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Gut microbiota regulates innate anxiety through neural activity of medial prefrontal cortex in male mice
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Introduction: Innate anxiety, a stable personality trait conceptualized as trait anxiety, represents a fundamental dimension of individual differences in emotional regulation. Clinical evidence and animal studies indicate that elevated innate anxiety significantly increases susceptibility to psychiatric disorders. While the gut microbiota has been increasingly recognized as a critical modulator of neuropsychiatric health, its specific contribution to innate anxiety has yet to be fully elucidated.

Methods: We investigated gut microbiota contributions to innate anxiety in mice using stratified behavioral phenotyping in the elevated plus maze (EPM), antibiotic (ABX)-mediated microbiota depletion, fecal microbiota transplantation (FMT), c-FOS staining, transcriptomic profiling, and vivo fiber photometry.

Results: We found that innate high-anxiety (HA) and low-anxiety (LA) mice exhibited distinct gut microbial compositions. Microbiota depletion induced significant anxiolytic effects, while FMT from HA donors recapitulated anxiety-like behaviors. Neural activation mapping revealed elevated c-FOS expression in the medial prefrontal cortex (mPFC), basolateral amygdala (BLA), and central amygdala (CeA) of HA-FMT recipients. Transcriptomic analysis of mPFC tissue in HA- and LA-FMT recipients demonstrated microbiota driven regulation of transcriptional reprogramming, protein modification, and synapse modulation, indicating mechanistic connections along the microbiota gut-brain axis. Fiber photometry confirmed heightened mPFC neuronal activity during innate anxiety states in HA-FMT mice.

Discussion: Our findings establish that gut microbiota modulates innate anxiety through mPFC neural activity, providing novel insights into microbiome-based interventions for anxiety.

Keywords
innate anxiety, gut microbiota, neural activity, medial prefrontal cortex, gut-brain-axis


1 Introduction

Innate anxiety is essential for survival in threatening environments. However, pathological anxiety is a prolonged, maladaptive, and exacerbated response to non-threatening situations and greatly affects the quality of life (Price, 2022). In humans, innate anxiety, commonly conceptualized as trait anxiety, constitutes a fundamental and enduring personality dimension that predisposes individuals to demonstrate heightened emotional sensitivity and exhibit persistent patterns of concern and worry in response to various situations. People reporting high trait anxiety have a higher risk of developing psychiatric disorders compared to individuals with low trait anxiety (Chambers et al., 2004; Wang et al., 2019). In mice, innate anxiety is also an instinctive response to avoid potential threats, such as predator exposure, intraspecific conflicts, and adverse environmental stimuli. Innate high anxiety mice intrinsically exhibit elevation in anxiety-related behaviors and provide a valuable experimental model to study anxiety that is not induced by specific stressors (Rooney et al., 2020; Sah et al., 2012). Innate high anxiety have a higher risk of developing anxiety disorders. The etiology of anxiety disorders, long associated with neurochemical factors, brain structure/function, and environmental/genetic/psychological influences, has consequently become a primary focus of scholarly research. Despite extensive research, effective treatment outcomes remain elusive, as current therapies often provide inadequate symptom relief or cause significant adverse effects in many patients. Incomplete understanding of anxiety disorder mechanisms limits treatment efficacy, highlighting the need for mechanistic research to drive therapeutic advances. So, it may also be important for elucidating the mechnism of innate anxiety.

Emerging evidence implicates the gut microbiota as a critical modulator of anxiety pathophysiology (Jiang et al., 2024). Human studies link gut microbiota to mental disorders such as anxiety, with generalized anxiety disorder patients showing distinct microbial profiles (Jiang et al., 2018; Xiong et al., 2023); notably, probiotic supplementation exerts anxiolytic effect (Foster and McVey Neufeld, 2013; Vitellio et al., 2020; El Dib et al., 2021). Probiotics, prebiotics, and FMT can modify the composition of gut microbiota, rebuild the gut environment and improve individuals’ psychological well-being through microbial metabolites (e.g., bioactive compounds for digestion, antimicrobials, and neuroactive molecules) (Antushevich, 2020; Gomaa, 2020; Baske et al., 2024; Noonan et al., 2020; Bear et al., 2020). Preclinical models further establish causal relationships. Germ-free and antibiotic-treated mice exhibit attenuated anxiety-like behaviors (Morais et al., 2021). Fecal microbiota transplantation from anxious BALB/c donors to less anxious NIH Swiss recipients increases both behavioral anxiety and brain-derived neurotrophic factor expression (Bercik et al., 2011). Maternal prebiotic intake in mice reduces anxiety and expression of hippocampal glutamate receptor genes and alters the fecal microbiome in offspring (Hebert et al., 2021). These studies demonstrate that gut microbiota modulates the innate anxiety. Notably, the mPFC, a core element of the neurocircuitry, not only controls fear and anxiety but also plays a role in the microbiota-gut-brain axis to regulate emotional behavior (Jiang et al., 2024; Likhtik et al., 2014; Zhang et al., 2024; Chen et al., 2021; Chu et al., 2019). Nevertheless, the precise mechanisms through which gut microbiota regulate innate anxiety remain elusive.

In this study, innate high-anxiety (HA) and low-anxiety (LA) groups were phenotypically stratified by elevated plus maze (EPM), with classification thresholds established through time spent in the open arms using adult male SPF C57BL/6J mice. We speculated that gut microbiota modulates innate anxiety behaviors via mPFC neuronal activation. This is supported by several lines of evidence in this study. First, distinct gut microbiota compositions differentiate HA and LA phenotypes; Second, microbial depletion via antibiotics exerts anxiolytic effects; Third, HA-FMT recipients display increased anxiety-like behaviors compared to LA-FMT mice; Fourth, elevated c-Fos expression in HA-FMT mice within the mPFC, basolateral amygdala (BLA), and central amygdala (CeA); Fifth, transcriptomic profiling identifies microbiota-dependent regulation of brain function in mPFC; Last, In vivo GCaMP recordings demonstrate heightened mPFC neuronal activity during innate anxiety states. Collectively, these findings establish a novel gut-microbiota-mPFC axis governing innate anxiety predisposition.



2 Materials and methods


2.1 Animals

SPF C57BL/6J mice were housed in groups of three to five per cage under controlled temperature conditions (22°C–25°C) on a 12/12-h light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) with ad libitum access to food and water. The male C57BL/6J mice (aged 7–8 weeks) were procured from the Southern Medical University Animal Center (Guangzhou, China). Before the commencement of the behavioral experiments, all mice were handled for three consecutive days. The behavioral tests were conducted between 13:00 and 17:00 during the light cycle. All animal protocols were approved by the Southern Medical University Animal Ethics Committee.



2.2 Separation of high- and low-anxiety

Mice are stratified into high- and low-anxiety subgroups based on their performance in the EPM test, following established criteria from previous studies (Bi et al., 2015; Ren et al., 2022). The classification protocol consisted of two sequential analytical phases: First, a quantitative behavioral assessment is conducted through standardized EPM testing to measure open-arm exploration time. Subsequently, cohort stratification is implemented using a normalized threshold system - mice demonstrating open arm dwell times exceeding the group mean by ≥ 6% were classified as low-anxiety phenotype, while those exhibiting dwell times ≤ 6% below the mean were classified as high-anxiety phenotype.



2.3 ABX treatment

Antibiotics (ABX) treatment was performed as previously described (Olson et al., 2018). In brief, SPF mice were given a solution of vancomycin (50 mg/kg), neomycin (100 mg/kg), and metronidazole (100 mg/kg) by gavage every 12 h daily for 28 days. Ampicillin (1 mg/ml) was provided ad libitum in drinking water. For the control group, mice were gavaged with normal drinking water every 12 h daily for 28 days. Behavioral studies were conducted 24 h after the last gavage.



2.4 Fecal microbiota transplant

Fecal Microbiota Transplant was performed as previously described (Olson et al., 2018). Fresh fecal samples were collected from high- and low-anxiety mice for fecal microbiota transplantation (FMT) and suspended at 50 mg/ml in pre-reduced PBS. Before FMT, recipient mice were treated with ABX for 7 days to clear gut microbiota. After 3-days washouts, these recipient mice were colonized by oral gavage of 100 ul fecal suspensions from either high- or low-anxiety donor mice. For the control group, ABX-treatment mice were gavaged with pre-reduced PBS. It took 2 weeks to colonize the fecal microbiome before the behavioral tests.



2.5 Elevated plus-maze test (EPM)

The EPM apparatus comprised two open arms (30 × 5 × 0.5 cm), two closed arms (30 × 5 × 15 cm), and a central platform (5 × 5 cm) elevated 50 cm above the underlying surface. The experimental protocol entailed the placement of mice in the center of the apparatus, with each mouse facing one of two open arms. The amount of time spent in each arm and arm entries were quantified using EthoVision 11.0 software. This tracking and recording process was conducted for 5 min. Elevated Plus-Maze Test was conducted as described in our previous study (Bi et al., 2015; Ren et al., 2022).



2.6 Open field test

The open field test was carried out to evaluate locomotor activity. The apparatus was an opaque square chamber (50 × 50 × 40 cm) with transparent, plastic walls and a white floor. It was divided into two areas: a central field (25 × 25 cm) and an outer field (periphery). Individual mice were placed in the center area of an open chamber at the beginning of the test and allowed to explore freely for 30 min. The total distance and time in the center area traversed by the subjects during a session were subsequently analyzed using Versmax analyzer software. The path taken by each mouse was digitally captured and analyzed using EthoVision 11.0 software. The open field test followed the descriptions in our previous research (Bi et al., 2015; Ren et al., 2022).



2.7 Measurement of plasma corticosterone (CORT) levels

Blood samples were drawn by orbital sinus collection and plasma samples were obtained after centrifugation at 3,000 rpm for 3 min. CORT concentrations were measured using a corticosterone enzyme immunoassay kit (Wei Ao Biotechnology Co., Ltd., Shanghai, China) validated for mouse plasma samples according to the manufacturer’s protocol.



2.8 16S rRNA gene sequencing

Total microbial genomic DNA was extracted using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The hypervariable region V3–V4 of the bacterial 16S rRNA gene was amplified with primer pairs. The PCR product was extracted and purified using the PCR Clean-Up Kit (YuHua, Shanghai, China) according to the manufacturer’s instructions and quantified using Qubit 4.0 (Thermo Fisher Scientific, USA). Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina Nextseq2000 platform (Illumina, San Diego, USA). Raw FASTQ files were de-multiplexed using an in-house perl script, and then quality-filtered by fastp version 0.19.6 and merged by FLASH version 1.2.7. Then the optimized sequences were clustered into operational taxonomic units (OTUs) using UPARSE 7.1. The most abundant sequence for each OTU was selected as a representative sequence. The OTUs assigned to spike-in sequences were filtered out and reads were counted. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 against the 16S rRNA gene database. The 16S rRNA gene sequencing was conducted by Cosmos Wisdom Co., Ltd., (Hangzhou, China).



2.9 RNA sequencing

Total RNA was extracted from the tissue using TRIzol Reagent according to the manufacturer’s instructions (Invitrogen) and genomic DNA was removed using DNase I (Takara). RNA quality was determined by 2100 Bioanalyser (Agilent Technologies) and quantified using the ND-2000 (NanoDrop Technologies). The transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA) using 1 μg of total RNA. Libraries were size-selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified by TBS380, the paired-end RNA-seq sequencing library was sequenced with the Illumina NovaSeq 6000 sequencer (2 × 150 bp read length). The raw paired-end reads were trimmed and quality was controlled by fastp with default parameters. Then clean reads were separately aligned to the reference genome with orientation mode using HISAT2 software. The mapped reads of each sample were assembled by StringTie (in a reference-based approach. To identify DEGs (differential expression genes), the expression level of each gene was calculated according to the transcripts per million reads (TPM) method. RSEM was used to quantify gene abundances. DEGs with P ≤ 0.05 were considered to be significantly different expressed genes. In addition, functional-enrichment analysis including GO and Reactome was performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at P ≤ 0.05. The RNA sequencing was conducted by Cosmos Wisdom Co., Ltd., (Hangzhou, China).



2.10 Fiber photometry

The mice (HA- and LA-FMT) were anesthetized using sodium pentobarbital (50 mg/kg, i.p. injection) for unilateral stereotaxic injection of AAV2/9-Syn-Gcamp6s-WPRE-pA (titer: 2.57 × 1012 v.g. ml–1; BrainVTA) into the mPFC (AP: + 1.75 mm, ML: + 0.3 mm, and DV: −2.75 mm, 300 nl/site; AP, ML, and DV denote anteroposterior, mediolateral and dorsoventral distances from bregma, respectively). After injection, the needle was left in place for 6 min before being withdrawn at a gradual pace. Following AAV2/9-Syn-Gcamp6s-WPRE-pA virus injection, a ceramic ferrule with an optical fiber [200 μm in diameter, numerical aperture (NA) of 0.37 (Inper)] was implanted with the fiber tip in the mPFC (AP: + 1.75 mm; ML: ± 0.3 mm; DV: −2.5 mm). Signals were recorded 3 weeks after optical fiber implantation.

The fluorescence signals were recorded with a three-color multichannel optical fiber recording system (Thinker Tech, China). The green channel with 470 nm excitation light was used to record the fluorescence of GCaMP6s. To minimize photobleaching, the laser power at the fiber tip was adjusted to 30 μW. For recordings in mice, the fluorescence signals from mice with optical fibers connected to the fiber photometry system were recorded in the EPM. Bulk fluorescence signals were acquired and analyzed with MATLAB software. The z-score was calculated using the following formula: Z = (FSignal − FBasal)/STD(FBasal).



2.11 Statistics

All experiments and data analyses were conducted blindly. Statistical analysis were mainly performed using SPSS 20.0 (IBM Corp., USA) with appropriate inferential methods, while GraphPad Prism 9.0 (GraphPad Software, USA) was employed for data visualization, including the generation of statistical graphs. Data are presented as mean ± standard error of the mean (SEM). Significant differences are indicated in the figures by *p < 0.05, **p < 0.01, ***p < 0.001.




3 Results


3.1 Characterization of high- and low-anxiety subgroups in the EPM

To investigate the potential involvement of gut microbiota in innate anxiety regulation, specific pathogen-free (SPF) C57BL/6J mice were phenotypically stratified into HA and LA groups using EPM, with classification thresholds established through time spent in the open arms (Figure 1A). It is observed that mice termed LA mice demonstrated prolonged open-arm exploration time compared to HA mice (Figure 1B, t = 10.44, p = 0.0001). LA mice also showed an increased open-arm entry ratio compared to HA mice (Figure 1C, t = 4.133, p = 0.0020). Representative tract visualization of HA and LA mice in EPM was illustrated in Figure 1D. Plasma corticosterone levels are elevated in high-anxiety mice Figure 1E. Overall, HA mice displayed significantly enhanced anxiety-like behaviors relative to LA mice.
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FIGURE 1
Mice were separated into high- and low-anxiety subgroups in elevated plus maze (EPM). (A) Schematic of mice separated into high-anxiety and low-anxiety subgroups. (B,C) Time spent in the open arms (B) and the ratio of entries to the open arms (C) n = 6 mice/group. (D) Representative tract visualization of mice in EPM. (E) The concentration of plasma corticosterone in high and low mice (n = 6 mice per group). Data are the mean ± s.e.m. **P < 0.01, ***P < 0.001. P-values were determined by a two-tailed unpaired t-test.




3.2 Gut microbiota composition of high- and low-anxiety mice

To examine the composition of the gut microbiota in HA and LA mice, fecal samples of these mice were collected for 16S rRNA gene sequencing (Supplementary Table 1). The composition of the microbiota showed comparable diversity indicated by ACE (Figure 2A, t = 0.9014, p = 0.3886) and Shannon (Figure 2B, t = 1.231, p = 0.2466) α-diversity index between HA and LA mice. We applied a principal coordinate analysis (PCoA) of weighted UniFrac distance of beta diversity to reveal global variance patterns in the microbial profiles. PCoA analysis revealed differences in the microbiome composition between HA and LA mice (Figure 2C). At the phylum level, we detected Bacteroidota, Firmicutes, Verrucomicrobiota, Deferribacterota, Cyanobacteria, Desulfobacterota, Proteobacteria, Actinobacteriota, Campylobacterota, Patescibacteria, and others (Figure 2D). The relative abundance of the microbiota was also shown at class (Figure 2E), order (Figure 2F), family (Figure 2G), genus (Figure 2H), and species (Figure 2I) levels. Notably, several strains showed different abundances between HA and LA mice (Figure 2J). The relative abundance of Lactobacillus, Campylobacterota, and Parabacteroides was increased in the LA mice (Figure 2J). Together, these results suggested that gut microbiota showed a different composition between HA and LA mice.
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FIGURE 2
Gut microbiota composition of high- and low-anxiety mice. (A,B) Alpha-diversity of the gut microbiota between the high- and low-anxiety mice, as indicated by the ACE (A), and Shannon indices (B). n = 6 mice/group. (C) Principal coordinates analysis (PCoA) using the Weighted UniFrac distance. n = 6 mice/group. (D–I) Taxonomic distributions of bacteria at phylum (D), class (E), order (F), family (G), genus (H), and species (I) level. (J) Analysis of taxonomic abundances using LEfSe. Data are the mean ± s.e.m. P-values were determined by a two-tailed unpaired t-test.




3.3 ABX treatment produced anxiolytic effects in mice

To determine the effect of gut microbiota on anxiety-like behaviors, SPF mice underwent a 28-days antibiotic (ABX) treatment via oral gavage (Figure 3A). Subsequently, anxiety-related behaviors were evaluated through a standardized behavioral test battery (Figures 3B, C). We found that ABX-treated mice demonstrated significantly prolonged open-arm exploration time in EPM (Figure 3D, t = 2.382, p = 0.03) and a marginally increased open-arm entry ratio compared to vehicle controls (Figure 3E, t = 2.058, p = 0.0562). Representative tract visualization of mice treated with vehicle and ABX in EPM was illustrated in Figure 3F. Open field test (OFT) analyses showed comparable total locomotion distances between groups (Figure 3G, t = 1.157, p = 0.2667), but ABX-treated mice exhibited significantly enhanced center zone exploration time (Figure 3H, t = 2.263, p = 0.0401). Representative tract visualization of mice treated with vehicle and ABX in OFT was illustrated in Figure 3I. Together, these results suggested that ABX treatment produced anxiolytic effects in mice.
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FIGURE 3
ABX treatment produced anxiolytic effects in mice. (A–C) Schematic of mice treated with ABX. SPF C57BL/6J mice were orally treated with ABX for 28 days and then subjected to test anxiety-related behaviors in EPM (B) and OFT (C). (D,E) Time spent in the open arms (D) and the ratio of entries to the open arms (E) of mice treated with vehicle and ABX in EPM. n = 9 mice/group. (F) Representative tract visualization of mice treated with vehicle and ABX in EPM. (G,H) Total distance and center time of mice treated with vehicle and ABX in OFT. n = 8 mice/group. (I) Representative tract visualization of mice treated with vehicle and ABX in OFT. Data are the mean ± s.e.m. ns, no significant, *P < 0.05. P-values were determined by a two-tailed unpaired t-test.




3.4 Fecal transplanted microbiome affects anxiety-related behaviors

To establish causality between gut microbiota composition and anxiety phenotypes, ABX-treated mice received fecal microbiota transplantation (FMT) from donor mice exhibiting high-anxiety or low-anxiety behavioral profiles (Figure 4A) and then subjected to behavioral studies to assess anxiety-related behaviors (Figure 4B). HA-FMT recipients showed reduced open arm exploration time in EPM compared to LA-FMT recipients (Figure 4C, t = 2.204, p = 0.0448), though open arm entry ratios remained comparable (Figure 4D, t = 0.3124, p = 0.7593). Representative tract visualization of mice in EPM was illustrated in Figure 4E. In the OFT, while the total distance traveled showed no significant differences between groups (Figure 4F, t = 0.7933, p = 0.4409), HA-FMT recipients exhibited a significant reduction in center zone exploration time compared to LA-FMT recipients (Figure 4G, t = 2.366, p = 0.0329). Representative tract visualization in OFT was illustrated in Figure 4H. Together, these findings suggested that the gut microbiota modulated anxiety-like behaviors.


[image: Diagram illustrating a study on fecal microbiota transplant (FMT) effects on anxiety in mice. Panel A shows FMT setup with high-anxiety and low-anxiety donors. Panel B presents the experimental timeline. Panels C to G display graphs comparing HA-FMT and LA-FMT mice on behavioral tests, with significant differences noted. Panel E shows mice paths on an elevated plus maze. Panel H illustrates paths in an open field test.]
FIGURE 4
Anxiety-related behaviors of mice transplanted with fecal microbiome from high- and low-anxiety mice. (A) Schematic of mice transplanted with fecal microbiome from high- and low-anxiety mice. (B) Experimental design. (C,D) Time spent in the open arms (C) and the ratio of entries to the open arms (D) of mice transplanted with fecal microbiome from high- and low-anxiety mice in EPM. n = 8 mice/group. (E) Representative tract visualization of mice in EPM. (F,G) Total distance (F) and center time (G) of mice transplanted with fecal microbiome from high- and low-anxiety mice in OFT. n = 8 mice/group. (H) Representative tract visualization of mice in OFT. Data are the mean ± s.e.m. ns, no significant, *P < 0.05. P-values were determined by a two-tailed unpaired t-test.




3.5 c-FOS+ expression in anxiety-candidate brain regions

To elucidate the neurofunctional consequences of anxiety-associated gut microbiota, we conducted a comparative c-FOS immunohistochemical analysis of anxiety-candidate brain regions in recipient mice receiving FMT from HA versus LA donors after 1 h of EPM test. Based on established correlates of anxiety with the hippocampus, mPFC, BLA, and CeA, we systematically quantified neuronal activation patterns. We found that the c-FOS expression in the hippocampus was not significantly changed between HA-FMT and LA-FMT mice (Figures 5A, B, t = 1.362, p = 0.1920). In the mPFC, c-FOS+ cells of LA-FMT mice were decreased compared to HA-FMT mice (Figures 5C, D, t = 0.2519, p = 0.0228). LA-FMT also exhibited a reduction in c-FOS+ cells in the BLA (Figures 5E, F, t = 3.184, p = 0.0058) and CeA (Figures 5G, H, t = 2.161, p = 0.0462). These results showed that anxiety-associated gut microbiota affect brain function in mice.
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FIGURE 5
c-FOS+ expression in anxiety candidate brain region of mice transplanted with fecal microbiome from high- and low-anxiety mice. (A,B) Represented images (A) and quantification (B) of c-FOS+ cells in the hippocampus. Scale bars, 500 μm. n = 9 slices from 3 mice. (C,D) Represented imagines (C) and quantification (D) of c-FOS+ cells in the mPFC. Scale bars, 500 μm. n = 9 slices from 3 mice. (E,F) Represented imagines (E) and quantification (F) of c-FOS+ cells in the BLA. Scale bars, 100 μm. n = 9 slices from 3 mice. (G,H) Represented imagines (G) and quantification (H) of c-FOS+ cells in the CeA. Scale bars, 500 μm. n = 9 slices from 3 mice. Data are the mean ± s.e.m. ns, no significant, *P < 0.05 and **P < 0.01. P-values were determined by a two-tailed unpaired t-test.




3.6 Transcriptomic analysis of the mPFC from HA- and LA-FMT mice

Under physiological conditions, mPFC inhibits top-down regulation of amygdala activity. Under adverse circumstances such as chronic stress, the control ability of mPFC is decreased, which leads to abnormal activation of the amygdala and emotional and behavioral disorders (Chen et al., 2021; Liu et al., 2020; Gao et al., 2023). Therefore, we conducted transcriptomic profiling of the mPFC in FMT recipients from HA-FMT versus LA-FMT donors to delineate the molecular mechanisms underlying gut microbiota-mediated neural modulation. RNA sequencing revealed 139 differentially expressed genes between cohorts, comprising 46 upregulated and 93 downregulated transcripts in HA-FMT recipients relative to LA-FMT controls (Figures 6A, B) (Supplementary Table 2). Then, gene ontology (GO) functional enrichment analysis of the DEGs was performed, which revealed enrichment in each of the biological processes (BP), cellular components (CC), and molecular functions (MF) (Figure 6C). The enriched BP was mainly relevant to histone modification, protein acetylation, and steroid hormone receptor signaling pathways. The enriched CC was hemoglobin complex and haptoglobin−hemoglobin complex. The enriched MF was mainly related to the transcription coregulator activity, nuclear receptor binding, and nuclear estrogen receptor binding (Figure 6C). Furthermore, reactome functional enrichment analysis revealed a significant overlap of DEGs with 5 pathways (Figure 6D). The most significant enrichment was solute carrier (SLC)−mediated transmembrane transport (Figure 6D). The convergence of regulation of transcription, protein acetylation, steroid signaling, and transmembrane transport pathways suggested a gut microbiota-brain axis mechanism involving transcriptional reprogramming, modification of proteins, and synapse modulation.


[image: Panel A shows a volcano plot comparing gene expression levels, highlighting upregulated and downregulated genes. Panel B is a heatmap of differential gene expression with a gradient from red to blue indicating fold change. Panel C presents GO functional enrichment analysis with dot size representing gene count and color indicating p-adjustment. Panel D shows Reactome functional enrichment analysis with similar features.]
FIGURE 6
RNA-sequence analysis of mPFC in mice receiving fecal microbiota transplants from high- and low-anxiety donors. (A) Volcano plot of the differentially expressed genes (DEGs) of mPFC in mice transplanted with fecal microbiome from high- and low-anxiety mice. n = 3 mice/group. (B) Hierarchical clustering based on the expression profiles of DEGs. (C) GO functional enrichment analysis of DEGs. (D) Reactome functional enrichment analysis revealed a significant overlap of DEGs.




3.7 Gut microbiota affects neuronal activity in mice

Given that the transcriptomic analysis of the mPFC from mice transplanted with anxiety-associated microbiome, gut microbiota may affect neuronal function in the mPFC. Therefore, we next employed in vivo fiber photometry to quantify real-time neuronal dynamics in the mPFC of FMT recipients in EPM (Figure 7A). We injected the AAV-Syn-GCaMP6s virus into the mPFC and then implanted optical fibers above the mPFC for recordings of GCaMP fluorescence (Figure 7B). To evaluate the Ca2+ activity of neurons during the exploration of innately anxiogenic environments in EPM, fluorescence signals from mPFC neurons were measured when mice moved between the arms (Figure 7C). Heatmaps showed that the activity of mPFC neurons significantly increased when mice transitioned from the closed arms to the open arms in HA-FMT recipients (Figure 7D). The average and maximum GCaMP fluorescence changes (Z-score) were significantly higher in HA-FMT recipients than in LA-FMT recipients when mice moved from the closed arms to the open arms, indicating an innate anxious state (Figures 7E, F, t = 2.74, p = 0.0337). Although mPFC neuron activity decreased marginally in HA-FMT compared to LA-FMT recipients during the open-to-closed arm transition, the change was not statistically significant (Figures 7G–J, t = 0.7787, p = 0.4657). These findings demonstrated that gut microbiota affected mPFC neuron activity.


[image: Timeline and experimental design are shown for an animal study, outlining antibiotic treatment, fecal microbiota transplantation, and virus administration. Diagrams illustrate brain region targeting with viral vectors. Heatmaps and graphs display Z-score data comparing HA-FMT and LA-FMT groups over time, analyzing behavioral transitions in an open-arm maze test. Bar graphs highlight peak Z-score differences between groups, with annotations indicating significant differences.]
FIGURE 7
Medial prefrontal cortex (mPFC) neuron activity in mice receiving FMT from high- and low-anxiety donors. (A) Experimental design. (B) Schematic of fiber photometry and represented images of Gcamp6s expression and optical fiber above the mPFC in mice transplanted with fecal microbiome from high- and low-anxiety mice. Scale bar, 1000 μm (left) and 100 μm (right). (C) Schematic of mice transition from closed to open arms. (D) Example heatmaps of normalized Ca2+ activity in mPFC neurons before and after mice transition from closed to open arms (10 s interval). (E,F) A line graph of average changes (E) and statistics of maximum changes (F) in normalized Ca2+ activity. n = 4 mice/group. (G) Schematic of mice transition from open to closed arms. (H) Example heatmaps of normalized Ca2+ activity before and after 10 s of mice moved from open to closed arms. (I,J) A line graph of average changes (I) and statistics of maximum changes (J) in normalized Ca2+ activity. n = 4 mice/group. Data are the mean ± s.e.m. ns, no significant, *P < 0.05. P-values were determined by a two-tailed unpaired t-test.





4 Discussion

Growing research highlights the pivotal role of microbiota in modulating brain function and behavioral responses. The results of this study provide evidence for a microbiota-gut-brain axis that influences mPFC neural activity and modulates innate anxiety behavior in adult male C57 mice. Some strains of mice displayed enhanced innate anxiety in comparison with C57BL/6 mice (Ugursu et al., 2024). We identified innate high- or low-anxiety phenotypes of C57BL/6 mice in the EPM. Our data indicate that the relative abundance of Lactobacillus, Campylobacteria, and Parabacteroides was decreased in the high-anxiety mice. Consistent with the clinical trial and mice model, studies indicated probiotic Lactobacillus could relieve anxiety (Lew et al., 2019; Zhu et al., 2023; Weng et al., 2024). In line with previous reports (Foster and McVey Neufeld, 2013; Cryan et al., 2019), we also found ABX-treated mice showed reduced anxiety-like behavior. The importance of considering gender and age in research exploring the role of gut microbiota in mood disorders has been recognized (Clarke et al., 2012; Desbonnet et al., 2015; Leclercq et al., 2017; Bayrer et al., 2023; Bridgewater et al., 2017; Zhang et al., 2021). This investigation did not specifically examine the gut microbiota composition of female mice and developmental phases (neonatal and juvenile), highlighting the necessity for subsequent research to investigate the impact of age and sex on the microbiome in innate anxiety behavior. While the limitation in the paper was that FMT studies were not conducted in germ-free (GF) mice primarily due to cost-effectiveness, as GF models demand specialized isolators and higher resources. Conventional SPF mice provide a practical model with a fully developed immune system, enabling investigation of microbiota-immune dynamics in a physiologically relevant context (Ganal et al., 2012). However, the inherent limitation lies in the resident microbiota potentially impeding donor engraftment and complicating result interpretation through competitive interactions; this was mitigated by standardized antibiotic pretreatment to optimize colonization. From a scientific perspective, complementary GF mouse studies are valuable for assessing the direct functional impact of transplanted microbiota without confounding pre-existing commensals.

The mPFC is widely accepted as a key component of the neural circuitry underlying anxiety-related behaviors. In human post-traumatic stress disorder and generalized anxiety disorder, the mPFC is a critical site for anxiety (Greenberg et al., 2013; Rauch et al., 2006). In primates, anxiety can be regulated by the prefrontal cortex (PFC) (Kenwood et al., 2022). In rodents, mPFC-involved circuits including BLA (Liu et al., 2023; Felix-Ortiz et al., 2016; Shen et al., 2023; Shen et al., 2019), CeA (Chen et al., 2021), and hippocampus (Adhikari et al., 2011; Adhikari et al., 2010) encode stress and anxiety. Subdiaphragmatic vagotomy (Klarer et al., 2014) and chronic vagal afferent lesions (Krieger et al., 2022) both impair gut-to-brain signaling, reducing anxiety-like behaviors via GABAergic dysregulation in the PFC and amygdala, respectively. These findings highlight the critical role of gut and some brain regions in anxiety regulation. In accordance with above, we not only observed an increased cFOS expression in the mPFC, BLA, and CeA of the high-anxiety FMT recipients with anxiety-like behaviors but also noted a significant abundance of cFOS expression in the mPFC. Combining with transcriptomic analysis that gut microbiota may affect neuronal function in the mPFC, we utilized in vivo fiber photometry to quantify real-time neuronal dynamics and observed an increase in neural activity within the mPFC of HA-FMT recipients when mice transitioned from closed to open arms in the EPM, indicating an innate anxious state. Whereas, this study did not form a connection between the brain and vagus nerve in the modulation of anxiety, especially gut microbiota as major sources of stimulation. Thus, it is necessary for us to map out the up-downstream circuits of gut-bain and explore the precise molecular and circuitry mechanisms underlying the regulation of innate anxiety in future studies.

Gut microbiota may contribute to anxiety regulation through multiple pathway-microbial metabolism including neurotransmitters (metabolized by gut microbiota), endocrine pathways, immune responses (inflammatory metabolites produced by gut microbiota) and so on. To elucidate the gut microbiota-brain axis mechanism, we conducted RNA sequencing of mPFC in mice transplanted with fecal microbiome from high and low-anxiety mice and revealed the involvement of SLC transporters. Nonetheless, we may continue to explore the mechanisms through which microbiota-derived metabolites regulate cellular activity and innate anxiety in the mPFC. Previous research has shown that microbiota-derived metabolites impact microglia-mediated synaptic pruning, thereby indirectly affecting excitatory neurons within the medial prefrontal cortex and modulating fear extinction behavior (Chu et al., 2019). Furthermore, microglia serve as a potential target for addressing and resolving microglia heterogeneity in mice exhibiting innate high anxiety (Ugursu et al., 2024). Additionally, gut microbial short-chain fatty acids (SCFAs) and polyunsaturated fatty acids (PUFAs) play a role in modulating the innate anxiety response (Ren et al., 2022; Wu et al., 2022). Therefore, microbiota-derived metabolites (i.e., fatty acids) may also exert an influence on other cell subsets in the mPFC (such as microglia), thereby indirectly modulating excitatory neurons and innate anxiety behavior. Morever, the the specific mechanism is complex. Jiang et al. (2024) eluciate the role and recent advancements in the microbiota-gut-brain axis concerning the mechanism of anxiety disorders through neurotransmitters (e.g., GABA, DA, NE, and 5-HT etc., metabolized by gut microbiota), endocrine pathways [e.g., glucocorticoids (GCs), short-chain fatty acids (SCFAs), fatty acid amides (FAAs), 4-ethylphenylsulfate (4EPS), and secondary bile acids (SBAs) etc.], and immune responses (pro-inflammatory and anti-inflammatory metabolites produced by gut microbiota). New gut microbiota metabolites related to anxiety may continue to be discovered, offering new insights into the pathophysiological mechanisms of anxiety and the development of novel therapeutic strategies.

In summary, this study establishes a gut-microbiota-mPFC neural axis as a key regulator of innate anxiety. We demonstrate that gut microbial composition modulates anxiety behaviors through mPFC neuronal activity, with distinct microbial signatures differentiating high- and low-anxiety phenotypes. Our findings reveal that microbial depletion alleviates anxiety while fecal microbiota transplantation transfers anxiety traits, accompanied by microbiota-dependent mPFC hyperactivity. Taken together, our findings demonstrate that gut microbiota regulates anxiety by modulating brain neuronal activity, highlighting microbiota-targeted therapies could restore gut-brain communication and alleviate anxiety-related disorders.



Data availability statement

The raw data of 16S rRNA gene sequences has been deposited to NCBI Sequence Read Archive under BioProject PRJNA1229838. Data of RNA-seq has been deposited in the Gene Expression Omnibus under Accession Number GSE290997.



Ethics statement

The animal study was approved by the Southern Medical University Animal Ethics Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JR: Funding acquisition, Writing – original draft, Formal Analysis, Software, Project administration, Validation, Conceptualization, Methodology, Investigation, Data curation. X-YL: Investigation, Visualization, Formal Analysis, Writing – review and editing, Methodology. W-QY: Investigation, Methodology, Writing – review and editing, Formal Analysis. Y-LW: Writing – review and editing, Formal Analysis, Methodology, Supervision, Investigation. C-LL: Writing – original draft, Investigation, Funding acquisition, Data curation, Formal Analysis, Conceptualization, Writing – review and editing, Supervision. XC: Data curation, Supervision, Conceptualization, Funding acquisition, Resources, Writing – review and editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Natural Science Foundation of China (Grant No. 32271062 to XC, 32300837 to C-LL, and 32300998 to JR) STI2030-Major Projects (2022ZD0204700 to XC), Guangzhou Key Research Program on Brain Science (202206060001 to XC) and China Postdoctoral Science Foundation (Grant No. 2022M711525 to C-LL and 2022M721528 to JR).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1599818/full#supplementary-material



References


	Adhikari, A., Topiwala, M. A., and Gordon, J. A. (2010). Synchronized activity between the ventral hippocampus and the medial prefrontal cortex during anxiety. Neuron 65, 257–269. doi: 10.1016/j.neuron.2009.12.002

	Adhikari, A., Topiwala, M. A., and Gordon, J. A. (2011). Single units in the medial prefrontal cortex with anxiety-related firing patterns are preferentially influenced by ventral hippocampal activity. Neuron 71, 898–910. doi: 10.1016/j.neuron.2011.07.027

	Antushevich, H. (2020). Fecal microbiota transplantation in disease therapy. Clin. Chim. Acta 503, 90–98. doi: 10.1016/j.cca.2019.12.010

	Baske, M. M., Timmerman, K. C., Garmo, L. G., Freitas, M. N., McCollum, K. A., and Ren, T. Y. (2024). Fecal microbiota transplant on Escherichia-Shigella gut composition and its potential role in the treatment of generalized anxiety disorder: A systematic review. J. Affect. Disord. 354, 309–317. doi: 10.1016/j.jad.2024.03.088

	Bayrer, J. R., Castro, J., Venkataraman, A., Touhara, K. K., Rossen, N. D., Morrie, R. D., et al. (2023). Gut enterochromaffin cells drive visceral pain and anxiety. Nature 616, 137–142. doi: 10.1038/s41586-023-05829-8

	Bear, T. L. K., Dalziel, J. E., Coad, J., Roy, N. C., Butts, C. A., and Gopal, P. K. (2020). The role of the gut microbiota in dietary interventions for depression and anxiety. Adv. Nutr. 11, 890–907. doi: 10.1093/advances/nmaa016

	Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., et al. (2011). The intestinal microbiota affect central levels of brain-derived neurotropic factor and behavior in mice. Gastroenterology 141:599–609, 609.e1–3. doi: 10.1053/j.gastro.2011.04.052

	Bi, L. L., Sun, X. D., Zhang, J., Lu, Y. S., Chen, Y. H., Wang, J., et al. (2015). Amygdala NRG1-ErbB4 is critical for the modulation of anxiety-like behaviors. Neuropsychopharmacology 40, 974–986. doi: 10.1038/npp.2014.274

	Bridgewater, L. C., Zhang, C., Wu, Y., Hu, W., Zhang, Q., Wang, J., et al. (2017). Gender-based differences in host behavior and gut microbiota composition in response to high fat diet and stress in a mouse model. Sci. Rep. 7:10776. doi: 10.1038/s41598-017-11069-4

	Chambers, J. A., Power, K. G., and Durham, R. C. (2004). The relationship between trait vulnerability and anxiety and depressive diagnoses at long-term follow-up of generalized anxiety disorder. J. Anxiety Disord. 18, 587–607. doi: 10.1016/j.janxdis.2003.09.001

	Chen, Y.-H., Wu, J.-L., Hu, N.-Y., Zhuang, J.-P., Li, W.-P., Zhang, S.-R., et al. (2021). Distinct projections from the infralimbic cortex exert opposing effects in modulating anxiety and fear. J Clin Invest. 131:e145692. doi: 10.1172/JCI145692

	Chu, C., Murdock, M. H., Jing, D., Won, T. H., Chung, H., Kressel, A. M., et al. (2019). The microbiota regulate neuronal function and fear extinction learning. Nature 574, 543–548. doi: 10.1038/s41586-019-1644-y

	Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan, F., et al. (2012). The microbiome-gut-brain axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 18, 666–673. doi: 10.1038/mp.2012.77

	Cryan, J. F., O’Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The microbiota-gut-brain axis. Physiol. Rev. 99, 1877–2013. doi: 10.1152/physrev.00018.2018

	Desbonnet, L., Clarke, G., Traplin, A., O’Sullivan, O., Crispie, F., Moloney, R. D., et al. (2015). Gut microbiota depletion from early adolescence in mice: Implications for brain and behaviour. Brain Behav. Immun. 48, 165–173. doi: 10.1016/j.bbi.2015.04.004

	El Dib, R., Periyasamy, A. G., de Barros, J. L., Franca, C. G., Senefonte, F. L., Vesentini, G., et al. (2021). Probiotics for the treatment of depression and anxiety: A systematic review and meta-analysis of randomized controlled trials. Clin. Nutr. ESPEN 45, 75–90. doi: 10.1016/j.clnesp.2021.07.027

	Felix-Ortiz, A. C., Burgos-Robles, A., Bhagat, N. D., Leppla, C. A., and Tye, K. M. (2016). Bidirectional modulation of anxiety-related and social behaviors by amygdala projections to the medial prefrontal cortex. Neuroscience 321, 197–209. doi: 10.1016/j.neuroscience.2015.07.041

	Foster, J. A., and McVey Neufeld, K.-A. (2013). Gut–brain axis: How the microbiome influences anxiety and depression. Trends Neurosci. 36, 305–312. doi: 10.1016/j.tins.2013.01.005

	Ganal, S. C., Sanos, S. L., Kallfass, C., Oberle, K., Johner, C., Kirschning, C., et al. (2012). Priming of natural killer cells by nonmucosal mononuclear phagocytes requires instructive signals from commensal microbiota. Immunity 37, 171–186. doi: 10.1016/j.immuni.2012.05.020

	Gao, S. Q., Chen, J. Q., Zhou, H. Y., Luo, L., Zhang, B. Y., Li, M. T., et al. (2023). Thrombospondin1 mimics rapidly relieve depression via Shank3 dependent uncoupling between dopamine D1 and D2 receptors. iScience 26:106488. doi: 10.1016/j.isci.2023.106488

	Gomaa, E. Z. (2020). Human gut microbiota/microbiome in health and diseases: A review. Antonie Van Leeuwenhoek 113, 2019–2040. doi: 10.1007/s10482-020-01474-7

	Greenberg, T., Carlson, J. M., Cha, J., Hajcak, G., and Mujica-Parodi, L. R. (2013). Ventromedial prefrontal cortex reactivity is altered in generalized anxiety disorder during fear generalization. Depress. Anxiety 30, 242–250. doi: 10.1002/da.22016

	Hebert, J. C., Radford-Smith, D. E., Probert, F., Ilott, N., Chan, K. W., Anthony, D. C., et al. (2021). Mom’s diet matters: Maternal prebiotic intake in mice reduces anxiety and alters brain gene expression and the fecal microbiome in offspring. Brain Behav. Immun. 91, 230–244. doi: 10.1016/j.bbi.2020.09.034

	Jiang, H.-Y., Zhang, X., Yu, Z.-H., Zhang, Z., Deng, M., Zhao, J.-H., et al. (2018). Altered gut microbiota profile in patients with generalized anxiety disorder. J. Psychiatr. Res. 104, 130–136. doi: 10.1016/j.jpsychires.2018.07.007

	Jiang, M., Kang, L., Wang, Y.-L., Zhou, B., Li, H.-Y., Yan, Q., et al. (2024). Mechanisms of microbiota-gut-brain axis communication in anxiety disorders. Front. Neurosci. 18:1501134. doi: 10.3389/fnins.2024.1501134

	Kenwood, M. M., Kalin, N. H., and Barbas, H. (2022). The prefrontal cortex, pathological anxiety, and anxiety disorders. Neuropsychopharmacology 47, 260–275. doi: 10.1038/s41386-021-01109-z

	Klarer, M., Arnold, M., Günther, L., Winter, C., Langhans, W., and Meyer, U. (2014). Gut vagal afferents differentially modulate innate anxiety and learned fear. J. Neurosci. 34, 7067–7076. doi: 10.1523/JNEUROSCI.0252-14.2014

	Krieger, J. P., Asker, M., van der Velden, P., Boerchers, S., Richard, J. E., Maric, I., et al. (2022). Neural pathway for gut feelings: Vagal interoceptive feedback from the gastrointestinal tract is a critical modulator of anxiety-like behavior. Biol. Psychiatry 92, 709–721. doi: 10.1016/j.biopsych.2022.04.020

	Leclercq, S., Mian, F. M., Stanisz, A. M., Bindels, L. B., Cambier, E., Ben-Amram, H., et al. (2017). Low-dose penicillin in early life induces long-term changes in murine gut microbiota, brain cytokines and behavior. Nat. Commun. 8:15062. doi: 10.1038/ncomms15062

	Lew, L.-C., Hor, Y.-Y., Yusoff, N. A. A., Choi, S.-B., Yusoff, M. S. B., Roslan, N. S., et al. (2019). Probiotic Lactobacillus plantarum P8 alleviated stress and anxiety while enhancing memory and cognition in stressed adults: A randomised, double-blind, placebo-controlled study. Clin. Nutr. 38, 2053–2064. doi: 10.1016/j.clnu.2018.09.010

	Likhtik, E., Stujenske, J. M., Topiwala, M. A., Harris, A. Z., and Gordon, J. A. (2014). Prefrontal entrainment of amygdala activity signals safety in learned fear and innate anxiety. Nat. Neurosci. 17, 106–113. doi: 10.1038/nn.3582

	Liu, W. Z., Zhang, W. H., Zheng, Z. H., Zou, J. X., Liu, X. X., Huang, S. H., et al. (2020). Identification of a prefrontal cortex-to-amygdala pathway for chronic stress-induced anxiety. Nat. Commun. 11:2221. doi: 10.1038/s41467-020-15920-7

	Liu, W.-Z., Huang, S.-H., Wang, Y., Wang, C.-Y., Pan, H.-Q., Zhao, K., et al. (2023). Medial prefrontal cortex input to basolateral amygdala controls acute stress-induced short-term anxiety-like behavior in mice. Neuropsychopharmacology 48, 734–744. doi: 10.1038/s41386-022-01515-x

	Morais, L. H., Schreiber, H. L., and Mazmanian, S. K. (2021). The gut microbiota–brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 19, 241–255. doi: 10.1038/s41579-020-00460-0

	Noonan, S., Zaveri, M., Macaninch, E., and Martyn, K. (2020). Food & mood: A review of supplementary prebiotic and probiotic interventions in the treatment of anxiety and depression in adults. BMJ Nutr. Prev. Health 3, 351–362. doi: 10.1136/bmjnph-2019-000053

	Olson, C. A., Vuong, H. E., Yano, J. M., Liang, Q. X. Y., Nusbaum, D. J., and Hsiao, E. Y. (2018). The gut microbiota mediates the anti-seizure effects of the ketogenic diet. Cell 173:1728–1741.e13. doi: 10.1016/j.cell.2018.04.027

	Price, J. S. (2022). Evolutionary aspects of anxiety disorders. Dialog. Clin. Neurosci. 5, 223–236. doi: 10.31887/DCNS.2003.5.3/jprice

	Rauch, S. L., Shin, L. M., and Phelps, E. A. (2006). Neurocircuitry models of posttraumatic stress disorder and extinction: Human neuroimaging research—past, present, and future. Biol. Psychiatry 60, 376–382. doi: 10.1016/j.biopsych.2006.06.004

	Ren, J., Lu, C. L., Huang, J., Fan, J., Guo, F., Mo, J. W., et al. (2022). A distinct metabolically defined central nucleus circuit bidirectionally controls anxiety-related behaviors. J. Neurosci. 42, 2356–2370. doi: 10.1523/JNEUROSCI.1578-21.2022

	Rooney, S., Sah, A., Unger, M. S., Kharitonova, M., Sartori, S. B., Schwarzer, C., et al. (2020). Neuroinflammatory alterations in trait anxiety: Modulatory effects of minocycline. Transl. Psychiatry 10:256. doi: 10.1038/s41398-020-00942-y

	Sah, A., Schmuckermair, C., Sartori, S. B., Gaburro, S., Kandasamy, M., Irschick, R., et al. (2012). Anxiety-rather than depression-like behavior is associated with adult neurogenesis in a female mouse model of higher trait anxiety– and comorbid depression-like behavior. Transl. Psychiatry 2:e171. doi: 10.1038/tp.2012.94

	Shen, Z. C., Liu, J. M., Zheng, J. Y., Li, M. D., Tian, D., Pan, Y., et al. (2023). Regulation of anxiety-like behaviors by S-palmitoylation and S-nitrosylation in basolateral amygdala. Biomed. Pharmacother. 169:115859. doi: 10.1016/j.biopha.2023.115859

	Shen, Z. C., Wu, P. F., Wang, F., Xia, Z. X., Deng, Q., Nie, T. L., et al. (2019). Gephyrin palmitoylation in basolateral amygdala mediates the anxiolytic action of benzodiazepine. Biol. Psychiatry 85, 202–213. doi: 10.1016/j.biopsych.2018.09.024

	Ugursu, B., Sah, A., Sartori, S., Popp, O., Mertins, P., Dunay, I. R., et al. (2024). Microglial sex differences in innate high anxiety and modulatory effects of minocycline. Brain Behav. Immun. 119, 465–481. doi: 10.1016/j.bbi.2024.03.035

	Vitellio, P., Chira, A., De Angelis, M., Dumitrascu, D. L., and Portincasa, P. (2020). Probiotics in psychosocial stress and anxiety. A systematic review. J. Gastrointestin. Liver Dis. 29, 77–83. doi: 10.15403/jgld-352

	Wang, T., Li, M., Xu, S., Liu, B., Wu, T., Lu, F., et al. (2019). Relations between trait anxiety and depression: A mediated moderation model. J. Affect. Disord. 244, 217–222. doi: 10.1016/j.jad.2018.09.074

	Weng, H., Deng, L., Wang, T., Xu, H., Wu, J., Zhou, Q., et al. (2024). Humid heat environment causes anxiety-like disorder via impairing gut microbiota and bile acid metabolism in mice. Nat. Commun. 15:5697. doi: 10.1038/s41467-024-49972-w

	Wu, J.-T., Sun, C.-L., Lai, T.-T., Liou, C.-W., Lin, Y.-Y., Xue, J.-Y., et al. (2022). Oral short-chain fatty acids administration regulates innate anxiety in adult microbiome-depleted mice. Neuropharmacology 214:109140. doi: 10.1016/j.neuropharm.2022.109140

	Xiong, R. G., Li, J. H., Cheng, J., Zhou, D. D., Wu, S. X., Huang, S. Y., et al. (2023). The role of gut microbiota in anxiety, depression, and other mental disorders as well as the protective effects of dietary components. Nutrients 15:3258. doi: 10.3390/nu15143258

	Zhang, S.-R., Wu, D.-Y., Luo, R., Wu, J.-L., Chen, H., Li, Z.-M., et al. (2024). A prelimbic cortex-thalamus circuit bidirectionally regulates innate and stress-induced anxiety-like behavior. J. Neurosci. 44, e2103232024. doi: 10.1523/JNEUROSCI.2103-23.2024

	Zhang, X., Zhong, H., Li, Y., Shi, Z., Ren, H., Zhang, Z., et al. (2021). Sex- and age-related trajectories of the adult human gut microbiota shared across populations of different ethnicities. Nat. Aging 1, 87–100. doi: 10.1038/s43587-020-00014-2

	Zhu, R., Fang, Y., Li, H., Liu, Y., Wei, J., Zhang, S., et al. (2023). Psychobiotic Lactobacillus plantarum JYLP-326 relieves anxiety, depression, and insomnia symptoms in test anxious college via modulating the gut microbiota and its metabolism. Front. Immunol. 14:1158137. doi: 10.3389/fimmu.2023.1158137




Copyright
 © 2025 Ren, Lian, Ye, Wen, Lu and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-19-1599818-g007.jpg
A B Gcamp6s/DAPI ©
AAV-Syn-Gcamp6s-WPRE-pA

ABX FMT Virus EPM
| | | | |
| | | | |
Day 1 710 11 25
C D HA-FMT —  HAFMT —— LAFmT F

Open

Z-score

i e e T
Closed to open 0 5 0 5 10-10 -5 0 5 10 HA-FMT LA-FMT
Time (s) Time (s) Time (s)
HA-FMT LA-FMT
- k L4 At —iarmr Y

Z-score
Peak z-score

— ] Open
Closed /

Open to closed 1 5 10 10 -5
Tlme (s) T|me (s) Time (s)

| I
HA-FMT LA-FMT





OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Gut microbiota regulates innate anxiety through neural activity of medial prefrontal cortex in male mice



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Separation of high- and low-anxiety



		2.3 ABX treatment



		2.4 Fecal microbiota transplant



		2.5 Elevated plus-maze test (EPM)



		2.6 Open field test



		2.7 Measurement of plasma corticosterone (CORT) levels



		2.8 16S rRNA gene sequencing



		2.9 RNA sequencing



		2.10 Fiber photometry



		2.11 Statistics







		3 Results



		3.1 Characterization of high- and low-anxiety subgroups in the EPM



		3.2 Gut microbiota composition of high- and low-anxiety mice



		3.3 ABX treatment produced anxiolytic effects in mice



		3.4 Fecal transplanted microbiome affects anxiety-related behaviors



		3.5 c-FOS+ expression in anxiety-candidate brain regions



		3.6 Transcriptomic analysis of the mPFC from HA- and LA-FMT mice



		3.7 Gut microbiota affects neuronal activity in mice







		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Gut microbiota regulates
innate anxiety through neural
activity of medial prefrontal
cortex in male mice











OPS/images/fnins-19-1599818-g005.jpg
T
=
OO0 b
<
-
*
O L m_ O oL
O sl ) <
L_ 00 T
_ I T 1 _
o o o o o o
o o o o o
o © © < N
O ;Ww Jad s||199 ,S04-0 D4dw
___
|
|
|
I
__
O
L
P \
= ._
\
|
|
|
|
|
I
I
(&)
O
4 O
”
c
o 9 S8 i
O O | @]®)
_ _ _ [
o o o o o
(00) (o) < N
-uw Jad s||92 ,.S0O4-2 sndweosoddiH
m
()
3
Q.
£
©
(&)
o
Q
o
.
<

HA-FMT LA-FMT

I

HA-FMT LA-FMT

0

I

HA-FMT LA-FMT

O
X
O O
O oomlvl_ 00
| | | | |
o o o o o
o (e 0] © < N
T Luw Jad s||199 ,.S04-0 V2D
<
Q
O
o
O
X
*
O
o ol9o ©
O
| | |
o o o o
(o] o (9]
Lww Jad s||89 ,.S04-0 V19
L.
<
—
o







OPS/images/fnins-19-1599818-g006.jpg
High vs Low GO functional enrichment analysis
gl « Down histone modification )
6 | 1l rhythmic process &
| ) = Up protein deacetylation | “
I NS protein deacylation @
i I macromolecule deacylation - @ o
84 ‘ |l gastrulation & o
S i * histone deacetylation - ® Count
a formation of primary germ layer | ® ® 25
=, ) X i3 B . , : : @50
o . intracellular steroid hormone receptor signaling pathway - [
o . I $ . steroid hormone mediated signaling pathway - ® @75
e b S TR ! b @ 100
l . 8 L E - hemoglobin complex{ @
— = SRR Nt — haptoglobin—-hemoglobin complex{ ® 24
: : transcription coregulator activity | i@ p-adjust
0 L1 nuclear receptor binding - B 0.3
l l l l l chromatin DNA binding & 0'2
6 transcription coregulator binding 1 & '
transcription corepressor activity @ = 01
nuclear estrogen receptor binding - @& o
beta—catenin binding L&)
transcription corepressor binding 1 &
haptoglobin binding{ @
| | |
0.03 0.06 0.09
15 GeneRatio
S 1 D . : .
% - Reactome functional enrichment analysis
o i
% 0 SLC-mediated transmembrane transport ® Ccount
© M. 05 Keratan sulfate biosynthesis | ® ® 1
1 Keratan sulfate/keratin metabolism - i @2
Metalloprotease DUBs - @ ®:
15 Glycosaminoglycan metabolism | & &
Keratan sulfate degradation | @ . -
Oxidative Stress Induced Senescence - @ p.adjust
Nuclear Receptor transcription pathway @ 0.3
Signaling by NTRK1 (TRKA) - @ 0.2
RMTs methylate histone arginines - ® '
Signaling by NTRKs| @ G
| ! I ! |
. 0.025 0.075 0.125
High Low GeneRatio





OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-19-1599818-g003.jpg
SPF C57BL/6J
ABX treatment EPM OFT
| i I I
| | | |
Day 1 LA 1
- E P =0.0562
150 — | - | |
& o
% ‘é 60 — O
e 100 — £ :
: :
3 0]
8 Q
: o
£ 50- 2
£ (0]
E g
) L0
0~

o~

Total distance (cm

4000 —

3000 —

2000

1000 —

Center time (s)

300 —

200 —

100

B EPM

Closed arm

Open arm

ABX

W Closed arm

A PA
b\ )"

k \ e o ‘,
A""‘(p s J

Y VT =T






OPS/images/fnins-19-1599818-g004.jpg
Total distance (cm)

Fecal Microbiota Transplant (FMT) + C
Recipients =

Donors
- EPM
High-anxiety D ——> ¢l HA-FMT .—ABX . F’:AT . OTT
I | | I |
. | Day 1 7 10 24 27
Low-anxiety - SRR /;,Q LA-FMT
* D ns E
100 — | | 80 — | | HA-FMT LA-FMT
— § = "]
(1)) - S Ni ;
7 = 2 60- 3 |
£ 5 , |
© - H
[ (0]
8 5 40-
< o
'g _8 20 Closed arm | Closed arm
= = & £ =
= T S ®
G o
Q. o
0= o — = i
HA-FMT LA-FMT HA-FMT LA-FMY
G
5000 — 400 —
4000 _ 300-
&,
3000 &
= 200-
(0]
2000 — €
S
100 —
1000 —
0~ 0-

HA-FMT LA-FMT HA-FMT LA-FMT






OPS/images/fnins-19-1599818-g001.jpg
* %%
3
o]
High Low

| |
o o o o o
< o™ (g} ~
(lw/Bu) j9n9] 1HOD ewseld
(11
E
©
©
()
(%2}
ke
&)
— _
wJe uado
£
©
©
()
12}
ke
&)
- o
.m.w — s £ —4 _
7
wJe uadp
o
x 0 3
* _H —
¥ £S5
o =)
L
| | | | |
o o o o o
< o™ N ~—
(%) swue uado 0} seujug
o
0 5
x _H o 9
X
* £
o
T
I T T T |
o o o o o
o wn o Tp)
AN 5 -—
(s) swue uado ayj ul swi)
(21}
g Time in open arms (s)
™ o

+6% Ave.
Average

Low-anxiety
-6% Ave.
High-anxiety [





OPS/images/fnins-19-1599818-g002.jpg
>
w
(@
O

100

400~ e 7] 0-244 High e 9 B
s o “ S & o~ ™ = ~ Others
w o o = g — ow 4 = 8 75 [l Verrucomicrobiota
QO 300 © 6- o) S = Deferribacterota
< £€£= <t O 1 - / © &
= 5 °:§?o S g I Cyanobacteria
2 °° > © 5 ~ Desulfobacterota
g 200 ‘s 47 ~ / -~ < 50+ [l Proteobacteria
> o Q B . Actinobacteriota
o O 0.0- o
© = 5 ( \ \ = B Campylobacterota
e s 2] s v L 95~ ~ Patescibacteria
o 100 © A o Firmi
< S k. N4 4 | cutes
< -0.1- < P 5/ Bacteroidota
0- | T T 0 L I
High  Low High  Low -05 00 0.5 High Low
PCo1 (80.76%)
E 100+ F 100 - G 100
% . 2|t h: - bacteri % ~ Others % ~ Others
S 75 Vp aprqtbe{) acteria S 75- B Enterobacterales o 754 B Marinifilaceae
= 5 Dampl:‘”"!br!m!a o Coriobacteriales @ _ Clostridia
- esuloviorionia e M Erysipelotrichales 2 I Oscillospiraceae
3 504 o SAMERAFDIeIORCIRTR 2 504 _ Campylobacterales 3 50 ~ Saccharimonadaceae
< B Coriobacteriia _ < B Clostridia < B Bacteroidaceae
o @ Campqubacteng 0  Saccharimonadales o _ Rikenellaceae
o -_ Saccharimonadia = B Oscillospirales = B Prevotellaceae
o 297 __ Clostridia D Lo _ Lachnospirales © 20 _ Lachnospiraceae
14 M Bacilli o B Lactobacillales 12 B Lactobacillaceae
Bacteroidia Bacteroidales Muribaculaceae
0 L I 0 T 1 0 I 1
High Low High Low High Low
H s  Genus J i mmm Low
S ! ——  Others
8 75 - = Lachnospiraceae I I I I [ [ [ [ I I
: T o tesosecns
3 B Prevotellaceae_ UCG-001 : . » @ lactebacilius
_§ 50 _ Bacteroides ; . s Lactobacillus, johnsonii _
2 B Ricenelacese RC9 L o Campyiobacteroes [
0 ) ot .
= B Lachnospiraceae NK4A136 : :  C— ampy:10 A0 :
o 25— ~ Lactobacillus : : p_Campqubacterota _ .
= Bl Ligilactobacillus : ' s_Lactobacillus_intestinalis [ RN :
Muribaculaceae : . " . ) : ‘
A - - . g_Parabacteroides [N .
| | : - : ' : :
o Low is_unclossited Porabcteroies [N
.g__Coriobacteriaceae, UCG_002 _ : :
I 100 - _ _ s__unclassified_Coriobacteriaceae: UCG_002 _ : :
Z Species : : . f_Atopobiaceae NN 3
St ~ Others ; ; . . g A2 Z I
8 75- M Alistipes ' : : e : :
% ' Sacidifaciens s__unclassified_A2 . : : :
= ¥ Lachnospiraceae g__Odoribacter ' '
3  Prevotellaceae_UCG-001 : e :
¥e! = |
2 50 B Lachnospiraceas. NK4A136 : s_unc.la'sf.lfled_Odortbacter :
0 " Rikenellaceae_RCO - [ ¢ wvarinifilaceae ;
£ B Alloprevotella ! ! ' [ ! ! ' ! !
° 297 ~ Lactobacillus johnsonii 4 3 D -1 0 1 2 3 4 5
e B Ligilactobacillus
Muribaculaceae LDA Score (log 10)
0 i |

High Low





