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Abstract

Gastrointestinal (GI) diseases are manifestations of abnormal brain-gut interactions, which are closely related to brain functions. Sys-
tematic sorting of the central mechanisms related to GI functions is of great clinical significance for preventing and treating GI disorders.
We therefore conducted a literature search in the PubMed and Web of Science databases, spanning publications from January, 1975 to
March 31, 2025. A total of 398 articles were retrieved, with three of these identified through supplementary searches. After screening, 56
animal studies were included for analysis. The findings indicate that central regulation of GI function is primarily mediated by the frontal
and cingulate cortices. Subcortical nuclei appear to be more strongly associated with GI activity than cortical regions, particularly nuclei
within the hypothalamus, brainstem, hippocampal gyrus, central amygdala, and thalamus. The hypothalamic-pituitary-adrenal axis plays
a crucial role in the regulation of GI function via neuroendocrine pathways and has been extensively studied. However, most studies to
date have focused on individual brain regions or specific nuclei, with limited investigation into integrated neural circuits or axis-level
mechanisms. Recent advances in neuroscience techniques have paved the way for future studies to more comprehensively investigate
cortical-subcortical brainstem multilevel neural circuits and cross-organ regulation of central-GI interactions, contributing to a deeper
understanding of the underlying mechanisms of GI-brain interactions.
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1. Introduction crucial for transmitting and processing information within

. . brain regions [3,4].
Recent years have seen an increase in the prevalence £ [3:4]

of gastrointestinal (GI) diseases. This has been attributed
to changes in lifestyle and dietary patterns, as well as the

Despite advances in research on the brain-gut axis,
comprehension of the central mechanisms remains con-

impact of stress and emotional factors. Epidemiological
studies indicate that approximately 2 billion individuals are
affected by digestive diseases, accounting for 27.8% of all
disease cases. This high prevalence not only adversely af-
fects the physical and mental health of affected patients, but
also places a considerable economic strain on society, mak-
ing it a major public health issue [1,2].

The digestive system receives innervation through its
connections with the central nervous system (CNS) and the
enteric nervous system (ENS) within the GI tract wall. Reg-
ulatory centers located at various levels of the brain and
spinal cord modulate GI function after receiving diverse
inputs relating to changes in internal and external envi-
ronments. They integrate these inputs and convey regula-
tory signals to nerve plexuses in the GI tract via the auto-
nomic nervous system and the neuroendocrine system, or
by directly influencing smooth muscle cells in the GI tract.
The neural nuclei, as the fundamental unit of the CNS, are

siderably constrained. Prior authors have reviewed neu-
roimaging studies in relation to GI function, identifying
both functional and structural brain abnormalities in pa-
tients with GI diseases [5—7]. However, the current litera-
ture lacks a comprehensive narrative review that integrates
and evaluates the regulatory functions of distinct neural nu-
clei in GI functions. This gap impedes the formulation
of a cohesive theoretical framework to explain the com-
plex neural mechanisms governing gut-brain axis interac-
tions. In addition, due to the spatial resolution limitations of
techniques such as functional magnetic resonance imaging
(fMRI), it is currently difficult to effectively image fine sub-
structure brain regions such as the hypothalamus and brain-
stem. Therefore, this review aims to systematically explore
interactions between the GI tract and brain regions, using
small animal models as the research object.

To inform a comprehensive narrative synthesis, this
review categorized topics such as “gastrointestinal”, “gas-
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Fig. 1. Flowchart of literature search and screening.
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tric dysfunction”, “diarrhea”, “dyspepsia”, “irritable bowel
syndrome”, “constipation”, “vomiting”, “reflux esophagi-
tis”, “small intestine syndrome”, “lactose intolerance”,
“gastric ulcer”, “gastric paresis”, “postoperative ileus”, “in-
flammatory bowel disease”, “neural nuclei”, and “neu-
ral circuit”. These categories were employed as search
fields within the PubMed (https://pubmed.ncbi.nlm.nih.go
v/) and Web of Science (https://www.webofscience.com/)
databases to identify experimental literature from January
1975 to March 31, 2025. Supplementary searches were also
performed to enhance the completeness of the literature re-
view. The inclusion criteria are as follows: (1) the research
subjects are GI diseases or GI function; (2) the research in-
volves animal experiments; (3) the observation indicators
are related to the neural nuclei. The overall screening pro-
cess is shown in Fig. 1. A total of 398 documents were re-
trieved, of which 56 were based on animal experiments and
were therefore selected for analysis (Table 1, Ref. [8-63]).

The aims of this review are to (1) identify the impor-
tant brain regions that regulate GI function and GI diseases,
(2) point out the limitations of current research, and (3)
make suggestions for future research.

2. Relationship Between Gastrointestinal
Disorders and the Cortex

2.1 Frontal Cortex and Cingulate Cortex

The frontal cortex serves as a crucial node within the
default mode network (DMN), facilitating the integration
of information from peripheral cognitively-regulated pain,
and evaluating or responding to the emotional dimensions
of pain perception. Individuals with long-term GI disorders

may develop chronic symptoms that trigger negative emo-
tions, with the peripheral nervous system transmitting ab-
normal signals to the frontal cortex. This region coordinates
and integrates such information, and prolonged signaling
abnormalities may result in structural and functional alter-
ations in the brain [64,65]. The anterior cingulate cortex
(ACC), a central component of the frontal cortex network,
plays a pivotal role in processing information related to
emotions, GI sensory signals, and the regulation of visceral
endocrine and pain perception functions [66]. Our previous
neuroimaging research identified significant spatial varia-
tions in the dorsomedial prefrontal cortex (dmPFC), ventral
medial prefrontal cortex (vmPFC), orbital frontal cortex,
and the pregenual anterior cingulate cortex (pACC) within
the DMN of patients with functional dyspepsia (FD) [67].
An animal study found that anticipatory nausea and
vomiting induced c-fos expression in the frontal cortex of
male rats [60]. Furthermore, in an animal model of irritable
bowel syndrome (IBS), rats exhibited heightened sensitiv-
ity to visceral pain following colorectal distension (CRD)
stimulation. This was accompanied by up-regulation of
P2X3 receptor expression in the prefrontal cortex (PFC),
ACC, dorsal root ganglion, and the spinal cord at the L6-
S2 segments. P2X receptors are crucial in the formation,
transmission, and modulation of visceral pain [68—71], and
reduced P2X3 receptor expression has been shown to de-
crease visceral pain sensitivity. In the cortical network of
mice with acute colitis, the middle cingulate cortex (MCC)
consistently exhibited high activation in response to both in-
nocuous and noxious mechanical stimulation of the colon.
Attenuating MCC activity by reducing excitability of the
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Table 1. Experimental details of 56 articles.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results
Weng et al, IBS Either mechanical or chemical Newbornmale Sprague-Dawleyrats  Prefrontal cortex, anterior CRD — the expression levels of the P2X3 receptor
2015 [8] colonic irritation between postna- (5 days old) cingulate cortex, dorsal root  in the inter-colonic myenteric plexus, dorsal root gan-
tal days 8 and 21 ganglion, spinal cord (L6-S2  glion, spinal cord, prefrontal cortex, and the anterior
segments) cingulate cortex |, the sensitivity of the rats to IBS vis-
ceral pain?
Hasegawa et al., IBS Treated with TNBS on postnatal ~ Timed-pregnant female Wistar rats HPA The time spent in open arms in male MS + TNBS rats
2023 [9] days 8. For no inflammation, rats  (gestation day 16) was significantly higher than that of TNBS rats. MS
were treated with 50% ethanol and gut inflammation induced an increase in plasma
ACTH in female rats but not in male rats at baseline
Chao et al., 2021 IBS Conditioned stimulus (the special ~ Adult female Sprague-Dawley rats Hypothalamus, spinal cord The increasing expression of CRF linked to stress in
[10] odor of camphor ball) & uncondi- lumbar intumescentia the hypothalamus and spinal cord
tioned stimulus (rectal distention
pressure)
Huang et al, IBS Maternal separation Wistar rats (weight: 280-300 g) PVN, BNST MS — firing frequency of CRF neurons in PVN?,
2021 [11] the injection of exogenous GABA into PVN — fir-
ing frequency of CRF neurons in PVN|. GABAergic
BNSTay-PVN circuit in MS micet — the spontaneous
firing frequency of PVN CRF neurons|, the develop-
ment of visceral hypersensitivity|
He et al., 2023 IBS Water immersion-restraint stress Male Kunming mice (7-8 weeks, CeA, LHA Chemogenetic activation of GABAergic neurons in the
[12] weight: 3040 g) CeA-LHA pathway — anxiety, depression-like behav-
ior, and intestinal motility disorder|; GABAergic neu-
rons in the CeA-LHA pathway — the expression of
orexin-A in the LHA |
Panteleev et al., IBS CRD Wistar rats (weight: 280-350 g) VLM The CRD — VLM neuron activity?; Buspirone — the
2018 [13] CRD-induced neuron responses |
Chenetal., 2017 IBS Neonatal maternal separation Male Sprague-Dawley rats (weight: ~ Hippocampus Bilateral intrahippocampal injections of CNQX — the
[14] about 250 g) visceral pain in IBS-like rats|; The expressions of hip-
pocampal GluR2 in IBS-like rats?
Zou et al., 2008 IBS Chronic or acute restraint stress Male Wistar rats (weight: 200 + 20  Hippocampus, frontal cortex ~ Chronic and acute stress rats — the Gai and Gas ex-

[15]

g)

pressions in the hippocampus and the cortex of the
frontal lobe|, the protein expression of a2A-AR|, the
protein expression of norepinephrine reuptake trans-
porter]
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Table 1. Continued.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results
Wang et al, IBS Intragastric instillation of 2.0 mL ~ Male Wistar rats (four weeks post-  Hypothalamus, posterior  IBS model rats — the opacity density of substance P
2006 [16] water at 0—4 °C once a day for 2 natal, weight: 120-150 g) horn of the spinal cord immunoreactive tissues and c-fos protein-positive tis-
weeks sue in the hypothalamus and posterior horn of the spinal
cord?
Zhou et al., 2024 FD Given 0.2 mL 2,4,6- Newborn male rats (ten-day-old) NTS Model rats — AVNS/K252at-NTS-NGF-TrkA-PLC-
[17] trinitrobenzenesulfonic acid ~vl}/PLC-y]/TRPV1] — visceral hypersensitivity |
in 10% ethanol in normal saline
Zhang et al., FD Received a gavage of 0.2 mL of Male Sprague-Dawley pups (seven-  NTS Electroacupuncture — normalized restraint stress-
2020 [18] 0.1% iodoacetamide in 2% su-  day-old) with mother rats induced impairment of gastric slow wave in FD rats;
crose vagal activity?, improved sympathovagal balance; c-
fos-positive cell counts in the NTS1
Hou et al., 2023 FD Received 0.2 mL 0.1% iodoac- Male Sprague-Dawley rats (five- DMV Model mice with ia treament — AVNS-DM V-vagal
[19] etamide in 2% sucrose day-old) nervet, acetylcholinet, NF-kB p65] — visceral hyper-
sensitivity |, gastric emptying|
Biilbiil et al, Stress-induced GI Restraint stress Wistar rats PVN Stress exposure — hypothalamic PVN apelin and CRF
2016 [20] dysfunction levels?, which were negatively and positively corre-
lated with gastric emptying and colon transit, respec-
tively
Dong et al., Stress-induced GI Stress (15 min of tail pinch 34,45 Male C57BL/6J, ChAT-Cre and 5-HTPRN — AChPMV —  Chronic stress+ hypoactivate gastric function — (5-

2023 [21]

dysfunction

min of placing individual mice in

water)

Pet1-Cre mice (8—10 weeks)

stomach circuit

HTPRN — AChPMV —; stomach circuit)]

He et al., 2022
[22]

Stress-induced
intestinal
dysfunction

Chronic unpredictable stress and
acute restraint stress

Male C57BL/6 mice (weight: 25-30
)

LHA, BLA

The melanin-concentrating hormone neurons of the
LHA projected to the BLA

Zhu et al., 2012
[23]

Stress gastric
mucosal damage

Induction of restraint and water
(21 £ 1 °C)-immersion

Adult male Sprague-Dawley rats
(weight: 210-230 g)

LHA, FN

Microinjection of Baclofen into FN — the number of
GABA positive neurons in the LHA| — the expres-
sions of GABAAR 3 1 and GABABR1 in LHA|

Brenner et al.,
2021 [24]

Acute experimental

colitis

Ad libitum access to dextran sul-
fate sodium in tap water for 5 days

Adult male C57Bl6 mice (12-16
weeks old, weight: 25-30 g)

MCC, PI, ACC

Activity of the MCC| — visceral hypersensitivity|,
CRD — the excitability of the PI, somatosensory, and
the rostral ACC
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Table 1. Continued.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results
Teratani et al., Colitis 2% dextran sulfate sodium in CS57BL/6 (WT) mice, NTS The hepatic vagal sensory afferent nerves — NTS —
2020 [25] drinking water BALB/c  mice, Jel, Ly5.1 the vagal parasympathetic nerves and enteric neurons
mice, Foxp3CreERT2 mice,
Cx3crl GFP/GFP transgenic mice,
Rag2-knockout mice and Myd88-
knockout mice (6-8 weeks)
Sun et al., 2018 NEC Fed with increasing doses of Preterm piglets Hippocampus Si-NEC and Co-NEC were associated with different
[26] different types of human donor hippocampal expressed genes; NEC lesions — the pro-
milk and decreasing doses of par- portion of amoeboid microglial cells
enteral nutrition
Zhang et al., NCI Inject 0.5% acetic acid into the = Male and female C57BL/6J mice PVT, IC NCI — c-fos expression and calcium activity upon
2024 [27] colorectum CRD in the ICS"™1 — colorectal visceral painf; the
PVTGM — ICSM — colorectal visceral pain responses
Matisz et al., Acute gut 2% DSS or 3% DSS added to the  Male C57BL6J mice (7-8 weeks) Hippocampus Dextran sodium sulfate concentration on apical den-
2022 [28] inflammation drinking water for 5 days drites in the CA1 hippocampus{ — the proportion of
head spines|
Mumphrey et Anorexia Roux-en-Y gastric bypass surgery ~ Male C57BL6J mice LPBN, NTS, amygdala Obese mouse model of RYGB — calcitonin gene-
al., 2016 [29] related peptide neurons in the external LPBN as well as
neurons in the nucleus tractus solitaries, area postrema,
and medial amygdala?
Mishra et al., Anorexia LPBN astrocyte activation- Male and female Sprague-Dawley LPBN NMDA receptor blockade| — LPBN astrocyte activa-
2024 [30] induced rats (5 weeks) tion — food intake| — anorexia
Helm et al, Anorexia Serotonin or CCK-8 injected in ~ Male Sprague-Dawley rats (weight:  PVN, Accumbens Serotonin or CCK-8 injected in the PVN — ipsilateral
2003 [31] the PVN significantly decreased 350400 g) accumbens dopamine; 5-HT plus CCK injected in com-
ipsilateral accumbens DA bination — dopamine |, extracellular ACh{
Rinaman, 2003 Anorexia CCK-induced Adult male Sprague-Dawley rats Hypothalamic, = amygdala, = Anorexia — Hypothalamic c-fos expression|, neural

[32]

VLM, NTS, PVN

activation in the parabrachial nucleus and amygdala ap-
peared normal; VLM activation — CCK-induced c-fos
expression in NTS lesions and PVN|

Alhadeff et al.,
2015 [33]

Cisplatin-induced

anorexia

Cisplatin-induced

Male Sprague-Dawley rats (weight:
250-265 g)

DVC, LPBN, CeA, NTS

Cisplatin treatment — CeA gene expressions of AMPA
and NMDA glutamate receptorf; In animals injected
with LPBN fluorogold — c-fos-expressing AP cells
in cisplatin-treated animalsf; In the NTS — c-fos-
expressing cells in cisplatin-treated animalst; In the
DVC of animals with CeA-injected fluorogold — c-
fos-expressing neurons in the NTS of cisplatin-treated
rats
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Table 1. Continued.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results
Wang et al, GD 500 pL of 37 °C saline was in- Male C57BL/6] and CRH-Cre mice  PVN, DMV GD induced gastric motility disorders — activation
2023 [34] jected into the balloon with arate  (8-10 weeks old) of PVNCRH peurons; PVNCRH neurons project into
of 0.5 mL/s DMVCAT peurons — regulation of PVNCRH — modu-
lated activity of the PVNCRH — DMVCPAT pathway —
gastric motility disorders induced by GD|
Kim et al., 2020 GD / Male and female C57BL/6, PBN Ingestion and oral and gastric irritation, individual
[35] Pdyncre/+ and Gt PBP®" neurons?; Signs of GD — vagus nerve —»
(Rosa)26Sortm14(CAG- PBPd" neurons — appetite suppression signals
tdTomato)Hze/J] (Ail4) mice (6
weeks)
Min et al., 2011 GD Implanted with intra-gastric bal-  Male Sprague-Dawley rats Hypothalamus, NTS, hip- Gastric distension — BOLD fMRI activity within
[36] loons or intra-gastric catheters pocampus, amygdala, homeostatic regions (the hypothalamus and NTS), non-
thalamus, cerebellum, cin- homeostatic regions (the hippocampus, amygdala, tha-
gulate, insular, motor, and lamus, cerebellum, cingulate, insular, motor, and sen-
sensory cortices sory cortices)?
Hornetal., 2014 Emesis Subdiaphragmatic vagotomy on  Adult musk shrews and adult male DVC, PBN, PVN, BNST Musk shrews-CuSOy (++++)- PVN/BNST-NTS/PBN-
[37] CuSO4 Sprague-Dawley rats vagus nerve-AP-emesis
Billig et al, Emesis Intraperitoneal  injection of  Male ferrets (weight: 1.5-2.0 kg) DVC, PVT, supraoptic nuclei  Intravenous administration of CCK octapeptide —
2001 [38] lithium chloride (LiCl; 86 mg/kg) of the hypothalamus, NTS, neurons of DVC, PVT, supraoptic nuclei of the hy-
CeA, BNST pothalamus, NTS, CeA, and BNST?1
Zhang et al., Constipation Loperamide Adult male Sprague-Dawley rats (6 DMV, NTS Model rats-AVNS — the c-fos expression in both NTS
2021 [39] to 8 weeks old) and DMV, vagal efferent activity
Bhagat et al., HFD High fat diet Timed pregnant Sprague-Dawley rat DMV HFD — the excitability and input resistance of DMV
2015 [40] dams neurons|, fire action potentials|; the tonic activation
of presynaptic group II metabotropic glutamate recep-
tors on inhibitory nerve terminals| — modulation of
GABAergic synaptic transmission|; the size and den-
dritic arborization of gastric-projecting DMV neuronst
Alhadeff  and Food intake / Adult male Sprague-Dawley rats mNTS MNTS GLP-1 R1 — intake of a palatable high-fat diet,
Grill, 2014 [41] (weight: 250-300 g) operant responding for sucrose under a progressive ra-
tio schedule of reinforcement, and the expression of a
conditioned place preference for a palatable food|
Duraffourd et Food intake / Adult male Sprague-Dawley rats (6 DVC, PBN, NTS, PVN, C-fos activation took place in the main hypothalamic

al., 2012 [42]

to 8 weeks, weight: 260-280 g)

LHA, ARC

regions (NTS, PVN, LHA, ARC); Nalox infusion —
induction of c-fos in the DVC, NTS, and PBN
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Table 1. Continued.

Reference

Type of disease

Model induction

Experimental animal information

Neural nuclei/region

Results

Kosugi et al., Food intake / Male and female C57BL/6J mice (3  Hippocampus, LS Food stimulate — (vHip/vCA1~181) — feedingt;

2021 [43] to 12 months old) sated mice-food stimulate — (vHip{/vCA1™~LS|) —
feeding|

Scott et al., 2025 Food intake / C57BL/6J mice HPA axis Chemogenetic excitation of NGO** — food and wa-

[44] ter consumption |, patterns of brain activity associated
with augmented HPA axis activity, and behavioural in-
dices of vigilance. Recurrent excitation of NGOX" —
food intake and lowers body mass|

Huang et al., Food intake / Adult male and female Glplr- NTS NTSCLPIR peuronst — satiety in the absence of aver-

2024 [45] ires-Cre, Ai9, Glplrtm1Ssis and sion, APCLPIR neuronst — strong aversion with food

C57BL/6 J mice (8 weeks old) intake reduction
Kuo et al., 2007 Appetite / Male C57BL/6 mice (16-24 weeks)  ARC, PVT, ventromedial nu-  Peripheral injection of the orexigenic peptide ghrelin

[46]

clei

— signal intensity in key appetite-regulatory regions
of the hypothalamus (ARC, PVT, and ventromedial nu-
clei)?

Fan et al., 2023
[47]

Overeating disorders

Consecutive 11-day restriction +
stress (R + S) cycles

Female rats

PVT

PVT glutamatergic neurons| — abnormal preference
for HPF and excessive food intake in overeating disor-
ders mice|

Qiao et al., 2011
[48]

Gastric motility

Male and female Sprague-Dawley
rats (weight: 250-320 g)

LC, NRM, DMV

LC stimulation — the gastric motility |, blocking the «
receptor on DMV — reverse the effect; NRM stimu-
lation — the amplitude of gastric constriction|, DMV
lesion — abolish the effect

Tebbe et al.,
2005 [49]

Gastric motility

Male Sprague-Dawley rats (weight:
400 £+ 50 g)

ARC, PVN

Microinjection of the non-selective CRF receptor an-
tagonist into the PVN — stimulatory effect of neu-
ronal activation in the ARC by kainate on colonic mo-
tor function|; neurons in the ARC1T — CRF-receptor-
mediated mechanism in the PVN — colonic motility{

Herman et al.,
2009 [50]

Gastric motility

Adult male Sprague-Dawley rats
(weight: 250-350 g)

NTS, DMV

GABA, receptor blockade in the mNTS — gastric
motility?, local inhibitory signaling by NTS interneu-
rons is interposed between vagal afferent nerve fibers
and NTS projection neurons that in turn regulate the
activity of DMV neurons

Nasse, 2014 [51]

GI function

Sprague-Dawley rat pups with dam

NTS

Sensory, integrative, and motor nuclei that are critical
to oromotor and GI function — axonal projections from
the NST to the reticular formation and from the reticu-
lar formation to the hypoglossal motor nucleus (mXII)
persist
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Table 1. Continued.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results
Malloy et al., GI rhythms / Male wild-type Sv/129 mice SCN When animals are presented with food ad libitum, sur-
2012 [52] gical ablation of the SCN — abolishes circadian lo-
comotor, feeding, and stool output rhythms, while re-
stricted feeding reestablishes these rhythms temporar-
ily
Biilbiil and GI dysmotility Exposed to maternal separationin ~ Adult male Wistar rats (weight: LC, PVN, CeA, DMV NPSR expression was detected in CRF-producing
Sinen, 2022 [53] newborn & exposed to chronic  250-300 g) cells of PVN and CeA. NPSR was present in ChAT-
homotypic stress in adulthood expressing neurons in DMV, and nucleus ambiguus in
addition to the TH-positive neurons in C1/A1, and LC
Hermann et al., GI dysmotility Nanoinjection of SDF-1 into the Male and female Long—Evans rats DVC, NTS, DMV Nanoinjection of SDF-1 into the DVC — gastric motil-
2008 [54] DVC (weight: 200400 g) ity ], c-fos-activated neurons in the NTS and DMV1,
CXCR4-immunoreactivity is also intense on microglia
within the DVC, though not on the astrocytes
Zhang et al., GI dysmotility Glucagon Rats Somatic nerve-spinal cord-  Electroacupuncture enhanced vagal activity — the
2017 [55] NTS-DMV-vagus efferent number of c-fos positive cells in DMV and NTS1, —
pathway Gl dysmotility | ; Spinalization — gastric facilitative re-
sponse disappeared; Somatic nerve-spinal cord-NTS-
DMV-vagus efferent pathway
Arima et al., GI failure Induction of brain micro- C57BL/6 mice DMH Model mice — TH+ noradrenergic neuronst-ATP7-
2017 [56] inflammation at specific vessels DMH/third ventricle region/dentate gyrus-vagal nerve-
by cytokine injection p38/MAPKAPK21 — GI failure
Wang et al, Gastric motility Restraint stress combined withir-  Ai9 (RCL-tdT), GAD2-Cre, and DVC, CeA Restraint stress — gastric emptying], gastric motility
2023 [57] disorder regular feeding C57BL/6]J mice (8—10 weeks) and food intake|; CeA GABAergic neuronst; DVC
neurons|; CeASABA neurons and the CeAGABA —
DVC pathway| — gastric movement and gastric emp-
tying?
Zhang et al., Visceral pain Neonatal maternal deprivation Male Sprague-Dawley rats Right hemisphere of IC Expression of P2X3Rs both at mRNA and protein lev-
2018 [58] els in the right hemisphere of IC7; frequency and am-
plitude of miniature excitatory postsynaptic current in
the right hemisphere of ICt
Zhang et al., Gastric pain Performing gastric balloon im- Male and female C57BL/6J mice NTS, LPBN, PVT, prelimbic  Gastric distension — NTS — vagus nerve — lateral
2024 [59] plantation surgery (6-8 weeks) cortex paraventricular nucleus, PVT — prelimbic cortex
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Table 1. Continued.

Reference Type of disease Model induction Experimental animal information Neural nuclei/region Results

Bernanke et al., ANV A novel context was repeatedly Male and female Sprague-Dawley  Frontal cortex, insula, and ANV — c-fos expression of the frontal cortex, insula,

2022 [60] paired with the emetogenic agent  rats PVN of the hypothalamus and PVN of the hypothalamus of males?

LiCl
Holmes et al., Gastric tone and CCK-8s microinjected in the Male Sprague-Dawley rats (weight: DVC CCK-8s micro-injected in the DVC — gastric tone|
2009 [61] esophageal-gastric DVC or applied on the floor of  175-250 g)
reflex the fourth ventricle

Fan et al., 2018 Gastric mucosal Restraint water-immersion stress ~ Male Wistar rats (weight: 220-250 LC Intracerebroventricular injection of c-fos antisense

[62] damage 2) oligodeoxynucleotides and astrocytic toxin L-a-
aminoadipate (L-AA) — the gastric mucosal damage|
— the activation of neurons and astrocytes in the LC|
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somatosensory cortex (SI) and the rostral anterior cingulate
cortex (rACC) during acute colitis effectively diminished
visceral hypersensitivity, anxiety-like behaviors, and vis-
ceral motor responses to CRD. These findings highlight the
mechanistic role of central cortical circuitry in the manifes-
tation of visceral pain and suggest that plasticity in the cin-
gulate cortex may serve as a therapeutic target for intestinal
disorders [8].

2.2 The Insula, Motor, and Sensory Cortices

Prior research has demonstrated that patients with FD
exhibit reduced cortical thickness in various brain regions
compared to healthy controls, with a significant negative
correlation observed between disease duration and corti-
cal thickness in the primary SI [72]. The insular cortex
(IC) is intricately associated with the function of the vis-
ceral autonomic nervous system and plays a role in diges-
tive muscle movements and autonomic regulation of the
GI tract [73]. Blood oxygen level-dependent functional
magnetic resonance imaging (BOLD fMRI) studies in hu-
mans have highlighted the involvement of higher cortico-
limbic structures in the satiation effects of gastric disten-
sion [74]. Additionally, the IC, SI, and motor cortex, iden-
tified as “non-homeostatic” regions, regulate food intake.
An animal study utilized brain imaging to observe global
spatiotemporal changes in BOLD fMRI signals within the
brains of adult male rats during gastric distension, while
continuously monitoring blood pressure. Gastric distension
was found to elevate BOLD fMRI activity in homeostatic
regions, including the IC and the motor and sensory cortices
[36]. Additionally, significant upregulation of P2X3 recep-
tor expression was observed at both the mRNA and protein
levels in the right hemisphere of the IC in rats experienc-
ing chronic visceral pain. Electrophysiological recordings
of synaptic transmission in IC brain slices using the mem-
brane clamp technique revealed a notable increase in the
frequency and amplitude of miniature excitatory postsynap-
tic currents in the right hemisphere of the IC in these rats
[58].

3. Relationship Between Gastrointestinal
Disorders and Hypothalamus-Related Nuclei

The hypothalamus plays a critical role in maintaining
homeostasis by regulating endocrine and autonomic func-
tions, and is also implicated in regulating appetite, weight,
mood, and behavior. It is anatomically divided into four
central regions: anterior, medial, lateral, and posterior.
Dysfunction in any of these specific areas leads to dis-
tinct symptoms [75]. The hypothalamus, particularly the
paraventricular nucleus (PVN), suprachiasmatic nucleus
(SCN), and lateral hypothalamic area (LHA) in the ante-
rior region, is significantly implicated in GI disorders due
to its association with appetite regulation and stress-related
GI conditions. Additionally, the hypothalamic-pituitary-
adrenal (HPA) axis is implicated in the regulation of GI
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function via neuroendocrine mechanisms, and has also been
associated with intestinal inflammation [76,77]. Hyperac-
tivity of the HPA axis has been correlated with synergistic
effects between multiple sclerosis and intestinal inflamma-
tion [9]. Corticotropin-releasing factor (CRF) serves as a
critical regulatory element in the stress response. Increased
expression of CRF in the hypothalamus under stress condi-
tions suggests a pivotal role in the mechanisms underlying
visceral hypersensitivity signal conduction pathways. Chao
etal. [10] quantified CRF levels in the spinal cord and brain
of rats with IBS. CRF expression was present in the hy-
pothalamus and spinal cord, with a higher positive index
observed in IBS rats than in normal rats.

The apelin signaling pathway regulated by the PVN is
a potentially novel pharmacological target for treating func-
tional GI disorders. Following both acute stress (AS) and
chronic heterogenecous stress (CHeS), elevated hypothala-
mic apelin and CRF levels were observed in the PVN mi-
crodialysis fluid of rats. These levels exhibited negative
and positive correlations with gastric emptying and colonic
transit, respectively [20]. Activation of the GABAergic
bed nucleus of the stria terminalis anteroventral (BNSTay)-
PVN circuit in maternally separated (MS) mice was shown
to reduce the spontaneous firing frequency of PVN CRF
neurons, thereby preventing the development of visceral
hypersensitivity. GABAergic neurons projecting from the
BNSTay to the PVN are implicated in developing MS-
induced visceral hypersensitivity, offering new insights into
the neural circuit mechanisms underlying chronic visceral
pain [11]. Malloy ef al. [52] showed the SCN is essen-
tial for maintaining self-sustaining rhythms in the GI tract.
In environments with alternating light-dark cycles and con-
stant darkness, lesions in the SCN of mice disrupt circa-
dian rhythms in locomotor activity, food consumption, fe-
cal counts, and fecal weight.

A recent investigation demonstrated that microin-
jection of baclofen into the cerebellar parietal nucleus
of rats with stress gastric mucosal damage (SGMD) re-
duced GABA-positive neurons within the LHA, and in-
creased LHA-mediated sympathetic discharges in the ven-
tral tegmentum. This physiological response led to vaso-
constriction of the gastric mucosa, thereby exacerbating
SGMD and offering novel insights into the roles of the
cerebellum and hypothalamus in GI disorders [23]. An-
other study employing Fluoro-Gold retrograde tracing in
conjunction with fluorescence immunohistochemistry re-
ported that GABAergic neurons in the central amygdala
(CeA) project to the LHA. Microinjection of a gamma-
aminobutyric acid (GABA) receptor antagonist into the
LHA of mice with IBS alleviated anxiety, depression-
like behaviors, and intestinal motility disorders. In con-
trast, chemogenetic activation of GABAergic neurons in the
CeA-LHA pathway induced anxiety, depression-like be-
haviors, and intestinal motility disorders in IBS mice, while
also inhibiting orexin and its co-expression with GABAA
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receptors in the LHA. These findings suggest the CeA-LHA
GABAergic pathway may play a role in the pathogenesis of
IBS by modulating orexin-A neurons [12].

4. Relationship Between Gastrointestinal
Disorders and Brainstem-Associated Nuclei

4.1 Brainstem Vagus Nerve Complex

As the principal center of the autonomic nervous sys-
tem, the brainstem is integral to regulating internal organ
function, and its impairment can result in GI dysfunction.
The dorsal vagal complex (DVC) of the brainstem encom-
passes the vagus nerve afferent terminals in the nucleus
tractus solitarius (NTS), visceral efferent motor neurons in
the dorsal motor nucleus of the vagus (DMV), and neurons
in the area postrema (AP), all of which are responsible for
neural regulation of digestive function from the oral cavity
to the transverse colon [78,79].

Cholecystokinin (CCK) directly influences brainstem
structures, impacting GI function through its involvement
in vagal-vagal brainstem circuits that convey effector re-
sponses to the GI [80,81]. Microinjection of CCK-8 into
the DVC results in an immediate and transient reduction
in gastric tone, indicating that application of CCK-8 to the
brainstem can stimulate the vagus nerve to mediate gastric
relaxation and temporarily reverse the vagal-gastric reflex
[61].

The DMV is a primary center for innervating the
parasympathetic GI tract, regulating GI activity through
vagal efferents.  Furthermore, the DMV is intercon-
nected with numerous nuclei in the brainstem, suggest-
ing that various levels of central nuclei within the medulla
oblongata may contribute to regulating gastric function
through distinct mechanisms involving the DMV [82,
83]. The stomach receives acetylcholinergic inputs from
the DMV (AChPMY), which are innervated by seroton-
ergic neurons in the dorsal raphe nucleus (5-HTPRN).
The 5-HTPRN 5 AChPMVY s gastric circuit is inhibited un-
der conditions of chronic stress and gastric hypopla-
sia.  Activation of this circuit reverses gastric dys-
function induced by chronic stress, indicating the 5-
HTPRN 5 AChPMY —stomach axis is a critical driver of
stress-related gastric dysfunction. This finding provides
valuable insights into the neural circuitry underlying brain
regulation of gastric function [21].

Additionally, the afferent vagus nerve conveys sen-
sory information from the GI and other visceral organs to
the brainstem via neuronal synapses in the NTS. Nonin-
vasive auricular vagal nerve stimulation (aVNS) has been
shown to enhance colonic transmission in opioid-induced
constipated (OIC) rats through pathways involving the
NTS, DMV, and vagal efferents [39]. This mechanism is
associated with increased c-fos expression in the NTS and
DMV, and enhanced vagal efferent activity. NTS acts as
the primary central nucleus for pain in harmful gastric dis-
tension via the vagus nerve. The prelimbic cortex (PL) is
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involved in the perception of gastric pain, while the lat-
eral parabrachial nucleus (LPBN) and paraventricular tha-
lamic nucleus (PVT) are key sites for synaptic transmis-
sion from the NTS to the PL. Zhang et al. [59] reported
a four-synaptic neuronal circuit connecting the NTS-LPB-
PVT-PL. This circuit transmits gastric injury signals via the
vagus nerve.

Nerve growth factor (NGF) is integral to the patho-
physiology of GI disorders characterized by visceral hy-
persensitivity [84].  The expression levels of NGF,
tropomyosin receptor kinase A (TrkA), phospholipase C-
v (PLC-v), and TRPV1 mRNA were found to be markedly
elevated in the NTS of rats with FD and gastric hypersensi-
tivity, suggesting disruption of the NGF/TrkA/PLC-v sig-
naling pathway [17].

4.2 Other Brainstem-Related Nuclei

Other brainstem nuclei, including the locus coeruleus
(LC), nucleus raphe magnus (NRM), parabrachial nucleus
(PBN), and ventrolateral medulla (VLM), contribute to the
regulation of gastric function through their connections
with the DVC [85]. The LC processes GI signals from the
vagus nerve and the spinal cord, while the NRM modulates
gastric motility via its influence on DVC neurons. The PBN
receives GI input from the NTS and relays this information
to nuclei involved in gastric regulation [48,86]. Further-
more, the NTS maintains fiber connections with the VLM,
which modulates visceral function through sympathetic and
parasympathetic efferent pathways.

Stimulation of the LC and the NRM was shown to sig-
nificantly inhibit gastric motility. Destruction of the DMV
attenuates this effect, and it can also be reversed by blocking
adrenergic a-receptors or 5-HT,4 receptors on the DMV.
Consequently, the LC may function as a bi-directional reg-
ulator of gastric motility via 5-HT,4 and a-receptors on
the DMV [48]. The LPBN and its astrocytes can modu-
late feeding behavior. In obese mice, voluntary feeding
strongly and selectively activates calcitonin gene-related
peptide neurons in the outer LPBN, and neurons in the NTS
and AP [29]. LPBN glutamate signaling is a significant fac-
tor in anorexia nervosa, and can be triggered by activation
of the LPBN [30]. CRD as a pain stimulus enhances VLM
neuronal activity and the descending response, while bus-
pirone suppresses CRD-induced neuronal responses. This
suggests that buspirone can effectively alleviate abdominal
pain symptoms by modulating pain-related VLM neuronal
activity [13].

5. Relationship Between Gastrointestinal
Disorders and Other Subcortical Nuclei

5.1 Hippocampus

The hippocampus functions as a visceral integration
center within the limbic system. It plays a crucial role
in the development of chronic visceral pain and is intri-
cately linked to intestinal inflammation and the regulation
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of gastric motility [87,88]. a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors are glutamate
receptors prevalent throughout the brain. These facilitate
the transmission of pain signals, with Glutamate Receptor
2 (GluR2) being one of their subunits [89]. The expression
of hippocampal GIuR2 was observed to be significantly
elevated in rats exhibiting IBS-like symptoms [14]. Fur-
thermore, bilateral intrahippocampal administration of an
AMPA receptor inhibitor alleviated visceral pain in these
IBS-like rats, thereby contributing to the development of
visceral hypersensitivity.

The hippocampus is strongly associated with intestinal
inflammation, and mice with colitis have fewer CA1 neu-
rons expressing c-fos [28]. Furthermore, necrotizing en-
terocolitis (NEC) lesions in the small intestine have been
shown to correlate with altered hippocampal gene expres-
sion. In pigs with NEC induced by preterm birth, small in-
testine (Si-NEC) and colon (Co-NEC) were associated with
27 and 12 differentially expressed genes (DEGs) in the hip-
pocampus, respectively. These DEGs include genes related
to neuroinflammation and hypoxia, which were upregulated
in Si-NEC pigs [26]. Moreover, the hippocampal gyrus is
particularly vulnerable to stress-related injury, and the on-
set of IBS has been linked to diminished expression of G
protein and a2 A-adrenergic receptor (a2A-AR) in both the
hippocampal gyrus and colon. In a rat model that simulates
IBS through chronic and acute stress (CAS), the expression
of G protein-coupled receptors, such as Gai and Gas, in the
hippocampus was significantly lower compared to the con-
trol group. Moreover, the expression of a2A-AR protein
was also reduced in the CAS group relative to the control
group [15,90].

5.2 Amygdala

A previous study found that resting-state functional
connectivity (rsFC) in the basolateral amygdala and cen-
tral medial amygdala subregions was significantly elevated
in patients with FD compared to healthy individuals [91].
The CeA is an important structure of the limbic system and
plays a significant role in controlling fearful emotions [92].
It also regulates GI function and has been implicated in
anxiety/stress-related GI dysfunctions [93].

To investigate anterograde tracing of the
CeAYABA DVC circuit, Wang et al.  [57] first in-
jected Cre-dependent virus into the unilateral CeA of mice.
By employing the membrane clamp analysis technique,
these authors found that the CeASABADVC pathway
may be involved in regulating gastric dyskinesia under
restraint stress. It was shown that restraint stress delayed
gastric emptying (GE), while activating CeA GABAergic
neurons and inhibiting DVC neurons. Inhibition of the
CeAYABA DV pathway in gastric dyskinesia mice using
optogenetic methods enhanced gastric motility and GE.
In addition, CeA is a potential response site that mediates
the GI side-effects of cisplatin. Notably, the expression
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of AMPA and N-Methyl-D-Aspartate Receptor (NMDA)
glutamate receptor subunits in the CeA was significantly
upregulated following cisplatin-induced anorexia. This
finding indicates that glutamate receptor signaling in
the CeA is crucial for the development of anorexia after
cisplatin treatment [33].

5.3 Thalamus

A clinical study of patients with FD identified in-
creased nodal efficiency and nodal degree centrality in
the anterior thalamus. The rsFC between the right an-
terior thalamus and the left nucleus accumbens was sig-
nificantly associated with scores on the Nepean Dyspep-
sia Symptom Index and the Nepean Dyspepsia Life Qual-
ity Index (NDLQI). Additionally, the nodal efficiency of
the right anterior thalamus showed a significant correlation
with NDLQI scores [94].

IC is implicated in chronic visceral pain in IBS. The
PVT is a crucial relay station for ascending peripheral sig-
nals, transmitting visceral pain signals to the IC [95,96].
Neonatal colonic inflammation (NCT) was found to enhance
c-fos expression and calcium activity in response to CRD
in IC glutamatergic neurons (ICS"™). Modulation of the
glutamatergic” V7€ pathway through optogenetic, chemo-
genetic, or pharmacological methods alters colorectal vis-
ceral pain responses [27]. Furthermore, selective optoge-
netic modulation of PVT projections to the IC influences
colorectal visceral pain, which can be reversed by chemo-
genetic manipulation of downstream ICS", This study used
a mouse model of NCI to identify a novel PVT-IC neural
circuit that plays a critical role in colorectal visceral pain.

6. Discussion

The “brain-gut axis” refers to signaling pathways be-
tween the CNS and GI. GI diseases often manifest as disrup-
tions in brain-gut interactions, which are intricately linked
to brain function. Therefore, elucidating the central mech-
anisms associated with the GI system is of paramount im-
portance. In this review, 56 animal studies that specifically
targeted neural nuclei were analyzed and categorized. Cur-
rent research is predominantly focused on isolated brain re-
gions or functions, with a notable lack of investigation into
the systemic framework and neural circuits. GI dysfunction
is generally not attributable to a single brain region or cir-
cuit. Instead, it may result from an imbalance in the regula-
tory hierarchy of the “cortical-subcortical-brainstem” axis.
The present study highlights that central regulation involv-
ing GI centers is primarily mediated by the cerebral cortex,
particularly the frontal and cingulate cortices. These are
involved in the emotional integration and cognitive mod-
ulation of GI function. Compared to the cortex, subcor-
tical nuclei exhibit a closer association with GI function,
in particular the hypothalamus-related nuclei (e.g., PVN,
LHA), brainstem-related nuclei (e.g.,, DVC, DMV, NTS,
LC, NRM, PBN, VLM), as well as the hippocampal gyrus,
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CeA, thalamus, and other relevant brain regions. These act
as a hub that receives cortical signals and relays them to the
brainstem (Fig. 2). The brainstem, comprising nuclei such
as the DMV and NTS, serves as the primary regulatory cen-
ter that directly interfaces with GI effectors. The regulation
of GI function can thus be conceptualized as following a
comprehensive conduction pathway: cortical-subcortical-
brainstem multilevel neural circuits.

Moreover, the HPA axis plays a crucial role in regu-
lating GI function via neuroendocrine mechanisms, and has
been the focus of significant attention in prior research. Ad-
ditionally, the sensory, motor, endocrine, and feeding cir-
cuits of the GI system are interconnected networks. For
instance, the NTS serves not only as a central transmission
hub for visceral sensations such as pain, but also as a crit-
ical center for regulating vagus nerve activity. It receives
projections from the hypothalamus and exhibits advanced
integrative functions. Functional circuits within this sys-
tem can exert reciprocal influences on one another. The
CRF neurons located in the PVN and the HPA axis play
a role in the development of visceral hypersensitivity and
pain [97]. During stress, activation of the HPA axis in-
hibits appetite-promoting neurons in the arcuate nucleus
while enhancing appetite-suppressing neurons, resulting in
decreased appetite among patients with GI disorders [98].
Consequently, an imbalance in the hierarchical regulation
between cortical and subcortical brainstem structures may
lead to cross-circuit dysfunctions in sensory, motor, en-
docrine, and feeding pathways. Functional abnormalities in
key regulatory nodes may serve as pivotal hubs for multi-
circuit disorders.

The autonomic nuclei function as the central hub and
regulatory center for complex communication between the
brain and the GI tract. Key structures, such as the NTS and
DMV, are essential components of this brain-gut interac-
tion. It has been reported that puerarin can decrease fat ab-
sorption and body weight by shortening jejunal microvilli
through the DMV vagal pathway [99]. The therapeutic ef-
fects of electroacupuncture at ST 36 on glucagon-induced
GI motility disorders are mediated via the somatic motor-
spinal-NTS-DMYV pathway [55]. The regulatory impact of
GI diseases on autonomic nuclei can be conceptualized as
forming a maladaptive “brain-gut” positive feedback loop.
Aberrant signaling triggers the activation of neuronal and
glial cells within the NTS, leading to central sensitization
and disrupted information processing. The sensitized NTS
then conveys inaccurate signals to the DMV, and simulta-
neously receives atypical descending inhibition from lim-
bic and stress-associated brain regions. Consequently, this
leads to diminished and disorganized efferent activity of the
DMV, thereby compromising vagal regulation of GI func-
tion. The spinal cord is integral to neural regulation of GI
function, serving as a crucial conduit between higher brain
centers and GI effectors, as well as functioning as a lower
reflex center. Its various segments exhibit distinct func-
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tional and anatomical divisions. The thoracic region pri-
marily facilitates inhibitory regulation of the sympathetic
nervous system, with its visceral nerves modulating stress
responses by inhibiting GI motility, secretion, and inducing
vasoconstriction [100]. However, research has shown that
the spinal cord, specifically from T8 to T10, is not involved
in the transduction of vomiting signals [37]. The dorsal
horn of the lumbosacral segment is implicated in sympa-
thetic innervation of the pelvic and upper intestinal tracts,
providing innervation to the distal colon and rectum via the
pelvic nerve. Studies have reported a pronounced local in-
flammatory response within the spinal cord in IBS models,
which correlates with the inflammatory status of both the
intestine and higher brain regions. This provides crucial
molecular pathological insights into the mechanisms un-
derlying chronic pain and sensory abnormalities associated
with IBS [8,10]. Consequently, the localization of spinal
cord segment injuries is intricately linked to the specific
type of GI dysfunction observed. Such segment-specific
relationships form the foundational basis for understand-
ing GI management strategies, patterns of visceral pain in-
volvement, and GI manifestations of autonomic nervous
system disorders following spinal cord injury.

This narrative review provides a systematic exami-
nation of the roles played by several key brain regions in
GI diseases. However, certain pertinent areas are insuffi-
ciently addressed within the current scope of discussion.
Clinical trials have demonstrated that basal ganglia nuclei,
including the putamen, caudate nucleus, and globus pal-
lidus, are involved in appetite regulation and can influ-
ence GI hormone levels. Nonetheless, there is a paucity
of animal studies investigating the specific mechanisms by
which these nuclei operate within the brain-gut axis. The
neural circuitry foundations, signaling pathways, and dy-
namic interactions with peripheral metabolic indicators re-
quire further comprehensive investigation. Future research
should incorporate circuit-specific manipulation, in vivo
recording, and multimodal molecular monitoring in animal
models to elucidate the cellular and neural circuit mecha-
nisms that link these neural nuclei to GI disorders. Such
investigations may identify novel therapeutic targets for
interventions in related metabolic and GI diseases [101].
Furthermore, the microbiota-gut-brain (MGB) axis repre-
sents a complex system that facilitates bidirectional com-
munication and dynamic regulation between the gut micro-
biota and host. The gut microbiota produces a range of
metabolites and interacts with the host via neural, immune,
and metabolic pathways, thereby influencing brain function
and maintaining systemic homeostasis [102]. A growing
body of research has highlighted the significant role of the
MGB axis in Alzheimer’s disease [103], stroke [104], de-
pression, anxiety [105], and neurodevelopmental disorders
[106]. Modulation of the MGB axis has been shown to mit-
igate depressive behaviors in stress-induced depressed rats,
reduce brain tissue damage, and restore cognitive function
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[107]. Consequently, the MGB axis is pivotal in regulating
metabolism, immune homeostasis, and CNS function.

The majority of studies reviewed here utilized ro-
dent models (rats and mice), with a minority employing
other mammals such as piglets, musk shrews, and snow
foxes. There is currently a substantial gap in knowledge
regarding the interaction between neural nuclei and GI dis-
eases, and more specifically, there is under-utilization of
non-human primate models. Rodent models are indispens-
able for elucidating the fundamental physiological func-
tions and initial mechanisms of neuronal-gut interactions,
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offering invaluable insights. However, the structural and
social behavioral complexities of rodent nervous systems
differ markedly from those of humans, thereby constrain-
ing the exploration of certain advanced integrative mech-
anisms. Primates, such as macaques, are more closely re-
lated to humans in terms of systematics, cortical complex-
ity, and cognitive function, particularly in regions associ-
ated with advanced integrative brain functions such as the
prefrontal cortex, ACC, and insula. Consequently, it is
imperative that non-human primate models are employed
in research aimed at understanding the integration mech-
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anisms of advanced cognitive functions or complex emo-
tions with GI symptoms. This research paradigm can be
closely integrated with methodologies such as fMRI, cal-
cium imaging, and detailed behavioral analysis, all of which
are essential for successful clinical translation. Future stud-
ies should aim to systematically include cross-species com-
parisons and validations. The establishment of multi-level
evidence chains spanning from rodents to primates should
help mitigate potential biases arising from model singular-
ity. This approach is anticipated to significantly improve
the reliability and success rate for translating fundamental
mechanistic insights derived from animal models into ther-
apeutic strategies for human GI diseases.

Epidemiological data show that the incidence of GI
diseases is markedly higher in women compared to men.
Nonetheless, a pronounced disparity exists in the sex selec-
tion of animal models used in current research. Analysis of
the 56 animal studies reviewed here revealed that the ma-
jority utilized exclusively male rodents. Only a minority
of studies incorporated rodents from both sexes, and even
fewer studies employed specifically female animals. This
predominance of male-focused experimental designs is of-
ten justified by concerns that female hormonal cycles may
introduce confounding variables. However, this approach
systematically underestimates the influence of sex on phys-
iological and pathological GI processes. Consequently, fu-
ture research should systematically integrate sex as a bio-
logical variable in the experimental design, ensuring equal
representation of females and males in the animal models.
Furthermore, the effect of sex hormone fluctuations on the
regulation of the gut-brain axis should also be investigated.
The establishment of more gender-balanced experimental
systems will improve the validity of clinical extrapolation
of research findings. This should in turn provide a more
comprehensive understanding of the pathogenesis of GI dis-
eases and offer crucial evidence for the development of sex-
specific therapeutic strategies.

In recent years, advancements in neuroscience tech-
nology, such as the development and refinement of flu-
orescent micro-optical sectioning tomography (fMOST)
three-dimensional imaging [108], real-time, ultra-large-
scale, high-resolution 3D mesoscope (RUSH3D) in vivo
microimaging [109], viral cis- and retrograde tracing, and
photochemical genetic modulation, have paved the way for
future research. This progress enables a more comprehen-
sive investigation of cortical-subcortical-brainstem multi-
level neural circuits, as well as the cross-organ regulation
of central-GI interactions, thereby facilitating a deeper un-
derstanding of the underlying mechanisms of Gl-brain in-
teractions. Future research should focus on developing real-
time monitoring technologies to simultaneously record in-
testinal metabolites and EEG activity, employing single-
cell sequencing technologies to analyze the microbial re-
sponse mechanisms of specific cell types within the gut-
brain axis, integrating microbiome, metabolome, and neu-
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roimaging markers, and establishing risk prediction mod-
els for brain and intestinal diseases. Additionally, advance-
ments in identifying specific microbial strains or metabo-
lites as therapeutic targets hold the potential for the devel-
opment of personalized intervention strategies.

7. Conclusions

In summary, the central mechanisms of GI diseases
are rooted in the complex, multi-layer neural network of
the brain-gut axis. This review demonstrates that GI func-
tion is regulated by a “cortical-subcortical-brainstem” hier-
archical structure, in which subcortical and brainstem nu-
clei represented by the hypothalamus, NTS, and DMV play
a central hub role. Abnormalities of these nuclei can trigger
central sensitization, disrupt autonomic nervous system bal-
ance, and trigger neuroimmune inflammation, leading to a
vicious cycle and forming the pathological basis of various
GI symptoms.

The limitations of current research are highlighted by
insufficient exploration of system level neural circuits and
microbial interactions, as well as species and sex biases in
animal models. Looking ahead, further advances in this
field will rely on the integration of cutting-edge neuro-
science technologies, the adoption of multispecies compar-
ative research paradigms, and the implementation of sex-
balanced experimental designs. Only through this multidi-
mensional, integrated research strategy can the fine mech-
anisms of brain-gut interactions be fully decoded, allowing
basic research findings to be translated into precise and ef-
fective new treatments for GI diseases.
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