allergens; second, if it is still not better, try EHF for

2–4 weeks. Once the food allergy improves, stop EHF feeding

and switch back to cow’s milk or breastfeeding, to reduce the po-

tential risk for developing mental disorder.

Limitations of the study
Two questions may need further investigations. First, how does

microbiota dysbiosis induced by AAD/AAF feeding contribute to

the depressive-like behavior in mice? Second, do our findings

suggesting a potential risk of mental disorders in infants fed

with AAF necessitate prospective studies onmental health within

AAF-fed cohorts to establish the link between AAD-fed in infancy

and depression?

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
8

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-

TAILS

B Mice

B Human participants
Cell Reports 43, 113817, March 26, 2024
d METHOD DETAILS

B Amino acid diet

B AAD mouse model

B ABX treatment

B Fecal microbiota transplantation

B 16S-microbiota sequencing

B Immunofluorescence staining

B cFos staining

B Assessment of corticosterone levels

B Behavior tests

B Forced swim test

B Tail suspension test

B Sucrose preference

B Open field test (OFT)

B Pole test

B Hanging test

B Freezing test

B Rotarod test

B Grip strength test

B Spontaneous alternation behavior Y-maze test

B Novel object recognition test (NORT)

B Morris water maze test (MWMT)

B Grooming

B Marble burying

B Social interaction

B Gastric emptying

B Bead latency

B Whole-gut transit time (WGTT)

B Feces water content

B Subdiaphragmatic vagotomy (sdVx)

B Evans Blue permeability assay

B Hematoxylin and eosin staining

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Statistical analysis
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2024.113817.
ACKNOWLEDGMENTS

We thank Dr. Hongdi Ma for helpful discussions. We thank Chunhui Jia for

cFos whole-brain reconstruction. We would like to acknowledge the Multimo-

dality Imaging Center of the Institute of Artificial Intelligence of Hefei Compre-

hensive National Science Center for the whole-brain VISoR imaging and L.

Guo and W. Zheng for their assistance in data collection and analysis. This

work was supported by grants from the National Natural Science Foundation

of China (82325025) (S.Z.) and the CAS Project for Young Scientists in Basic

Research (YSBR-074) (S.Z.).
AUTHOR CONTRIBUTIONS

J.H. and K.H. designed the experiments. J.H. performed and interpreted most

of the experiments. Y.Y. analyzed the 16S data. H.W. and Y.D. performed the

cFos staining assay. C.H. reconstructed the whole-brain image. G.Z. and J.W.

conducted the 16S experiment. C.N., G.B., and L.Z. provided critical com-

ments and suggestions. L.Z. provided human samples. J.H. and S.Z. wrote

the manuscript. S.Z. supervised the project.

https://doi.org/10.1016/j.celrep.2024.113817
https://doi.org/10.1016/j.celrep.2024.113817


Report
ll

OPEN ACCESS
DECLARATION OF INTERESTS

S.Z. is a co-founder of Ibiome, which studies microbial regulation of immune

responses.

Received: July 31, 2023

Revised: November 24, 2023

Accepted: February 1, 2024

Published: February 26, 2024

REFERENCES

1. Writing Group for the TRIGR Study Group; Knip, M., Åkerblom, H.K., Al
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit cFos Cell signing technology Cat#2250S; RRID: AB_2313773

Anti-Rabbit IgG (H + L), CFTM 488A antibody Sigma Cat#A-11034; RRID: AB_2313773

Chemicals, peptides, and recombinant proteins

Corticosterone MedChemExpress Cat#HY-B1618

Carmine Dye Sigma-Aldrich Cat#1390-65-4

Sodium carboxymethyl cellulose Sigma-Aldrich Cat#9004-32-4

Evans blue Dye Sigma-Aldrich Cat#314-13-6

Vancomycin Sangon Cat#1404-93-9

Neomycin Sangon Cat#1405-10-3

Ampicillin Sangon Cat#69-52-3

Metronidazole Sangon Cat#443-48-1

DAPI Biolegend Cat#422801

Acetonitrile, for HPLC Sangon Cat#75-05-8

Methyl alcohol, for HPLC Sangon Cat#67-56-1

Acrylamide Sangon Cat#A100341

Bis-acrylamide Sangon Cat#A100172

VA-044 Aladdin Cat#A151317

Boric acid Sangon Cat#A100588

Iohexol Sangon Cat#A611182

Triton X-100 Sangon Cat#A600198

Donkey serum Sigma-Aldrich Cat#ab7475

Disodium hydrogenphosphate, anhydrous Sangon Cat#A610404

Sodium dihydngen phoshate anhydrous Sangon Cat#A600878

Critical commercial assays

GeneJET PCR Purification Kit Thermo Fisher Scientific Cat#K0702

Deposited data

16s RNA sequencing NCBI BioProject ID PRJNA1066063

PRJNA1068313 PRJNA1068747

Experimental models: Organisms/strains

C57BL/6JGpt GemPharmatech Strain NO. N000013

Rag-1�/� mice GemPharmatech Strain NO. T004753

Oligonucleotides

16s RNA 515F Forward barcode primer, AATGATACGGC

GACCACCGAGATCTACACGCTXXXXXXXXXXXXTATGGT

AATTGTGTGYCAGCMGCCGCGGTAA

This paper N/A

16s RNA 806R reverse primer, CAAGCAG

AAGACGGCATACGAGATAGTCAGCCAGC

CGGACTACNVGGGTWTCTAAT.

This paper N/A

Read 1, TATGGTAATT GT GTGYCAGCMGCCGCGGTAA This paper N/A

Read 2, AGTCAGCCAG CC GGACTACNVGGGTWTCTAAT This paper N/A

Index: AATGATACGGCGACCACCGAGATCTACACGCT This paper N/A

Software and algorithms

Prism version 9 Graphpad https://www.graphpad.com/

CaseViewer 2.4 3DHISTECH https://www.3dhistech.com/solutions/caseviewer/

Ethovision XT 12 Noldus https://www.noldus.com/ethovision-xt

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Imaris 9.21 Bitplane https://imaris.oxinst.com/

Qiime2 v2023.2 QIIME 2 https://qiime2.org/

ImageJ NIH https://imagej.nih.gov/ij/

Peak View 2.2 SCIEX https://sciex.com/products/software/

peakview-software

TissueFAXS PLUS Gmbh https://tissuegnostics.com/products/

scanning-and-viewing-software/tissuefaxs-

imaging-software
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shu Zhu

(zhushu@ustc.edu.cn).

Materials availability
All materials generated in this study are available from the lead contact upon request.

Data and code availability
d The data supporting the findings of this study are available within the article and its supplemental information. The 16s RNA

sequencing datasets generated in this study can be found in the NCBI SRA database (http://www.ncbi.nlm.nih.gov/sra/) using

the access number PRJNA1066063, PRJNA1068313, PRJNA1068747.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
The AAD-feeding experiments used mice were C57BL/6J (B6) strain and purchased from Gempharmatech, China. Rag1�/� mice

were purchased from GemPharmatech, China. All experiments used mice were 3 days–old to 10 weeks-old, age- and sex-matched

male mice. All mice were maintained under specific pathogen-free (SPF) conditions and kept at a strict 24 h light-dark cycle, with

lights on from 8 a.m. to 8 p.m. in the animal facility of the University of Science and Technology of China. All animal experiments

were approved by the Ethics Committee of University of Science and Technology of China (USTCACUC23120123039).

Human participants
Human feces from CMF- (n = 28) and AAF-fed (n = 32) infants were obtained from the First Affiliated Hospital of USTC, University of

Science and Technology of China. All human experiments were approved by the Ethics Committee of the First Affiliated Hospital of

USTC, University of Science and Technology of China (2023-RE-208).

METHOD DETAILS

Amino acid diet
AAD was customized from Medicience (Jiangsu, CN), as previously reported.20 The AAD ingredient was listed as follows (g/kg):

L-Alanine 4.5; L-Arginine, 6.3; L-Aspartic Acid 11.3; L-Cystine 3.7; L-Glutamic Acid 36.2; Glycine 3.1; L-Histidine, 4.5;

L-Isoleucine 8.4; L-Leucine 15.3; L-Lysine-HCl 16.1; L-Methionine 4.5; L-Phenylalanine 8.7; L-Proline 20.4; L-Serine 9.4;

L-Threonine 6.6; L-Tryptophan 2.1; L-Tyrosine 9.2; L-Valine 9.9; Sucrose 100; Cornstarch 399.886; Dyetrose 145; Soybean Oil

70; tBHQ 0.014; Cellulose 50; Salt Mix 35; Sodium Bicarbonate 7.4; Vitamin Mix 10; Choline Bitartrate 2.5 (Table S1). All diets

were irradiated and vacuum-packed. The feeding method of AAD to mouse starts at 3 days of age and continued for 4 weeks. All

mice were allowed free access to water.

AAD mouse model
Neonatal littermates C57BL/B6J male mice were fed with AAD from the age of 3 days–4 weeks and switched to NCD for 2 weeks. At

the age of 6 weeks, the mice were taken behavior tests and GI motility tests. Upon the termination of experiments, mice were sacri-

ficed by CO2 asphyxiation.
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ABX treatment
C57BL/6 wild-typemicewere supplied with amixture of antibiotics (ampicillin 1mg/mL, neomycin 1mg/mL, metronidazole 1mg/mL,

and vancomycin 0.5 mg/mL) (key resources table) in drinking water for one week. Fresh feces samples were collected for the mea-

surement of fecal bacteria load.

Fecal microbiota transplantation
Fecal microbiota transplantation (FMT) was performed according to a reported protocol.40 Briefly, fecal pellets from donor mice

(NCD- and AAD-fed mice) were collected in sterile conditions. The pellets from each donor mouse were separately resuspended

in sterile PBS under anaerobic conditions (75%N2, 20%CO2, 5%H2) with vigorous mixing for 3 min, and allowed to settle by gravity

for 2 min. Samples were immediately transferred to the animal facility and the supernatant was administered to recipient C57BL/6

wild-type mice by oral gavage.

16S-microbiota sequencing
Fecal samples were taken from mice at the indicated time points and stored at �80�C until 16S rRNA analysis. DNA was extracted

from fecal pellets with GeneJET PCR Purification Kit (key resources table) according to the manufacturer’s instructions, and normal-

ized to 10 ng/mL. 16S rRNA ampliconswere generated using the primer 515F/806R recommended by the EarthMicrobiome Project 2.

The primer used are in the key resources table. MiSeq (Illumina) fastq fileswere analyzed usingQiime2 (v.2023.2.0). Using the Illumina

bcl2fastq (v.2.20) and the barcode mapping file, the reads were demultiplexed and assigned to their corresponding sample. De-

noising and amplicon sequencing variants (ASV) tables were constructed using DADA2 plugin via command dada2-denoise-paired.

Samples that did not reach the established sequencing depths (512 reads for mice sample, 2283 for human sample) were excluded

from further diversity analysis. Diversity analysis results were generated using the diversity-core-metrics-phylogenetic plugin. ASVs

were assigned with taxonomic annotations by applying the feature-classifier plugin (classify-sklearn) to our representative se-

quences and using a naive Bayes taxonomic classifier downloaded from Qiime’s data-resources page. Linear discriminant analysis

Effect Size (LEfSe) was used to determine the bacterial taxa with significant differences in abundance between different groups.

Immunofluorescence staining
The colon and brain tissues were isolated, fixed in 4%PFA overnight, washed with PBS, cryo-protected in 30% sucrose solution over-

night, then processed through OCT embedding, and finally colon tissues were cut into 10-mm-thin sections, brain tissues were cut into

50-mm-thin sections. The sectionswerepermeated andblocked in blocking solution (5%donkey serum (w/v), 0.3%TritonX-100 inPBS)

(key resources table) for 1 h. The primary antibodies for immunofluorescence were Rabbit-anti-cFos (9F6) antibody (key resources ta-

ble). Antibody were incubated in 1% diluted blocking buffer overnight at dilutions of 1: 1000 at 4�C; the sections were washed 3 times

withPBSand incubatedwith a secondary antibody (Anti-Rabbit IgG (H+ L), CF 488Aantibody) (key resources table) at dilutions 1: 200 in

1% blocking buffer for 1 h at room temperature. Subsequently, sections were washed with PBS three times, counterstained with DAPI

(1 mg/mL) (key resources table) in PBS for 10min, then visualized using TissueFAXS PLUS (TissueGnostics Gmbh) imaging system and

imaris v9.8 (bitplane, Oxford Instruments). ImageJ software was used to detect the protein gray value.

cFos staining
cFos staining were performed according to protocols.41 Fixed brains were cut into 300-mm-thick slices using a vibroslicer (Compres-

stome VF-300, Precisionary Instruments). The brain sliceswere then transferred into 12-well plates andwashed 4 timeswith PBS for 1 h

each time. After that, the slices were polymerized in Hydrogel Monomer Solution (HMS) (4%Acrylamide (w/v), 0.1%Bis-acrylamide (w/

v), 0.25% VA-044 (w/v) in 50mL 4% PFA, 3mL per mouse) (key resources table) for post-fixation and then were polymerized for 4 h at

37�C in the absence of air. After polymerization, the gel around the slices were peel off. Then transfer the slices into Clean Buffer (CB)

(4%SDS (w/v), 1.2%Borate (w/v) in ddH2O) (key resources table) pH 8.5 and gently shake them in 4�C for 24h. After clearing, the slices

were washed 4 times with PBS for 1 h each time. Cleared slices were loaded into 12-well plates, permeated and blocked in blocking

solution (3% donkey serum (w/v), 0.3% Triton X-100 in PBS) (key resources table) for 1 h and then incubated with primary antibody

(Rabbit-anti-cFos (9F6) antibody, dilution 1:1000) (key resources table) in blocking solution overnight in 4�C, followed by washing in

0.3%PBST three times for 1 h each. The slices were then incubated in secondary antibody (Anti-Rabbit IgG (H + L), CF 488A antibody,

dilution 1:200) (key resources table) at room temperature for 5 h, followed bywashing in 0.3%PBST for three times. Finally, the slices of

an entire mouse brain were mounted onto a customized slide by the order of slicing with the same surface upward. Then the slide was

transferred into an imaging chamber which is filled with Refractive Index Matching Solution, (RIMS) (133.3% iohexol (w/v) in 0.02M PB)

(key resources table) pH 7.4. Whole-brain image reconstruction was used the VISoR system and performed as described previously.41

Assessment of corticosterone levels
Serum were collected 100 mL on the day of sacrifice and homogenized with 400 mL prechilled methanol/acetonitrile (1:1, v/v) (key

resources table), thoroughly mixed 5 min by vortexing. The mixture underwent ultrasonication for 10 min. Liquid nitrogen was

then used to quench the sample for 1 min, followed by melting at room temperature. This ultrasonication and quenching process

was repeated three times. The resulting mixture was incubated at�20�C for 4-6 h to facilitate protein precipitation. Afterward, centri-

fugation was performed at 13,000 rpm for 15 min at 4�C. The resulting supernatant was then transferred to LC vials.
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The corticosterone levels were measured by LC-MS/MS (LCMS-8050, SHIMADZU), separation was achieved using an Waters

ACQUITY UPLC C18 (100 mm 3 2.1 mm, 1.7 mm). The mobile phases consisted of solvent A (0.1% acetic acid amine in water)

and solvent B (methyl alcohol) (key resources table) at a flow rate 0.3 mL/min. The injection volume was 1 mL and the column tem-

perature was set at 35�C. The gradient flow started at 10%B for 1min, linearly increased to 60%Bover the next 4min, further linearly

increased to 95%B over the subsequent 9min. It was then linearly decreased to 10%Bwithin the next 0.5min andmaintained at this

composition for an additional 2min. Peaks were identified based on the retention time of the standards and confirmed by comparison

of the wavelength scan spectra (set between 210 nm and 400 nm). The analysis was performed in positive-ion mode, and data pro-

cessing was done using Peak View 2.2 software based on m/z values and sample retention time.

Behavior tests
To evaluate AAD-fed induced behavioral deficits, AAD and NCD-fed mice were assessed by the open field test, tail suspension test,

forced swimming test and sucrose preference for depressive-like test, pole test, rotarod test, and grip strength test for motor deficits,

and spontaneous alternation behavior Y-maze test, novel object recognition test, step-through passive avoidance test, Morris water

maze test, grooming test, marble burying test, social interaction test, for cognition deficits. The experimenter was blinded to treat-

ment group for all behavioral studies. All tests were performed and recorded between 10:00–16:00 in the lights-on cycle. All animals

were allowed to the experimental room for 1 h before the training.

Forced swim test
Mice were placed in a glass beaker (30 cm tall, 20 cm diameter) containing 15cm high water at 24 ± 1 �C. Mice were allowed to swim

for 6min. Prepared video camera in front of the beakers so that perceived every beaker in a way that allow the clear observation of the

animals’ behavior later on while viewing the footage. Immobility was quantified the last 4 min by two blinded, trained experimenters.

Code the duration of time spent as ‘‘Immobile’’ if the mouse is floating with the absence of anymovement except for those necessary

for keeping the nose above water. Code the duration of time spent as ‘‘Swimming’’ if movement of forelimbs or hind limbs in a

paddling fashion is observed. Data were expressed as immobility time (min) in different groups.42

Tail suspension test
Mice were suspended by their tail from a lever in a 303 153 15cm blue-painted enclosure. Movements were recorded for 6 min in a

quiet environment. The behavior of the animal was recorded by a side camera for 6min, and the duration of immobility was quantified

the last 4min by two blinded, trained experimenters. The first 2min were excluded due to high stress. Data were expressed as immo-

bility time (min) in different groups.43

Sucrose preference
Sucrose preference test was performed as previously reported,44 mice were single housed to acclimatize to two bottles of water for

24 h, then subjected to water deprivation for 24 h, followed by the 24h testing period (starting from 14:00) during which themice were

provided with one bottle of 1% sucrose (w/v) and one bottle of water. The position of the two bottles was switched at 2 h and 6 h. The

percentage of sucrose preference was calculated as the following calculation method: % Sucrose preference = the consumption of

1% sucrose/the total liquid consumed (water and sucrose) x 100.

Open field test (OFT)
The open field consisted of a rectangular plastic box (50 cm 3 50 cm x 50 cm) divided into 36 (6 x 6) identical sectors (6.6 cm 3

6.6 cm). The field was subdivided into peripheral and central sectors, where the central sector included 4 central squares (2 x 2)

and the peripheral sector was the remaining squares.45 Themouse was placed into the center of an open field and allowed to explore

for 6min. The apparatus was thoroughly cleanedwith diluted 75%ethanol between each trial. A video tracking system (Ethovision XT

software) was used to analyze the distance traveled as a measure of locomotor activity. The time spent in and entries into the center

were measured as an anxiolytic indicator.45

Pole test
The pole was composed of a 75 cm ofmetal rodwith a diameter of 9mm. It was wrappedwith bandage gauze, putting in a clean cage

with bedding.46Mice were placed on the top of the pole (7.5 cm from the top of the pole) facing the head-up. Total time taken to reach

the base of the pole was recorded. Before the actual test, mice were trained for two consecutive days. Each training session con-

sisted of three test trials. On the test day, mice were evaluated in three sessions and total time was recorded. The maximum cut off

time to stop the test and recording was 60 s. Results for the total time (sec) were recorded.

Hanging test
The mice were placed in the center of a 30 3 30 cm2 screen with a 1-cm-wide mesh. The screen was inverted head-over-tail and

placed on supports 40 cm above an open, clean cage with bedding. Mice were timed until they released their grip or remained

for 60s. Data were expressed as hanging time (min) in different groups.
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Freezing test
Mice were individually placed in a chamber with a grid floor connected to a shock generator (MED-SYST-VFC, MED). Two minutes

after being placed in the chamber, the mice were exposed to a 3 s foot shock (0.6 mA) for 5 times during 120 s randomly. SMART3.0

tracking system record the freezing time between different groups.

Rotarod test
For the rotarod test, the mice were trained 3 days before test. On the test day, mice were placed on an accelerating rotarod cylinder

(LE8505, Panlab), and the latency time of the animals wasmeasured. The speedwas slowly increased from4 to 40 rpmwithin 5min. A

trial ended if the animal fell off the rungs or gripped the device and spun around for 2 consecutive revolutions without attempting to

walk on the rungs. Motor test data are presented as mean of latency time (min) on the rotarod.47

Grip strength test
Neuromuscular strength testing was performed using a grip strength test machine as previously described.48 Performance of the

mice was assessed three times. To assess grip strength, mice were allowed to grasp a metal grid either by their fore limbs or

both fore and hind limbs. The tail was gently pulled and the maximum holding force recorded by the force transducer (BIO-GS3, Bio-

seb) when the mice released their grasp on the grid. The peak holding strength was digitally recorded and displayed as force in

grams. Grip strength was scored as grams (g).

Spontaneous alternation behavior Y-maze test
A spontaneous alternation behavior Y-maze test was performed as described.49 The Y-maze is a horizontal maze with three equal

angles between all arms, which were 40 cm long and 10 cm wide with 15 cm high walls. The maze floor and walls were constructed

using opaque polyvinyl plastic. Mice were initially placed within one arm, and the sequence and number of arm entries were recorded

manually for each mouse over an 8-min period. A spontaneous alternation was defined in which the mice entered all three arms, i.e.,

ABC, CAB, or BCA but not ABB, was recorded as an alternation to precision short-term memory. The alternation score (%) for each

mouse was calculated as the ratio of the actual number of alternations to the possible number (defined as the total number of arm

entriesminus two)multiplied by 100 as shown by the following equation:%Alternative behavior = [(Number of alternations)/(Total arm

entries – 2)] x100. The number of arm entries per trial was used as an indicator of locomotor activity. The Y-maze arms were cleaned

with diluted 75% ethanol between tests to eliminate odors and residues.

Novel object recognition test (NORT)
The NORT was performed according to the conventional protocol.50 NORT were carried out in a white open field box (45 cm width x

45cm depth x 50 cm height) with opaque polyvinyl plastic. Prior to the test, all mice were introduced to the test box for 5 min without

objects. After the introduction period, mice were positioned into the open field box with two identical objects and allowed to explore

for 5 min. The objects used in this experiment were wooden blocks with same size, but different shape. The time that mice spent on

exploring each object was recorded (defined as the training session). 24h after the training session, mice were allowed to search the

objects for 5min, in which the familiar object used in the training session was replacedwith a novel object. The time spent by themice

exploring the novel and the familiar objects was analyzed (defined as the test session) using the Ethovision XT software. The animals

were regarded to be exploring when they were sniffing, biting, or facing the object. The objects and test box were cleaned with 75%

ethanol after each session. Data are expressed in percentage terms of novel object recognition time% = total time spent with novel

object/[total time spent with novel object + total time spent with familiar object] x 100.

Morris water maze test (MWMT)
The MWMT was performed as described.51 The MWM is a white circular pool (150 cm in diameter and 50 cm in height) with four

different inner cues on surface. The circular pool was filled with water and a nontoxic water-soluble white dye (20 ± 1�C) and the plat-

form was submerged 1 cm below the surface of water so that it was invisible at water level. The pool was divided into four quadrants

of equal area. A blue platform (9 cm in diameter and 15 cm in height) was centered in one of the four quadrants of the pool. The loca-

tion of each swimming mouse, from the start position to the platform, was digitized by Ethovision XT software. The day before the

experiment mice were subjected to swim training for 60 s in the absence of the platform. The mice were then given two trial sessions

each day for four consecutive days, with an inter-trial interval of 15min, and the escape latencies were recorded. This parameter was

averaged for each session of trials and for eachmouse. Once themouse located the platform, it was permitted to remain on it for 10 s.

If the mouse was unable to locate the platform within 60 s, it was placed on the platform for 10 s and then returned to its cage by the

experimenter. On day 6, the probe trial test involved removing the platform from the pool and mice were allowed the cut-off time of

60 s.

Grooming
According to conventional protocol.52 Mice were placed in autoclaved, empty standard cages and video recorded from the side for

15 min. The final 10 min were scored manually by two independent blinded, trained researchers for grooming behavior.
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Marble burying
Marble burying was performed in a normal cage bottom filled with 3–4 cm of fresh, autoclaved wood chip bedding. The mice were

first habituated to the cage for 10 min, and subsequently transferred to a holding cage while the bedding was leveled and 20 glass

marbles (4 3 5) were placed on top. The mice were then returned to their own cage and removed after 10 min. The number of

buried marbles (50% or more covered) was then recorded and photographed for reference and scored by an additional blinded

researcher. A fresh cage was used for each mouse, and marble were soaked in 75% ethanol and dried in bedding in between

tests.53

Social interaction
Each mouse was introduced to a fresh, empty, standard, autoclaved cage and allowed to habituate for 10 min before a novel mouse

in age- and sex-matched was introduced to the cage for an additional 5 min for scoring of social activity. Two blinded, trained re-

searchers scored videos for social behavior using the Ethovision XT software.54

Gastric emptying
Gastric emptying was performed on AAD- and NCD-fed mice. Prior to the experiment; mice were fasted for 12 h with free access to

water. At the time of the experiment, mice were placed in separate clean cages and had access to pre-weighed food pellets for 1 h.

The amount of food consumed was calculated based on food weight prior to and after access. Two hours later, food was removed,

animals were sacrificed and their stomachs were removed. Gastric emptying was calculated according to the following formula:

gastric emptying (%) = [1 - (weight of food in stomach/weight of food intake)] x 100.55

Bead latency
Distal colonic motility was measured by the bead latency test. Mice were anesthetized with isoflurane, and a lubricated, 2-mm diam-

eter glass bead was inserted into the distal colon to a total depth of 2 cm from the anal margin using a fire-polished glass rod. After

insertion of the bead, mice were isolated in clear plastic cages without food and water. The time required for expulsion of the glass

bead was recorded, which was typically less than 15 min.56

Whole-gut transit time (WGTT)
Carmine red is a red dye that is not absorbed by the gut during digestion but excreted with other waste products. Solution of this dye

was used to determine total GI transit time in AAD- and NCD-fed mice. A solution of carmine red (60 mg/mL) in 0.5% (v/v) carbox-

ymethyl cellulose (key resources table) was administered by oral gavage. The volume of carmine red solution used for each animal

was calculated based on animal weight (0.3mg/g body weight). One hour after oral gavage, animals weremonitored for the presence

of carmine red in fecal pellets and the experiment was terminated after 8 h. Total GI transit time represented the time interval between

the initiation of gavage and the first observance of carmine red in the stool.57

Feces water content
Fecal pellets excreted frommice were collected at 10:00 a.m. The weight of fecal pellets from each mouse were measured as A, the

weight of feces after drying at 60�C for 24 h were measured as B. The water content was estimated by applying the following calcu-

lation method: Feces water content=(A�B)/A3100.58

Subdiaphragmatic vagotomy (sdVx)
2 weeks-old male mice were anesthetized using isoflurane (induction, 2% isoflurane with 1% oxygen; maintenance, 1% iso-

flurane with 1% oxygen). After adequate depth of anesthesia, expose the peritoneal cavity. The right and left vagus nerves

were visualized along the esophagus below the diaphragm by a surgical microscope and cut using microscissors. Then

the abdominal wall was closed using absorbable sutures and the skin was closed using surgical staples. For sham-operated

mice, the vagus nerve was similarly exposed but not cut.59 After one-week recovery, mice were started AAD-fed model, with

4 weeks consecutively AAD-fed and 2 weeks NCD-fed, at the age of 9 weeks, mice were conducted behavior tests and GI

motility tests.

Evans Blue permeability assay
Mice were injected intravenous injection(i.v.) with a solution of 2% Evans Blue (w/v) (key resources table). 30 min after injection, mice

were deeply anesthetized and perfused with 40 mL of Ca2+/Mg2+-free PBS. Brain tissue was isolated and pictured under black

background.

Hematoxylin and eosin staining
The colon tissues were isolated, fixed in 4% PFA and embedded in paraffin. Sections were stained with hematoxylin and eosin by

Servicebio (Wuhan, CN). Morphological changes in the stained sections were examined under a light microscope. For quantification,

the sections were scored according to both histological and morphometric analysis, as previously described.60
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
The sample size chosen for our animal experiments in this study was estimated based on our prior experience of performing similar

sets of experiments. All animal results were included, and no randomization method was applied. For all bar graphs, data were ex-

pressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using unpaired Student’s t-tests for two

groups and one-way analysis of variance (ANOVA) or two-way ANOVA (GraphPad Prism Software) for multiple groups, with all

data points（https://www.graphpad.com/） showing a normal distribution. To compare two non-parametric datasets, a Mann–

Whitney U-test was employed. p values <0.05 were considered significant. The sample sizes (biological replicates), specific statis-

tical tests, and the main effects of the statistical details of experiments can be found in each figure legend.
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