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Abstract

Background: Psychological stress shapes brain–body interactions through bidirectionally signaling between central neural circuits and
peripheral systems. Central amygdala corticotropin-releasing hormone (CeACRH) neurons are key regulators of stress response and
immune function. However, their chronic impact on the brain–gut–immune axis and gut microbiota remains poorly understood. Meth-
ods: We established a chronic stress model in mice by 14-day chemogenetic activating CRH neurons in the CeA. Behavioral assays
were conducted to evaluate anxiety and depressive-like phenotypes. mRNA expression level of cytokines, tight junction proteins and
antimicrobial peptide were compared in spleen or colon using qPCR between CeACRH activated group and control. In addition, 16S
rRNA sequencing was performed to characterize changes in the microbial composition. Results: Chronic activation of CeACRH neurons
showed a tendency toward anxiety-like behavior and significantly disrupts splenic and colonic immune homeostasis. Notably, the colonic
interleukin-22 (IL-22)/regenerating islet‑derived protein 3 gamma (Reg3g) mucosal defense axis was suppressed. Microbiota analysis
revealed a shift toward a depression-associated profile, characterized by an increase in potentially pathogenic taxa (e.g., Eggerthella and
Actinomycetota) and a reduction in short-chain fatty acid producers (e.g., Ruminococcaceae and Roseburia). These microbial alterations
are consistent with clinical observations in patients with depression, supporting the translational relevance of mental disorders and gut
microbiota. Conclusions: Chronic activation of CeACRH neurons drives coordinated immune, gut barrier, and microbiota alterations,
including Claudin-2 upregulation and suppression of the IL-22/Reg3g axis, with IL-22 significantly reduced and Reg3g showing only
a decreasing trend. These findings suggest a neuro–immune–microbiota pathway linking central stress circuits to peripheral dysfunc-
tion. Targeting IL-22 signaling, epithelial barrier integrity, or microbiota composition may represent promising therapeutic strategies for
chronic stress-related disorders.

Keywords: central amygdaloid nucleus; corticotropin-releasing hormone; gastrointestinal microbiome; immunologic factors; antimi-
crobial peptides

1. Introduction

The central nervous system and peripheral immune
systems are intimately interconnected through bidirectional
neuroimmune communication [1,2,3,4]. Recently, studies
focusing on the gut-brain axis and top-down regulation by
the autonomic nervous system have revealed their active
roles in this two-way dialogue [5]. In essence, the brain
can influence peripheral immune activity (for instance, via
stress-sensitive neural pathways and autonomic nerves [6]),
as the peripheral immune system is innervated via sympa-
thetic or parasympathetic efferents, and its cells express re-
ceptors for cholinergic or catecholaminergic neurotransmit-
ters [1,7,8]. Conversely, changes in peripheral immune sig-
nals including inflammatory cytokines, which are caused by
infection, gut impairment or diet-induced alteration of mi-
crobiota, can alter neural activity, mood, and social behav-
ior [9,10]. Recent studies have also revealed how the brain
integrates information on immunological andmetabolic sta-
tus [11] and exerts top-down control, such as promoting

tissue-protective immune responses via reward circuitry
[12]. Such neuroimmune communication is crucial for
maintaining homeostasis and is implicated in various neu-
ropsychiatric disorders when dysregulated [8,13].

In modern society, chronic psychological stress has
emerged as a pervasive risk factor in daily life [14]. It
is closely linked to the development of anxiety, depres-
sion, inflammatory bowel disease (IBD) [15], and other
metabolic diseases. Stress can influence peripheral phys-
iological function via the hypothalamic–pituitary–adrenal
(HPA) axis and the autonomic nervous system [6], while
also exacerbating inflammatory responses through impair-
ment of immune system. Both preclinical and clinical stud-
ies highlight a key role for pro-inflammatory cytokines
in stress-related mood disorders, including postpartum de-
pression (PPD), where elevated levels of TNF-α, IL-1β, and
IL-6 have been reported [16].

The central amygdala (CeA) is an integrative hub in
valence detection to coordinate autonomic responses and
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behavioral output toward aversive and appetitive stimuli
[17,18]. In particular, it responds rapidly to aversive stimuli
such as fear [19] and pain [20], mediating anxiety-like be-
haviors and physiological stress responses via neuromodu-
lators such as corticotropin-releasing hormone (CRH) [21].
During fear learning, CeA circuits gate salience and plas-
ticity and prominently organize defensive actions. Beyond
emotional regulation, the CeA is now recognized to influ-
ence peripheral inflammation [22]. Recent studies also un-
covered a direct neural–immune circuit linking the CeA
to the spleen via sympathetic projections. Specifically,
CRH neurons in the CeA and in the paraventricular nucleus
(PVN) drive this pathway and regulate spleen immune ac-
tivity [23]. Another study showed that under chronic stress,
overall neuronal activity in the CeA is associated with the
impairment of Brunner’s gland function and the alteration
of gut microbiota composition [24]. In parallel, accumu-
lating evidence supports reciprocal interactions between
stress and the gut microbiota [9,25]: microbial composi-
tion shapes anxiety- and depression-like behaviors [21,26],
as shown by fecal microbiota transplantation studies [27],
while stress-related brain activity can perturb gut physiol-
ogy and microbial ecology. However, the precise role of
CeACRH neuron in chronic stress and how it influences the
peripheral immune system and gut microbiota remain un-
known.

Here, we focus on CeACRH neurons in stress-related
peripheral regulation. Chronic chemogenetic activation of
these neurons induced a modest increase in anxiety level
and disrupt immune homeostasis, accompanied by suppres-
sion of protective mucosal pathways (IL-22/Reg3g) and
modulation of splenic immune activity. This was also as-
sociated with increased Claudin-2 expression in colon, in-
dicative of impaired gut barrier integrity. Furthermore, mi-
crobiota profiling revealed shifts in bacterial taxa linked to
depression and chronic stress. Collectively, our findings
highlight a CeACRH–driven neuroimmune–microbiota axis
that may contribute to the pathophysiology of stress related
psychiatric and gastrointestinal disorders.

2. Materials and Methods
Detailed methods are presented in Supplementary

Materials.

2.1 Animals
All procedures and experiments on animals were per-

formed according to the guidelines of Institutional Animal
Care and Use Committees of Jiangnan University (Wuxi,
Jiangsu, China). 12 Male mice (8 weeks) were used:
CRH-ires-cre (B6(Cg)-CRHtm1(cre)Zjh/J, Jackson Labo-
ratory stock, 012704). Animals were group housed, up
to four per cage, in a temperature (23 °C) and humidity
(55%) controlled environment in standard cages on a 12:12
h light/dark cycle with ad libitum access to food and water.
After experiments, animals were deeply anesthetized with

4% isoflurane (R510-22-10, RWD, Shenzhen, Guangdong,
China) and euthanized by rapid cervical dislocation.

2.2 Chemogenetic Activation of CeACRH Neurons
To activate CRH neurons in central amygdala, Cre-

dependent AAV2/9-hSyn-DIO-hM3Dq-mCherry (5 × 1012
vg/mL, S0192-9, Taitool, Shanghai, China) was bilater-
ally injected into the central amygdala (CeA) under stereo-
taxic guidance (anteroposterior (AP): −1.2 mm, mediolat-
eral (ML): ±2.7 mm, dorsoventral (DV): −4.5mm from
bregma). At each target site, 150 nL of viral solution was
delivered at a rate of 70 nL/min using a Hamilton microsy-
ringe (Neuros 7001, Reno, NV, USA) connected to a mi-
croinjection pump (LEGATO 130, KDS, Holliston, MA,
USA).

For chemogenetic activation, deschloroclozapine
(HY-42110, MedChemExpress, NJ, USA) was dissolved
and administered intraperitoneally at a dose of 100 μg/kg
body weight per day [28]. Control mice received saline.

2.3 Animal Habituation and Video Recording for
Behavioral Test

Animals were habituated prior to assays. On day 12
and day 13, behavioral tests were performed 30 min after
deschloroclozapine (DCZ) or saline injection. All sessions
were recorded with a top-mounted camera (OSMO Action
5 Pro, DJI, Shenzhen, Guangdong, China).

2.4 Open Field Test
In open field test (OFT), mice were individually

placed into the center of the testing box (0.4 m × 0.4 m × 1
m) and recorded for 5 min. Regions of interest (ROIs) were
defined as follows: a peripheral zone (a 20-cm-wide band
along all walls) and a center zone (a 20 cm × 20 cm square
at the arena center). An entry into any ROI was scored
when ≥60% of the animal’s body crossed the boundary.
For centroid-based tracking pipelines, an entry was alter-
natively defined when the body centroid entered the ROI.

2.5 Elevated Plus Maze
The elevated plus maze (EPM) consists of two open

arms (30 × 5 × 25 cm) aligned with each other and perpen-
dicular to the two closed arms (30 × 5 × 25 cm) in line with
each other and a central area (5 × 5 cm). Mice were deliv-
ered to the center of the plus maze. The video was recorded
for 5 min. The criteria for entry score are the same as those
in OFT analysis.

2.6 Data Analysis for Behavior Test
Videos were analyzed using a pretrained DeepLab-

Cut model to track major body points [29]. All analyses
and plots were performed using Python 3.12 (Python Soft-
ware Foundation, Beaverton, OR, USA) and Matlab2024a
(MathWorks, Natick, MA, USA).
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2.7 Intestinal Permeability Assay
FITC-dextran (FD4, Sigma-Aldrich, St. Louis, MO,

USA) was used to test the gut permeability. Mice were
deprived of food for 8 h prior to blood collection. FITC-
dextran was dissolved in PBS at a concentration of 100
mg/mL and administered to each mouse (44 mg/100 g body
weight) by oral gavage. Four hours later, mice were anes-
thetized with isoflurane and blood was collected from the
retro-orbital sinus. Plasma was separated and measured in
a black 96-well flat-bottom plate using a microplate reader
(Ex 495 nm, Em 525 nm, SpectraMax ABS, Molecular De-
vice, San Jose, CA, USA).

2.8 Perfusion and Immunochemistry
One hour after the final DCZ or saline injection, mice

were anesthetized by i.p. injection of 1.25% Avertin (Tri-
bromoethanol, M2910, 0.2 mL/10 g, Aibei Biotechnol-
ogy, Nanjing, Jiangsu, China) during transcardial perfu-
sion with PBS followed by 4% paraformaldehyde (PFA,
H-80096618, Sinopharm, Shanghai, China). Coronal
brain sections (50 μm) were prepared using a microtome
(SM2010R, Leica Microsystems, Wetzlar, Germany) at
about –20 ℃. Twelve to fifteen sections containing the
CeA were selected for immunohistochemistry. Primary c-
Fos antibody (1:7500, 226008, Synaptic Systems, Göttin-
gen, Germany) was incubated for 48 h at room tempera-
ture. Then, PBSTwashed sections were incubated with sec-
ondary antibody (1:750, Alexa Donkey anti-guinea Pig IgG
488, Jackson ImmunoResearch, West Grove, PA, USA) for
2 h at room temperature in the dark. Finally, sections were
covered with mounting medium containing DAPI (P0131,
Beyotime, Shanghai, China). c-Fos–positive cells were au-
tomatically detected and counted with the a custom-made
model called Cell Counting Network, and counts were sum-
marized per brain region.

2.9 PAS Staining
Duodenum was fixed and dehydrated as mentioned

above used for brain tissues. Samples were cryo-sectioned
at 12 μm. Sections were then stained using the Periodic
Acid Schiff (PAS) Stain Kit (C0142S, Beyotime, Shanghai,
China) at bright field using a 20× lens.

2.10 Primers for RT-qPCR
All qPCR primers were designed on NCBI Primer-

BLAST using standard parameters with specificity screen-
ing.

2.11 RNA Extraction, Reverse Transcription and
Quantitative PCR

The spleen and colon were rapidly dissected and snap-
frozen in liquid nitrogen. Total RNA was extracted us-
ing the RNA isolation kit (Vazyme R711, Vazyme Biotech,
Nanjing, Jiangsu, China) according to the manufacturer’s
protocol. Complementary DNA was synthesized using

the reverse transcription kit (AG11728, Accuracy Biology,
Changsha, Hunan, China).

qPCR was performed on a QuantStudio 3 system
(Thermol, Waltham, MA, USA) using the SYBR Green
qPCR kit (AG11701, Accuracy Biology) in a 20 μL reac-
tion volume. Cycling conditions were 95 °C for 10 s and 60
°C for 30 s, repeated for 40 cycles. All samples were run in
duplicate on a 96-well plate.

2.12 RT-qPCR Analysis
Raw qPCR data obtained from the QuantStudio 3 sys-

temwere analyzed in Microsoft Excel (Office LTSC 2021,
Microsoft Corporation, Redmond, WA, USA). For each
sample, technical duplicates were averaged; wells with du-
plicate SD >0.5 Ct were retested. β-actin was used as the
internal reference gene. qPCR data were processed by cal-
culating ΔCt = Ct_target−Ct_reference and deriving ΔΔCt
by normalizing each sample’s ΔCt to the control-group
mean. Relative expression was expressed as fold change
using the 2−ΔΔCt method.

2.13 16S rRNA Sequencing
Colonic luminal contents were collected, snap-frozen,

and processed for 16S rRNA profiling. The V3–V4 region
was amplified with primers 341F/806R and sequenced on
a NovaSeq 6000 system (Illumina, San Diego, CA, USA)
in PE250 mode. Reads were processed in QIIME2 (Cu-
tadapt adapter trimming; DADA2 denoising and chimera
removal). Amplicon sequence variants (ASVs) were tax-
onomically assigned using a pre-trained SILVA v138 clas-
sifier. Downstream analyses included alpha and beta di-
versity with PCoA visualization. Between-group differ-
ences in community composition were tested by PER-
MANOVA (999 permutations). Differentially abundant
taxa were identified using LEfSe (LDA ≥2.0) and Mann–
Whitney U tests with FDR correction where appropri-
ate. Phenotype and functional profiles were inferred us-
ing BugBase (https://bugbase.cs.umn.edu/) and FAPRO-
TAX (https://pages.uoregon.edu/slouca/LoucaLab/archive/
FAPROTAX/lib/php/index.php), respectively.

2.14 Statistical Analyses and Data Reproducibility
Statistical analyses were performed and graphs were

generated using GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA). For behavioral experiments,
heatmaps and trajectory plots were generated in Python
3.12 using custom scripts. Data are presented as mean ±
SEM, and statistical significance was set at p < 0.05. All
the analyses were performed by experimenters blinded to
the results.
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Fig. 1. Chemogenetic activation of central amygdala corticotropin-releasing hormone (CeACRH) neurons: experimental workflow,
activation validation, and body/organ weights. (A) Schematic of experimental design and timeline. Male CRH-ires-Cre mice (n =
12) received bilateral CeA injections of AAV2/9-hSyn-DIO-hM3Dq-mCherry. After a 3-week expression period, mice were treated
once daily for 14 days with DCZ (100 µg/kg, i.p.) (n = 6) or saline (n = 6). Open-field test (OFT) and elevated-plus maze (EPM) were
performed on days 12–13, followed by tissue collection for 16S rRNA sequencing and RT-qPCR; a subset was perfused for histology. (B)
Low-magnification coronal section showing hM3Dq-mCherry expression localized to bilateral CeA. Dashed box represents the CeA area.
Scale bar, 1000 μm. (C) Representative CeA images from saline and DCZ groups: hM3Dq-mCherry (red), c-Fos (green), merged with
DAPI (blue). Scale bar, 50 µm. (D) Quantification of neuronal activation (c-Fos+ among hM3Dq+ cells, %), showing increased activation
in DCZ-treated mice relative to saline (unpaired t-test, t = 3.237, df = 9.970, p = 0.009, n = 6). (E) Body-weight trajectories over the
14-day treatment (2-way ANOVA, Ftime (1.627, 16.27) = 24.85, p < 0.001; Fdrug (1, 10) = 0.03145, p = 0.8628; Ftime×drug (2, 10) = 0.2416, p
= 0.7877, n = 6). (F) Endpoint organ weights (spleen, liver, kidney) in male mice (unpaired t-test; tspleen = 0.01991, dfspleen = 9.999, pspleen
= 0.998; tliver = 0.05280, dfliver = 10.00, pliver = 0.998; tkidney = 0.5482, dfkidney = 10.00, pkidney = 0.596). Data are mean ± SEM; individual
data points are shown (n as dots). Statistics: unpaired two-tailed t-test for (D,F); two-way ANOVA (treatment × time) for (E). **p <
0.01. All comparisons not specifically annotated were non-significant (ns). (A) was created on BioRender (https://www.biorender.com).
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Fig. 2. Daily administration of DCZ inCeACRH-hM3Dqmice increases anxiety levels. Open field Test (OFT). (A,B) Representative
heatmaps (left) and trajectories (right) from the DCZ group at day 0 (A) and day 12 (B). (C) Time percentage in the center zone for saline
(paired t test, t = 1.222, df = 5, p = 0.276, n = 6). (D) Time percentage in the center zone for DCZ groups at day 0 vs day 12. DCZ showed
a reduction in center time with a trend toward significance (paired t test, t = 2.465, df = 5, p = 0.0568, n = 6). (E,F) Total travel distance
(E, paired t test, tsaline = 0.6648, dfsaline = 10, psaline = 0.521; tDCZ = 1.17, dfDCZ = 10, pDCZ = 0.269) and mean velocity (F, paired t test, tsaline
= 1.036, dfsaline = 10, psaline = 0.324; tDCZ = 1.321, dfDCZ = 10, pDCZ = 0.216) at day 0 and day 12 indicate no gross locomotor deficits.
Elevated plus maze (EPM). (G,H) Representative heatmaps (left) and trajectories (right) from the DCZ group at day 0 (G) and day 13
(H). Dashed outlines indicate open arms. (I–K) Quantification for the saline group at day 0 vs day 13: time in open arms (I, paired t test,
t = 0.7849, df = 8.146, p = 0.455), entries into open arms (J, paired t test, t = 1.330, df = 6.550, p = 0.228), and latency to first open-arm
entry (K, Mann–Whitney U test, U = 12.50, p = 0.418). (L–N) Corresponding measures for the DCZ group: time in open arms (L, paired
t test, t = 1.466, df = 5, p = 0.203), entries (M, paired t test, t = 0.1910, df = 5, p = 0.856), and latency (N, Mann–Whitney U test, U =
11, p = 0.310), consistent with increased anxiety-like behavior after chronic DCZ treatment. In EPM test, mice show an increased trend
in anxiety-like behavior in DCZ-treated mice. Bars show mean ± SEM with individual mice as dots. All comparisons not specifically
annotated were non-significant (ns).

3. Results
3.1 Chronic Chemogenetic Activation of CeACRH Neurons
in CRH-Cre Mice Promotes Anxiety Like Behaviors

To selectively activate CRH neurons in the CeA, we
bilaterally injected AAV2/9-DIO-hM3Dq-mCherry into the

CeA of CRH-Cre mice (Fig. 1A). After 3 weeks of vi-
ral expression, mice received daily intraperitoneal injec-
tions of DCZ (100 μg/kg) for 14 consecutive days before
the onset of the dark phase to chronically activate CeACRH

neurons. To rule out nonspecific effects of viral expres-
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sion or i.p. injection, control CRH-Cre mice received the
same AAV injection but were administered saline instead
of DCZ.We observed hM3Dq-mCherry expression in brain
slices largely restricted to the CeA region (Fig. 1B) and c-
Fos immunofluorescence staining was further performed to
compare the neural activity level in these two groups. We
found that in saline-treated control mice, only a small pro-
portion of mCherry-positive CRH neurons expressed c-Fos,
whereas DCZ-treated mice showed a markedly higher pro-
portion (Fig. 1C). Quantitative analysis demonstrated that
the percentage of c-Fos+/hM3Dq+ double-positive cells was
significantly increased in the DCZ group compared with
saline controls (Fig. 1D). These results confirmed that daily
DCZ injection in CRH-hM3Dq mice reliably and specif-
ically elevated basal activity of CeACRH neurons, allow-
ing us to investigate their potential roles in neuropsychi-
atric disorders, neural-immune and brain-gut interactions.
Moreover, we did not observe significant changes in body
or organ weight (spleen, liver, and kidney) between DCZ-
treated and control mice (Fig. 1E,F).

We next assessed the anxiety level and behavioral con-
sequences of chronic CeACRH neuron activation using open
field test (OFT) and elevated plus maze (EPM). Represen-
tative tracking plots in the OFT revealed reduced explo-
ration of the center zone in DCZ-treated mice in day 12
compared with day 0 (Fig. 2A,B). Quantitative analysis
showed a modest trend toward decreased time spent in the
center zone (p = 0.0568, Fig. 2D), while saline-treated mice
showed no significant changes (Fig. 2C). Importantly, to-
tal distance traveled and locomotor velocity were not dif-
ferent between groups (Fig. 2E,F), indicating that the ob-
served changes were not due to impaired locomotor func-
tion. In the EPM, DCZ-treated mice exhibited a reduction
in open arm exploration, including decreased time in open
arms, prolonged latency to enter open arms, and fewer open
arm entries (Fig. 2G,H,L–N) although these differences did
not reach statistical significance. In contrast, saline-treated
mice displayed minimal changes across these parameters
(Fig. 2I–K). Together, these data suggest a tendency to-
ward increased anxiety-like behavior following chronic ac-
tivation of CeACRH neuron.

3.2 CeACRH Neurons Regulate Inflammatory Factor Levels
in Spleen and Colon

We next investigated whether chronic CeACRH activa-
tion alters splenic immune function as a recent study sug-
gests the spleen receives neural input from these neurons
[22,23]. To assess these potential effects, we compared
splenic cytokine levels in DCZ-treated and control mice.
Our RT-qPCR analysis showed that mRNA levels of Il6 and
Il12awere significantly reduced, whereas Tnf was elevated
in the spleen (Fig. 3A–E), suggesting that chronic activa-
tion of CeACRH neuron modulate splenic inflammatory re-
sponses by altering specific cytokine levels.

We next examined colonic cytokine levels in the colon
as gut inflammation is often accompanied by neuropsychi-
atric disorders. Pro-inflammatory cytokines such as Il1b
and Tnf were not significantly altered, while Il6 exhibited
a trend toward reduction (p = 0.0828, Fig. 3M). However,
Il22/Reg3g axis showed a downward trend, but the change
did not reach statistical significance (p = 0.056) in the DCZ
group (Fig. 3F–Q), indicating compromised mucosal im-
mune defense.

Next, we examined gut barrier function in CRH-
hM3Dq mice, as stress has been reported to impair ep-
ithelial integrity and tight junction function in the colon.
This prompted us to investigate whether CeACRH activa-
tion also affects the colonic permeability. RT-qPCR anal-
ysis showed that tight junction proteins, Cldn1, Ocln, and
Tjp1 exhibited no significant differences between groups,
whereas Cldn2 was significantly upregulated, suggesting
increased colonic permeability (Fig. 3F–K). To function-
ally validate these findings, FITC-dextran assays were per-
formed after 14 days of treatment. Plasma FITC levels mea-
sured 4 h after gavage showed a modest upward trend in
DCZ-treated mice, further indicating increased colonic per-
meability (Fig. 3R). A recent study suggested that bulk
activation neurons in CeA improves gut barrier integrity
by promoting mucin release on duodenum [24]. However,
our duodenal slices in CRH-hM3Dq mice did not show
changes in mucin thickness but exhibited increased inter-
cellular space in the DCZ group (Fig. 3S,T). Moreover,
colonic Muc1 and Muc2 expression remained unchanged,
indicating that mucus secretion capacity was not signifi-
cantly altered by CeACRH activation (Fig. 3F,G). Taken to-
gether, chronic activation of CeACRH neurons may impair
mucosal immune defense and increase colonic permeabil-
ity, independent of central regulation of mucin release.

3.3 Gut Microbiome Analysis Reveals Depression-Related
Taxonomic Shifts

As colonic immune protective function and perme-
ability were altered in CRH-activated mice, we further as-
sessed the impact of central stress signaling on the gut mi-
crobiome. We profiled colonic contents from DCZ-treated
and saline mice using 16S rRNA sequencing. Alpha diver-
sity analysis did not show significant changes across mul-
tiple indices (Shannon index, Sobs index, Pielou index, p >
0.05, Fig. 4B). Similarly, β diversity did not reveal a clear
separation between the two groups by principal coordinate
analysis (PCoA) and adonis test, suggesting that chronic
chemogenetic activation of CeACRH neurons did not induce
a large-scale remodeling of the gut microbiota (Fig. 4A).
Both groups were dominated by Bacteroidota and Bacil-
lota, along with common genera such as Lactobacillus and
Ileibacterium (Fig. 4D,G).

While global diversity remained stable, we identified
significant and selective shifts at the taxonomic level. Venn
analysis confirmed that the vast majority of microbial lin-
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Fig. 3. Chronic CeACRH activation downregulates colonic IL-22/REG3G and upregulates CLDN2 with modest gut permeability
and inflammatory changes in spleen and colon. (A–E) Spleen cytokines. Il6 was decreased (unpaired t-test, t = 3.200, df = 9.743, p =
0.0098), Il12a was decreased (unpaired t test, t = 5.591, df = 7.919, p = 0.0005), Tnf was increased (unpaired t test, t = 2.438, df = 9.659,
p = 0.0358), with trends for Ifng (unpaired t test, t = 2.261, df = 6.784, p = 0.0594) and Il1b (unpaired t test, t = 2.044, df = 7.940, p =
0.0705). (F–K) Colon epithelial barrier genes mRNA forMuc1 (unpaired t test, t = 0.001333, df = 9.308, p = 0.9990),Muc2 (unpaired t
test, t = 0.4756, df = 8.359, p = 0.6465), Tjp1 (Mann–Whitney U test, U = 17, p = 0.9372), Ocln (unpaired t test, t = 0.7532, df = 8.956,
p = 0.471), Cldn1 (Mann–Whitney U test, U = 13, p = 0.4848) showed no significant change, whereas Cldn2 was upregulated in DCZ
mice (unpaired t test, t = 2.407, df = 7.329, p = 0.0454). (L–Q) Colon cytokines/defense genes. Il1b (unpaired t test, t = 0.8302, df =
9.507, p = 0.427), Il6 (unpaired t test, t = 1.949, df = 9.085, p = 0.0828), Il12a (unpaired t test, t = 0.08788, df = 7.770, p = 0.483) did not
show robust increase, Tnf showed a trend to rise (O, Mann–Whitney U test, U = 4, p = 0.0514), Il22 was reduced (P, unpaired t test, t =
4.826, df = 5.589, p = 0.0035), and Reg3g showed a downward trend (Q, unpaired t test, t = 2.583, df = 4.367, p = 0.056). (R) Intestinal
permeability assay: plasma concentration of 4-kDa FITC–dextran 4 h after gavage (Welch's t-test, t = 3.237, df = 9.970, p = 0.5068). (S)
PAS staining of duodenum sections (representative images) illustrating mucosal morphology/goblet cell mucus. Left: Ctrl. Right: DCZ.
Scale bar, 200 µm. (T) Mucin thickness assessed with PAS staining of samples from duodenum (unpaired t-test, t = 0.2786, df = 4.336,
p = 0.7933). Bars show mean ± SEM with individual mice as dots (Ctrl vs DCZ). *p < 0.05, **p < 0.01, ***p < 0.001. All comparisons
not specifically annotated were non-significant (ns). Mice were treated once daily for 14 days with DCZ (n = 6) or saline (n = 6).
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Fig. 4. Effects of chronic CeACRH activation on gut microbial composition. (A) β diversity. PCoA at the ASV level (Bray–Curtis).
PERMANOVA indicates no significant group separation (R2 = 0.0941, p = 0.378). (B) α diversity. Sobs richness (unpaired t-test, t =
0.8735, df = 9.562, p = 0.404), Pielou evenness (unpaired t-test, t = 0.3814, df = 6.940, p = 0.714), and Shannon index (unpaired t-test, t
= 0.5552, df = 7.538, p = 0.595) show no significant differences between Saline and DCZ groups. (C,F) Shared taxa. Venn diagrams of
detected phyla (C) and genera (F); most taxa are shared across groups with a small number unique to each condition. (D,G) Community
composition. Stacked bar plots of relative abundance at the phylum (D) and genus (G) levels. (E) Differential phyla. (E) Group-wise
comparisons for selected phyla in phylum level. Pseudomonadota and Actinomycetota show a trend toward difference (unpaired t test, t =
2.301, df = 5.477, pPseudomonadota = 0.065, t = 2.057, df = 5.697, pActinomycetota = 0.085). (H) Differential genera in genus level. Box plots for
selected genera (Anaeroplasma, Roseburia, Ileibacterium, Dubosiella, Adlercreutzia, Colidextribacter, Eubacterium_siraeum_group).
Other details are provided in SupplementaryMaterials. Mice were administered with either the drug or its vehicle. Saline group served
as the control group for the respective experimental conditions. Bars/boxes show mean or median ± dispersion as appropriate. Statistics:
unpaired two-tailed tests for taxa in (E,H). *p < 0.05. All comparisons not specifically annotated were non-significant (ns). PCoA,
principal coordinate analysis; ASV, amplicon sequence variant. Mice were treated once daily for 14 days with DCZ (n = 6) or saline (n
= 6).

eages were shared between the two groups (10 of 11 phyla
and 78 of 93 genera; Fig. 4C,F), highlighting that the ob-
served changes were confined to a limited set of taxa. At
the phylum level, both Pseudomonadota and Actinomyce-
tota exhibit a trend toward enrichment in DCZ-treated mice
(Fig. 4E). Pseudomonadota is a well-established marker
of gut dysbiosis [30] and a major source of Lipopolysac-
charides (LPS). The expansion of this phylum may trig-
ger a cascade of systemic inflammation [31]. Actinomyce-

tota represents a major phylum of Gram-positive bacteria
containing beneficial members (e.g., Bifidobacterium) and
stress-associated pathobionts (e.g., Eggerthella). Its overall
expansion is frequently identified as a microbial signature
ofmajor depressive disorder (MDD) in both clinical cohorts
and rodent models [32,33]. Furthermore, at the genus level,
three specific taxa showed significant shifts (Fig. 4H):
Anaeroplasma and Staphylococcus wer increased, whereas
Colidextribacter was depleted in the DCZ-treated group (p
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= 0.052). Staphylococcus enrichment may reflect micro-
bial responses to host neuroendocrine signals. These op-
portunistic pathogens can directly sense host-derived cat-
echolamines (e.g., norepinephrine) and contribute to gut
barrier disruption [34,35]. Recent studies have linked
the expansion of Colidextribacter to increased oxidative
stress and systemic inflammation in chronic stress models
[36]. Roseburia is a well-characterized genus of anaerobic,
butyrate-producing bacteria within the Lachnospiraceae
family. It plays a critical role in maintaining intestinal
homeostasis by providing essential energy to colonocytes
and exerting anti-inflammatory effects [37]. The marked
depletion of Roseburia is a recognized hallmark of stress-
induced gut dysbiosis [38].

As alterations in gut barrier and inflammatory mark-
ers were observed, we next examined the association be-
tween microbial taxa shift and peripheral dysfunction.
LEfSe analysis revealed that control mice were enriched
for Clostridium sp. Culture_41, whereas DCZ-treated mice
showed higher abundances of Faecalibaculum, Staphylo-
coccus, Anaeroplasma, and related Acholeplasmataceae
lineages (Fig. 5A–C), consistent with random forest test
(Fig. 5I). Several of these taxa, notably Staphylococcus and
Anaeroplasma, are considered stress-associated, suggesting
that CeA-driven signaling facilitates their expansion.

Despite preserved overall composition at the phy-
lum level (Fig. 4D–F), BugBase identified a single
phenotype-level difference: the facultatively anaerobic
phenotype was increased in DCZ mice, whereas Gram sta-
tus, motility/biofilm potential, and stress tolerance func-
tion were comparable across groups (Fig. 5D,E). Decom-
position of this phenotype further revealed group-specific
contributors—the DCZ-associated increase was driven pre-
dominantly by Firmicutes (Bacillota) and Proteobacteria,
indicating a redistribution of the taxa underpinning this phe-
notype relative to controls (Fig. 5F). Functional predictions
further indicated targeted remodeling rather than global re-
programming: most modules were unchanged, but sulfur-
compound metabolism pathways were selectively reduced
(Fig. 5G, Supplementary Fig. 1).

Finally, we examined shifts in representative micro-
bial taxa in our study, contextualizing our findings against
existing literature on the association between gut micro-
biota and depression [39,40,41]. Interestingly, DCZ-treated
mice exhibited similar trends in four taxa consistent with
prior studies: an expansion of potentially pathogenic taxa
(e.g., Eggerthella and Actinomycetota) and a reduction in
short-chain fatty acid producers (e.g., Ruminococcaceae,
and Roseburia) (Fig. 5H–J). This pattern suggests a po-
tential role of CeACRH neurons in the development of
depression-associated microbiota shift. Notably, random
forest and indicator analyses specifically highlighted a
marked decrease in the butyrate-producing genus Rose-
buria—a taxa consistently identified as a key feature in both
depression and stress models (Fig. 5I,J) [41,42].

4. Discussion
Psychological stress is a major precipitating fac-

tor in anxiety, depression and other psychiatric disorders
[15,43,44,45,46]. The CeA serves as a critical stress-
integration hub [47], dynamically regulating the transition
from adaptive to maladaptive responses depending on the
duration and intensity of stress [23]. In this study, we
employed a chemogenetic approach to chronically activate
CRH neurons in the CeA, which mimics sustained psycho-
logical stress exposure. We demonstrated that, in addi-
tion to their roles in evoking anxiety, these neurons also
exert downstream effects on the spleen-gut immune axis
and alter gut microbiota. Our data suggest that chronic
overactivation of CeACRH neurons causes a downregu-
lated IL22/Reg3g–gut barrier function, Claudin-2-related
impairment of gut permeability, and a mixed type of cy-
tokine profile in the spleen—consistent with low-grade, au-
tonomically tuned inflammation, thus pointing to a poten-
tial top-down mechanism underlying psychological stress
induced peripheral dysfunction and microbiota alternation.

CeACRH neurons are responsive to mild aversive
cues and are involved in the consolidation of fear memo-
ries [19,48,49]. In rodent models, selective activation of
CeACRH neurons elevates anxiety-like behavior and impairs
hippocampus-dependent memory, as reflected by poorer
performance in the Y-maze and novel object recognition
tests [21], mirroring core symptom domains observed in
major depressive disorder (MDD) [50,51]. In our study,
14 days of CeACRH activation resulted in a modest ten-
dency toward anxiety-like behavior without impairing lo-
comotor activity, consistent with previous optogenetic and
DREADD-based studies [52]. Different types of stress may
also influence feeding behavior and metabolism [53,54,55].
Importantly, global CRH neuron activation across the brain
for one week led to pronounced hypophagia and body-
weight loss, reflecting systemic PVHCRH induced HPA axis
overactivation, although this phenomenon could also be in-
duced by the CNO through daily food which can generate
food-associated learning to avoid CRH activation [56]. In
contrast, our CeA-specific CRH activation produced little
change in body or organ weight, indicating that this modu-
lation within limbic circuits does not directly affect feeding
behaviors or systemic metabolism.

Spleen as the systemic immune organ, is also shown
innervated byCeA by retrograde tracing using pseudorabies
virus [57]. CeA GABAergic neurons can inhibit splenic
Th2 responses through projections to the dorsal motor nu-
cleus of the vagus (DMV) [22]. Another study focusing on
CRH neurons in CeA and PVH, highlighting that optoge-
netic activation of these neurons can directly enhance im-
munity by promoting splenic plasma cell formation. Our
qPCR analysis indicated that Il6 and Il12a were decreased,
whereas Il1β and Tnf were increased. This pattern sug-
gests that while acute stress may enhance immune level in
spleen as an adaptive response to threatening conditions,
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Fig. 5. DCZ-treated mice exhibited specific taxa changes related to depression. (A) LEfSe (LDA score, log10) highlighting taxa
discriminating Saline (green) and DCZ (red) groups. (B) Cladogram of LEfSe results across phylum→genus ranks; red nodes indi-
cate taxa enriched in DCZ, green in Saline. (C) Box plots of genera showing significant between-group differences (Anaeroplasma,
Staphylococcus, Thomasclavelia). Groups were compared with two-tailed Mann–Whitney U tests (n = 6 per group); significance was
determined (BH-FDR–adjusted q <0.05) unless otherwise indicated. Center line = median; box = IQR; Exact p/q values and multiple-
testing details are provided in the Supplementary Table 1. (D) BugBase phenotype stack plot summarizing predicted community traits
(e.g., Gram status, biofilm formation, stress tolerance, aerobic/anaerobic categories). (E) Wilcoxon rank–sum comparison for a selected
phenotype (e.g., facultatively anaerobic) between groups (fold = 1.952469, p = 0.041126, q = 0.37013). (F) Taxonomic contributors
to the highlighted phenotype in (E) at the phylum level (stacked composition). (G) FAPROTAX functional stack plot (e.g., fermenta-
tion, chemoheterotrophy, nitrate reduction, sulfur compound respiration), comparing Saline vs DCZ. (H) Bar plots compare the relative
abundance of taxa previously closely linked to MDD (g_Eggerthella, f_Ruminococcaceae, p_Actinomycetota, g_Roseburia). Four taxa
showed directionally concordant changes with prior MDD reports, presented as mean ± SEM with two-tailed p values. (I) Random-
forest feature importance identifying top taxa discriminating groups (dot size encodes mean relative abundance). (J) Bubble plot of key
taxa (e.g., Eubacterium siraeum group, Adlercreutzia, Roseburia, Anaeroplasma, Turicimonas, Thermosediminibacter), showing group
means (x-axis), taxa (y-axis), and relative abundance (bubble size). Bars/boxes show mean or median with dispersion; dots are indi-
vidual samples. Mice were administered with either the drug or its vehicle. Saline group served as the control group for the respective
experimental conditions. Statistics: LEfSe (α = 0.05, LDA ≥2.0), Wilcoxon tests for panels (C,E,H) with FDR adjustment. *p < 0.05,
**p < 0.01. All comparisons not specifically annotated were non-significant (ns). Mice were treated once daily for 14 days with DCZ (n
= 6) or saline (n = 6).

chronic overactivation of this pathway may instead upreg-
ulate specific inflammatory factors [58]. TNF-α is primar-
ily produced by activated macrophages and monocytes and
its elevation suggests selective innate immune activation
[59]. Tnf increase, without concurrent upregulation of T-
cell-associated cytokines such as Il12a, may indicate se-

lective activation of splenic myeloid cells. In addition, re-
duced Il6 and Il12a may reflect adaptive immune suppres-
sion. IL-12a is critical for Th1 differentiation [60], and
its decrease suggests impaired Th1-type adaptive immu-
nity. Since Th1 cells activate other immune cells to elim-
inate pathogens, their decline may increase susceptibility
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to intracellular pathogens, such as viruses and mycobac-
teria, due to impaired macrophage activation. This inter-
pretation aligns with clinical observations in patients with
chronic stress, who exhibit a state of “low-grade inflam-
mation with impaired immune” function [61,62]. More-
over, stress is known to disrupt blood-brain-barrier (BBB),
thereby increasing central nervous system (CNS) exposure
to peripheral inflammatory factors. Our data further pro-
vide a plausible amygdala-spleen pathway through which
cytokine-induced neuroinflammation may contribute to de-
pression [63,64].

Acute stress typically elevates IL-22 as a rapid barrier-
defense response preventing leaky gut syndrome, whereas
patients with MDD and chronic-stress mouse models of-
ten exhibit lower IL-22 relative to controls. Moreover, ex-
ogenous IL-22 has been shown to reduce anxiety-like be-
havior in mice subjected to restraint stress [65]. IL-22 is
also known to increase Reg3g expression via STAT3 sig-
naling pathway and to support gut homeostasis [66,67].
In our chronically CeACRH activated mice, colonic IL-22
and Reg3g expression were both downregulated, consis-
tent with observations in MDD or chronic stress conditions,
suggesting impaired antimicrobial properties. Function-
ally, IL-22 promotes epithelial proliferation and renewal
and differentially regulates mucins—upregulating MUC1
while downregulating MUC2 [67,68]. In addition, a recent
study also indicates that CeA activation can stimulate Brun-
ner’s glands to secrete intestinal mucus. However, in our
study, both mucins and tight-junction gene expression re-
mained unchanged. This suggesting that CeACRH neurons
may not directly control mucin releasing and IL-22 depen-
dent changes in gut barrier gene expression change may be
counteracted by other stress-responsive factors, such as hor-
monal or neuroimmune signals.

IL-22 is also known to induce Claudin-2 (Cldn2) via
JAK/STAT signaling pathway [66,69], a cation-selective
pore that increases paracellular permeability. We ob-
served an increase in Cldn2 expression in colon, which
was somehow inconsistent with Il22 decrease in CeACRH

chronically activated mice. This finding implies that IL-
22-independent or countervailing pathways should be en-
gaged to increase gut permeability. Putative upstream path-
ways include TNF-α/NF-κB, EGFR–MEK/ERK, and TLR-
mediated signaling, as well as reduced microbial SCFA
abundance [70,71,72,73]. Despite the decreased CLDN-
2 expression that pointing to impaired gut barrier function
[69], our 4KD-Dextran test only exhibit a slightly increase
of permeability in CeACRH activatedmice. Thismay be par-
tially due to the fact that Claudin2 do not permit the passage
of large molecules such as dextran.

Gut permeability is closely associated with peripheral
inflammatory status [74]. In contrast to the elevated in-
flammatory milieu commonly observed in chronic stress
or MDD [6,73,75], selective activation of CeACRH neurons
does not fully recapitulate this phenotype. Our data in-

stead suggest reduced level of pro-inflammatory cytokines
(IL-6, IL-2, TNF-α), indicating a defensive immune re-
sponse typically associated with acute stress. This kind
of low-level cytokine profile is plausible in our neuron-
specifically activated mice, as chronic stress co-recruits
multiple central and peripheral nodes (e.g., HPA axis, sym-
pathetic outflow, BNST/hippocampus/mPFC), thereby pro-
ducing more comprehensive systemic effects [76]. No-
tably, SCFA-producing bacteria reported to potentiate IL-
22 signaling [77,78] were decreased in colonic contents in
DCZ group (e.g., Eubacterium siraeum group and Colidex-
tribacter). This finding suggests a potential microbiota →
SCFA → IL-22/Reg3g axis, leading to compromised an-
timicrobial activity and gut barrier dysfunction. Consis-
tent with this hypothesis, microbial-derived butyrate dif-
ferentially regulates IL-22–dependent epithelial programs
and facilitates mucosal recovery. In line with our random-
forest analysis, the butyrate-producing Roseburia—a psy-
chobiotic reported to enhance IL-22–mediated epithelial re-
pair and alleviate symptoms in depression and long-term
closed environment stress models [79,80]—was decreased
in DCZ-treated mice. This finding further supports the idea
that loss of SCFA may contribute to reduced IL-22/Reg3g
expression and epithelial vulnerability. In addition, an-
other study showed that disruption of GDNF–ILC3 signal-
ing reduces IL-22, thereby exacerbating inflammation and
increasing depression-like behavior [68].

Gut microbiota is a bidirectional communicator in the
gut–brain axis, and can rapidly adapt to changes in phys-
iological state within hours [11,81,82,83]. For instance,
stress lowers mucosal defense, remodels epithelial milieu,
and facilitates colonization by pathobionts such as AIEC
(adherent-invasive Escherichia coli) [84]. CeA activation
enhanced mucin secretion in Brunner’s gland could also
reshape the microbiome [24]. Although β-diversity be-
tween control and DCZ group were not intensely sepa-
rated, we observed a compositional remodeling and evi-
dent changes at the functional level in metabolites or phe-
notypes [85]. In phylum level, Actinomycetota and Pseu-
domonadota are increased, indicating a micro-oxic, nitrate-
permissive niche emerging from reduced butyrate-driven
epithelial oxygen consumption—a pattern expected under
chronic stress–mediated autonomic remodeling of the mu-
cosal milieu.

Chronic or repeated stress is a well-established risk
factor for MDD, involving contributions from both cen-
tral neural circuits and peripheral pathways (autonomic, im-
mune, and gut systems) [6,7,27]. Multiple studies have
shown that individuals with MDD exhibit alterations in
gut microbiome composition and function [86]. Given
that hyperactivity of CeA has been reported in MDD pa-
tients [76,87,88], we hypothesized that selective activa-
tion of CeACRH neurons could induce similar microbiota
those observed in MDD [40,41]. Thus we focus on 13
specific taxa identified in individuals with MDD and com-
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pared them with our microbiome result [39,89]. Specif-
ically, three taxa exhibited similar abundance changes in
CeACRH activated mice while the remaining ten taxa were
not detected in our study. An increasing number of animal
studies have shown that the peripheral production of neuro-
transmitters by the gut microbiota can alter brain chemistry
and therefore influence mood and behavior. Notably, Eg-
gerthella, involved in the synthesis of serotonin and gamma
aminobutyric acid, was increased in CeACRH activated co-
hort, suggesting a potential role in promoting mood disor-
ders by gut-brain interaction [90,91,92]. Low GABA lev-
els in the brain are closely linked to depression [93]. Al-
though peripheral serotonin does not cross the BBB, gut-
derived 5-HT can activate 5-HT3 receptors on vagal affer-
ents, thereby relaying signals to the brainstem and indirectly
modulating central neurotransmission, including GABAer-
gic tone. Moreover, microbiota-driven increases in en-
terochromaffin TPH1–dependent 5-HT, along with vagus-
dependent changes in brain GABA receptor expression, fur-
ther support its role in modulating central GABAergic ac-
tivity [94,95].

Reciprocally, the observed microbiome profile in our
study may also reflect the alteration of inflammation sta-
tus: SCFA-producing taxa were diminished—exemplified
by reduced Roseburia abundance, leading to reduced bu-
tyrate production, impaired gut barrier, anti-inflammatory
signaling (GPCR/HDAC), and increased neuroinflamma-
tory tone [96,97,98]. While small amounts of SCFAs (e.g.,
acetate and butyrate) can reach the brain, their primary anti-
inflammatory effects are peripherally, where they stabilize
the gut milieu (e.g., tight-junction support and IL-22/AMP
programs) andmodulate systemic immunity [77]. This kind
of specific taxa alternation may contribute to be the transi-
tion from chronic stress exposure to depression by promot-
ing peripheral inflammation.

Collectively, these findings delineate a CeACRH-
driven suppression of the colonic IL-22–Reg3g axis, lead-
ing to impaired antimicrobial, gut barrier dysfunction and
gut microbiota dysbiosis under chronic stress. Our study
also identifies several potential therapeutic targets for
stress induced gut dysfunction, as well as microbiota-based
biomarker for the diagnosis of MDD.

Our study has some limitations. First, although we
show activation of CeACRH neurons inhibit Il22-Reg3g lev-
els in the colon, we did not investigate whether this modula-
tion ismediated by direct downstream neural circuit or other
indirect mechanism [99]. Retrograde trans-synaptic tracing
approache, such as PRV, would be useful to further clarify
the CeA-to-colon pathway. Second, the distinct cytokine
gene expression patterns observed are not entirely consis-
tent across typical serum cytokine level in stress paradigms.
This discrepancywarrants furthermechanistic investigation
using time-course, tissue-resolved, and cell-type–specific
analyses. In particular, flow cytometry would be valuable
for verifying the functional status of specific subpopula-

tions of immune cells. Third, the study was only performed
exclusively in male mice. Given that females are generally
more susceptible to stress-related disorders, sex-dependent
effects should also be evaluated [100,101,102]. Last, while
our results demonstrate that CeACRH activation reconfig-
ures the microbiota into a depression-associated state, they
do not establish direct causality. Futures studies employing
fecal microbiota transplantation (FMT) in germ-free mice
will be critical to determine if altered microbiota pattern is
sufficient to drive the observed behavioral phenotypes and
mucosal immune remodeling.

5. Conclusions
Chronic chemogenetic activation of CeACRH neurons

induces suppressed colonic IL-22/Reg3g antimicrobial sig-
naling, Claudin-2-dependent barrier disruption, and a mi-
crobiota profile alteration similar to depressed cohorts.
Feedback from gut-to-brain may further reinforce central
stress circuits and contribute to depression-related pheno-
types. Our findings identify a potential top-down neuro–
immune–microbiota mechanism linking amygdala activity
to peripheral dysfunction, and highlight IL-22 restoration,
barrier reinforcement or targeted microbiota modulation as
potential therapeutic strategies for chronic stress.
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