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Imaging the enteric nervous
system

Doriane Hazart®'?, Marwa Moulzir?, Brigitte Delhomme?,
Martin Oheim®! and Clément Ricard*!

tUniversité Paris Cité, CNRS, Saints-Péres Paris Institute for the Neurosciences, Paris, France,
2Doctoral School Brain, Cognition and Behaviour — ED3C - ED 158, Paris, France

The enteric nervous system (ENS) has garnered increasing scientific interest due to
its pivotal role in digestive processes and its involvement in various gastrointestinal
and central nervous system (CNS) disorders, including Crohn’s disease, Parkinson’s
disease, and autism. Despite its significance, the ENS remains relatively underexplored
by neurobiologists, primarily because its structure and function are less understood
compared to the CNS. This review examines both pioneering methodologies that
initially revealed the intricate layered structure of the ENS and recent advancements
in studying its three-dimensional (3-D) organization, both in fixed samples and
at a functional level, ex-vivo or in-vivo. Traditionally, imaging the ENS relied on
histological techniques involving sequential tissue sectioning, staining, and microscopic
imaging of single sections. However, this method has limitations representing
the full complexity of the ENS's 3-D meshwork, which led to the development of
more intact preparations, such as whole-mount preparation, as well as the use of
volume imaging techniques. Advancements in 3-D imaging, particularly methods
like spinning-disk confocal, 2-photon, and light-sheet microscopies, combined
with tissue-clearing techniques, have revolutionized our understanding of the ENS's
fine structure. These approaches offer detailed views of its cellular architecture,
including interactions among various cell types, blood vessels, and lymphatic
vessels. They have also enhanced our comprehension of ENS-related pathologies,
such as inflammatory bowel disease, Hirschsprung's disease (HSCR), and the ENS's
involvement in neurodegenerative disorders like Parkinson’s (PD) and Alzheimer's
diseases (AD). More recently, 2-photon or confocal in-vivo imaging, combined with
transgenic approaches for calcium imaging, or confocal laser endomicroscopy,
have opened new avenues for functional studies of the ENS. These methods enable
real-time observation of enteric neuronal and glial activity and their interactions.
While routinely used in CNS studies, their application to understanding local
circuits and signals in the ENS is relatively recent and presents unique challenges,
such as accommodating peristaltic movements. Advancements in 3-D in-vivo
functional imaging are expected to significantly deepen our understanding of the
ENS and its roles in gastrointestinal and neurological diseases, potentially leading
to improved diagnostic and therapeutic strategies.

KEYWORDS

3-D imaging, histological method, whole-mount preparation technique, in-vivo
imaging, clearing method, intestine

1 Introduction

For a century, the study of the nervous system and the understanding of mental disorders
and neurodegenerative diseases has been almost exclusively focusing on the central nervous
system (CNS). Since the 1960s, however the scientific community has begun to no longer
ignore another part of the nervous system, essential for the proper functioning of the body,
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and located in the digestive tract: the enteric nervous system (ENS)
(Gershon, 1999; Avetisyan et al, 2015; Schneider et al., 2019;
Wattchow et al., 2022; Sharkey and Mawe, 2023). The ENS, a quasi-
autonomous nervous system (which communicate with the CNS but
whose function is independent from it), is composed of hundreds of
millions of neurons and glial cells located all along the intestinal wall.
The ENS forms a concentric, layered and ganglionated meshwork
(Figure 1) that controls the motility and secretions throughout the
digestive tract (Furness, 2012; Wattchow et al., 2022). We distinguish
two layers:

« The myenteric plexus, or Auerbach’s plexus, located between the
two muscularis layers, which modulates the contraction of the
smooth muscles and thus ensures peristalsis and segmentation
(Auerbach, 1862)

o The submucosal plexus, or Meissner’s plexus, located in the
submucosa, which mainly controls the secretory functions of the
gastrointestinal tract (Von Kolliker, 1863; Neckel, 2023)

The ENS can act independently from the central, sympathetic and
parasympathetic nervous systems, but it is also influenced by them.

Crucial for the normal functioning of digestion, nutrient uptake
and immune response, the ENS is involved in numerous pathologic
conditions, too. It can present molecular or structural anomalies
leading to dysfunctions which have been associated with a number of
gastrointestinal pathologies, including, e.g., Hirschsprung’s disease
(HSCR) (Diposarosa et al, 2021; Ji et al., 2021) or chronic
inflammatory bowel diseases (IBD) (Sharkey and Kroese, 2001; Jang
etal., 2018; Mogilevski et al., 2019; Oligschlaeger et al., 2019), the later
include morbus Crohn and ulcerative colitis. Perhaps more surprising,
dysfunctions of the ENS are also observed in certain central
pathologies with no apparent immediate link to the digestive tract,
such as Alzheimer’s (AD) (Rao and Gershon, 2016; Nielsen et al.,
2021) and Parkinson’s diseases (PD) (Rao and Gershon, 2016; Nielsen
et al,, 2021; Horsager et al., 2022; Warnecke et al., 2022), or autism
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spectrum disorders (Rao and Gershon, 2016; Nielsen et al., 2021).
Moreover, many psychological disorders, such as anxiety, may
be linked to ENS via imbalances in the intestinal microbiota (Simpson
et al,, 2021). Notably, the intestinal microbiota, which refers to the
collection of microorganisms living in the digestive tract—including
bacteria, viruses, fungi, and archaea—plays an important role in
digestion, metabolism (synthesis of certain vitamins like B12 and K),
immunity, and protection against pathogens.

Its balance is influenced by diet, medications (notably antibiotics),
and lifestyle. Having drawn significant attention from the scientific
community in recent years, it has been observed that an imbalance in
the intestine microbiota could be associated with various diseases,
such as digestive disorders (IBD), metabolic diseases (diabetes,
obesity), and even neurological disorders via the gut-brain axis. The
interactions of ENS neural functions and the microbial are a vast field
of research, out of focus in this review (see, however for review Cryan
etal,, 2019; Heiss and Olofsson, 2019; Geng et al., 2022).

At the network and cellular level, the CNS is better understood
thanks to a large body of histological and neuroanatomical data that
has been acquired since the development of modern anatomy. Studies
of central pathways have been spurred through microscopy,
electrophysiology and - more recently - optogenetic tools for
stimulating and reading out the function of neuronal circuits and
neuron-glia interaction. In fact, over the past 30 years, neurobiology
has largely benefitted from optical techniques - and, on the contrary,
neuroscience has been a major driving force for optical techniques
now collectively known as “neurophotonics” (Cho et al., 2016; Barros
and Cunha, 2024).

At a macroscopic scale, our understanding of the brain has
advanced significantly through the use of functional imaging
techniques. Among these, functional magnetic resonance imaging
(fMRI) is the most widely used both in research and clinical settings
due to its non-invasive nature and high spatial resolution, which
allows precise mapping of the entire brain. In the hospital,
electroencephalogram (EEG) or positron emission tomography (PET)
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FIGURE 1

Histology of the intestinal wall and anatomy of the enteric nervous system. The intestinal wall is organized into 4 concentric layers: the mucosa,
submucosa, muscularis and serosa. The mucosa, composed of many villi, is the most internal layer, in direct contact with the lumen of the digestive
tract. The submucosa is a highly vascularized connective tissue. It contains the submucosal plexus (Meissner’s plexus). The muscularis is composed of
two layers of smooth muscle whose orientation changes: the inner circular layer and the outer longitudinal layer. Between these two layers lies the
myenteric plexus (Auerbach’s plexus). The serosa is the outermost layer. Modified from Hazart et al. (2024).
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scans are often used. In addition, magnetic resonance imaging (MRI)
techniques can also be used to image the CNS of murine models.
However, these techniques will not be detailed in this review (for more
information, see recent review Schwizer et al, 2006; Hanrahan
etal., 2024).

Similar studies focusing on the ENS have lagged behind. Enteric
circuits have mostly been studied using traditional histological or
immunofluorescence protocols - techniques, which difficultly allow to
apprehend the full complexity of ENS and to account for the diversity
of different cell types and their interactions along the different
intestinal segments. It was only recently that the use of highly resolved,
and functional volume imaging techniques (Berghe et al., 2008;
Schreiber et al., 2014a; Yissachar, 2020; Li et al., 2022 and see below)
(either 3-D imaging of fixed, thick samples using confocal or light-
sheet microscopies, or intravital, functional 2-photon imaging, ...)
have begun to provide new insights into this peculiar nervous system,
its functions and interactions with other constituents of the intestine.

In this review, we will focus on how the development of 3-D
imaging modalities has enabled an increasingly detailed knowledge of
the structure and function of the ENS. This manuscript is organized
as follows: (1), we will describe the traditional histological protocols

10.3389/fnana.2025.1532900

that were developed to study the ENS with bright-field microscopy.
(2), we then focus on the methodological developments that have
enabled scientists to image the connections in between the different
structures of the ENS in 2-D, before, (3), highlighting new optical
imaging methods that reveal the 3-D organization of the ENS in its
full complexity on fixed samples. Finally, (4) we will discuss the latest
developments in ex-vivo and in-vivo optical imaging.

2 Images of a tubular network: from
single ganglia to meshwork

In pathology, clinical neurogastroenterology and fundamental
research, the ENS was mainly studied using classical histological
techniques involving a sequence of steps (Figure 2):

o Slicing. After dissection and fixation, samples are embedded in
paraffin or frozen to be cut into 5- to 7 -pm thin sections. In some
cases, the sample was cut into numbered serial sections.

o Staining. These sections are then stained with conventional
histological stains (e.g., Hematoxylin-Eosin (H&E), Nissl

FIGURE 2

and HuC /D neuronal immunolabeling (red). Scale bar: 25 pm.

2-D histology of the intestine. (A) Left, 7-pm thin transversal section of mouse small intestine stained with Hematoxylin Eosin Saffron (HES). Scale bar
200 pm. Right, magnification view of the region indicated by a dotted square; Me — Meissner’s (submucosal) plexus; Au — Auerbach’s (myenteric)
plexus (in order to find both plexuses in the same field of view, it was necessary to analyze several slices over more than an hour). (B) Mouse intestinal
Swiss roll stained with HES. Scale bar, 1-mm. (C) Fluorescence image of a 7-pm thin mouse intestinal slice showing tissue autofluorescence (grayscale)
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staining, ...) or with immunohistochemistry techniques using
specific antibodies against proteins marking specific cell types or
a pathology-specific targets.

Imaging. The sections are observed by bright-field microscopy for
H&E, or by (confocal) fluorescence microscopy in the case of
immunofluorescence (Figure 2C).

Rendering. The consecutive 2-D images can then be aligned,
dilated and digitally rendered to provide a (pseudo-)
3-D reconstruction.

This method allows visualizing the cell composition, single-cell
morphology, and spatial organization of neurons and glial cells within
the ENS (Figure 2A), and eventually observe pathological changes
(Maia, 20005 Shayan et al., 2004). However, working on thin sections
makes it challenging accurately reconstruct the complex 3-D
ganglionated structure of the ENS.

While 3-D rendering provides a solution, it is a tedious and time-
consuming process prone to errors. Issues such as navigation mistakes,
tissue dilation or rupture, missing slices, misalignments, and
discontinuities can introduce artifacts, complicating the
reconstruction of larger neuronal or glial networks.

However, it is important to note that the 3-D morphology of the
ENS is not well-adapted to be imaged on a single slice, and it also
poses a problem already when looking at single slices. In fact, it is
nearly impossible to analyze and understand such a structure from a
single section. For example, while it is possible to observe single
ganglia, finding both Auerbach’s and Meissner’s plexuses on a single
section is anecdotic. To overcome these limitations, the “Swiss roll”

technique was developed (Moolenbeek and Ruitenberg, 1981; Hazart

10.3389/fnana.2025.1532900

etal,, 2023; Dooley et al., 2024). In this approach, the intestine sample
is incised longitudinally to expose the lumen, then rolled up on itself,
with the luminal side facing inwards. The Swiss roll significantly
increases the observable area and, therefore, the probability of finding
both plexuses in the same field of view. However, it is still not possible
to visualize the entire architecture, or to study the connections of the
ENS with peripheral and central nerves, essential for a better
understanding of this integrated and morphologically complex system
(Figure 2B).

Finally, electronic microscopy can provide ultrastuctural images
of the ENS, but often only small tissue volumes are explored (Delfino
etal., 2024), however, for a bigger samples, block-face reconstruction
was proposed (Nakanishi et al., 2020, 2023; Mantani et al., 2023).
Thus, as we are more interested in multicellular assemblies and larger
tissue volumes, electron microscopy is out of the scope of this review
(see Zhang et al., 2024).

3 2-D whole-mount imaging of the
ENS

As an alternative to slicing up the intestine into 2-D sections, the
“whole-mount” technique (Lebouvier et al.,, 2010) was developed to
study ENS ganglia and their connectivity (Figure 3A). It involves a
careful dissection of the intestinal wall. For this, the intestine is opened
longitudinally. Then, using micro-scissors and micro-forceps, the
mucosa is gently removed to expose the submucosa. If a “whole-
mount” preparation of the submucosal plexus is to be carried out,
because of its inextricable links with certain elements of the

9

Pinning and stretching

N
/

)
Gut biopsy \
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Whole-mount preparation :
ENS ganglia isolation

FIGURE 3

Whole-mount preparation of the Enteric Nervous System. (A) Steps of intestinal whole-mount preparation from biopsies (the same protocol can

be applied on explants). Left, Biopsy performed with biopsy forceps. Top right, Biopsy pinned and stretched flat, submucosa oriented towards
experimenter. Middle right, Separation of submucosa and mucosa layers. Bottom right, Isolated submucosa with submucosal plexus; (B) Myenteric
whole-mount of mouse intestine. Red, A0024 pan tau immunofluorescence labeling; green, HUC/D neuronal immunofluorescent labeling. Scale bar:
50 um. (created with BioRender)
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submucosa, the latter is isolated from the muscularis and pinned and
stretched on its support. On the other hand, to study the myenteric
plexus, it is possible to isolate it from the 2 muscularis by micro-
dissection. This technique, based on relatively difficult dissection, still
does not preserve the tissular environment, yet, the technique can
be applied to various species (Krammer et al., 1994; Nieves-Rios et al.,
2020; Sun et al., 2020; Mazzoni et al., 2021; Kigata et al., 2023; Gomez-
Frittelli et al., 2024).

Also, opposed to sequential slicing, the whole-mount preparation
preserves the ganglia of myenteric or submucosal plexuses, and thus
permits to study their spatial relationship. In most studies, whole-
mount preparations are immunolabeled and subsequently imaged
using confocal laser scanning microscopy (CLSM) for the
identification of different cell types and study their spatial arrangement
(Teixeira et al., 1998; Boesmans et al., 2015b; Huang et al., 2021; Jooss
etal,, 2022) (Figure 3B).

It is also possible to work on living cells using this technique by
carrying out the preparation in a medium that keeps the cells alive. In
this context, it is possible to perform calcium imaging of ENS cells and
record neuronal activity within the various ganglia (Gulbransen and
Sharkey, 2009; Fried and Gulbransen, 2015; Cavin et al., 2023).

The whole-mount technique has also been used to study
alterations in the ENS in IBD (Schneider et al., 2001; Neunlist et al.,
2003; Talapka et al., 2014; Li et al., 2016), HSCR (Watanabe et al., 1999;
Schafer et al., 2003; Taniguchi et al., 2005), or PD (Pouclet et al., 2012;
Phillips et al., 2013), by analyzing morphological alterations in nerve
cells or quantifying variations in neuronal density and distribution in
healthy and diseased conditions.

On the downside, the whole-mount method remains a relatively
time-consuming and requiring technical skills. Furthermore,
fluorescence imaging of whole-mount preparations generally requires
the optimization of immunolabeling protocols due to the sample
thickness. Finally, the extraction of surrounding connective tissue
inevitably leads to a loss of context, altering the 3-D architecture. It is
therefore impossible with this technique to study the enteric neuro-
glial network in its natural habitat.

To better understand the ENS, it is therefore essential to study its
3-D architecture in intact tissue. To this end, many methods have been
developed which involve imaging the ENS from thick tissues.

4 3-D imaging techniques for fixed
intestinal tissue and the ENS

Different approaches are available for imaging the 3-D architecture
of enteric neurons and glia in their native environment. These all
require to image thick samples, which brings about new challenges
both for introducing fluorescent labels and for microscopic imaging.
Unlike the techniques presented earlier, these methods neither involve
sectioning nor dissecting the sample. The integrity of the intestinal
wall is thus maintained.

However, imaging tissue samples thicker than a couple of tens of
pm inevitably faces the challenge of light scattering by the
heterogeneous tissue composition. As classical wide-field and confocal
microscopes rely on ‘ballistic’ (i.e., non-deviated) photons for image
formation, they fail in a regime where many or even most photons are
scattered. Deep tissue imaging hence requires either non-linear
microscopy, typically 2-photon imaging or, (i), chemically modifying
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the sample to counteract the effect of light scattering (an approach
known as “tissue clearing,” see for recent reviews Richardson and
Lichtman, 2015; Neckel et al., 2016; Tainaka et al., 2016, 2018; Ariel,
2017; Tian et al., 2021), and, (ii), using microscopy techniques adapted
to rapidly image large tissue volumes, typically confocal spinning disc
(Graf et al.,, 2005) or light-sheet microscopes (Elisa et al., 2018;
Hillman et al., 2019; Poola et al., 2019).

Building on these advanced imaging strategies, recent studies have
used sophisticated 3-D imaging techniques, tissue clearing and
targeted labeling to refine our understanding of the ENS in both
physiological and pathological contexts. These approaches have
enabled unprecedented visualization of enteric neurons and glia while
preserving tissue integrity, overcoming the limitations of traditional
histological sectioning. By applying these methods to both animal
models and human intestinal biopsies, researchers have significantly
improved ENS mapping, revealing its intricate architecture and
functional alterations in disease states such as cancer, inflammation,
and developmental disorders. The following table (Table 1) summarize
and compare the methodologies employed and the key findings across
these studies.

Advances in imaging and neuronal labeling have largely
transformed the study of the ENS, revolutionizing our understanding
by providing more comprehensive imaging while preserving tissue
integrity and allowing for more in-depth functional analysis. The
studies by Liu et al. (2011, 2013) and Graham et al. (2020) have
improved visualization of glial and neuronal networks, resulting in
deeper and more detailed imaging. Wang et al. (2021) introduced
multicolor viral labeling, enabling the precise tracing of the enteric
plexus, while El-Nachef et al. (2022) and Yuan et al. (2021) proposed
advanced methods for quantifying and mapping neuronal networks.

At the same time, these imaging techniques have led to uncover
the ENS’s involvement in various pathology (Vales et al., 2019)
established for the first time a link between enteric glial cells and
cancer, opening new perspectives in digestive oncology. Sun et al.
(2021) highlighted a protective role of neurodegeneration against
intestinal inflammation, a discovery that could reshape our
understanding of IBD. Yuan et al. (2023) revealed an overlooked effect
of intestinal transit-slowing drugs on the ENS, raising questions about
the long-term administration of certain gastrointestinal treatments.
Finally, Eisenberg et al. (2024) applied 3-D imaging to better
characterizing pediatric colon abnormalities in HSCR.

Together, these studies refine our understanding of the roles of the
ENS—going beyond its motor and nutritional functions—and
demonstrate its involvement in cancer, inflammation, drug effects,
and developmental disorders, providing new diagnostic tools and
therapeutic targets.

5 Label-free 3-D tissue imaging

One difficulty when imaging large tissue volumes is antibody
penetration. An alternative are transgenic mouse models in which
fluorescent proteins are directed to specific cell types using genetic
targeting. Yet another strategy is label-free imaging, which is of
particular interest for (bio-) medical applications, too.

Autofluorescence (AF) detection has already been used for
imaging various parts of the intestine (Castro-Olvera et al., 2024)
upon mono- (Bhattacharjee et al., 2018) and multi-photon excitation
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TABLE 1 3-D imaging of the ENS and their applications.

References Approaches Microscopy @ Species Innovation Application Key findings
3-D reconstruction of nerve
projections within the ENS.
Immunolabeling Improved imaging depth and
Facilitates structural and
Liu et al. (2011) Clearing Confocal Human signal-to-noise ratio for 3-D Neuronal mapping
functional analysis of the
(FocusClear©) analysis of the human ENS.
myenteric and submucosal
plexuses.
First 3-D visualization of the
human enteric glial network in
the colonic mucosa.
First detailed 3-D reconstruction
Identification of a complex and
of the human enteric glial
Immunolabeling interconnected enteric glial
network.
Liu et al. (2013) Clearing Confocal Human Glial mapping network within the mucosa.
Morphometry of 3-D glial cell
(FocusClear©) Assessment of enteric glial cell
density, connectivity, and
number and distribution.
organization.
Improved understanding of the
role of enteric glia in normal and
pathological intestinal functions.
Structural analysis of epithelial
and vascular interfaces.
Application of PACT tissue Improved ultrastructural
Confocal clearing for complex organs like preservation using PACT at
Immunolabeling ENS mapping
Neckel et al. Light-sheet Human the intestine neutral pH.
Clearing (PACT, Pathological
(2016) Transmission Mouse Compatibility of tissue clearing 3-D visualization of myenteric
CLARITY) applications
Electron with classical histology (H&E, and submucosal plexuses.
Azan stain) Integration of tissue clearing
with traditional histology for
pathology research.
Primary cultures of human
Direct interaction between
enteric glial cells to study their
enteric glia and colon cancer
interaction with cancer stem
stem cells.
cells.
Enteric glia activates cancer stem
Murine xenograft models of
Immunolabeling cells and promotes tumor
Vales et al. Human human cancer stem cells to assess
Clearing (iDISCO) | Light-sheet Colorectal cancer | progression.
(2019) Mouse the impact of enteric glial cells on
Cells culture Role of glial cells in colorectal
in-vivo tumorigenicity.
tumorigenesis.
Analysis of paracrine interactions
Potential therapeutic targeting of
between enteric glial cells and
this interaction for colorectal
cancer stem cells using 3-D
cancer treatment.
co-culture systems.
Development of a robust method
for 3-D visualization of the New information on enteric
human ENS without tissue neuronal morphology and
sectioning using light-sheet connectivity.
Immunolabeling
Graham et al. Confocal fluorescence microscopy. Structural analysis | Potential method to study
Clearing (Murray’s Human
(2020) Jear) Light-sheet Significant improvement over of the ENS gastrointestinal diseases
clear
traditional histological involving the ENS.
techniques requiring tissue Easier structural and functional
sectioning and laborious analysis of the ENS.
reconstruction.
(Continued)
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TABLE 1 (Continued)

References

Approaches

Microscopy

Species

Innovation

Application

10.3389/fnana.2025.1532900

Key findings

Identification of neuronal
Adeno-Associated
structures in the proximal
Virus (AAV) Viral labeling and tracing of Functional
Wang et al. enteric plexuses.
labeling Confocal Mouse neuronal circuits of the enteric mapping of the
(2021) Tool for studying neuroplasticity
Clearing plexuses. enteric plexuses
and digestive diseases in animal
(unknown)
models.
Sarm1-mediated
Human
neurodegeneration in the ENS
Immunolabeling Non-
Intestinal reduces colonic inflammation.
Sun et al. (2021) Clearing Light-sheet human
inflammation Neurodegeneration as a strategy
(iDISCOace) primate
to treat IBD (Crohn’s disease,
Mouse
ulcerative colitis).
Novel revelation of intrinsic
Detailed 3-D imaging and
cholinergic innervation of the
reconstruction of the human
human colon.
Immunolabeling colon.
Intestinal Identification of cholinergic
Yuan etal. (2021) | Clearing Confocal Human Specific antibody targeting of
neurotransmission | structures potentially involved in
(CLARITY) human choline acetyltransferase
transit regulation and functional
(hpChAT), enabling mapping of
disorders like irritable bowel
cholinergic innervation.
syndrome.
Visualization of the enteric
Panoptic imaging and neuronal network in a model
Transgenic fish
morphometry of all enteric organism.
El-Nachef et al. model, Neuronal
Light-sheet Zebrafish neurons in the adult zebrafish. Study of ENS development,
(2022) Immunolabeling quantification
Whole-organ integrity, avoiding regeneration, and digestive
Clearing (RIMS)
the need for tissue sectioning. disorders associated with
neuronal abnormalities.
Loperamide reduces cholinergic
innervation in the porcine colon
upon repeated administration.
Immunolabeling
Drug effects on Slowed intestinal transit affects
Yuan et al. (2023) | Clearing Confocal Pig
the ENS neuronal plasticity.
(CLARITY)
May explain certain side effects
associated with prolonged
loperamide use.
New characterization of the ENS
in the pediatric colon affected by
HSCR.
Identification of modifications in
Eisenberg et al. Immunolabeling Developmental
Confocal Human neuronal connectivity and
(2024) Clearing (BABB) disorders
distribution.
Improved diagnosis and
therapeutic approaches for this
developmental disorder.

(Rogart et al., 2008; Orzekowsky-Schroeder et al., 2011; Ricard et al.,
2012; Ogawa et al., 2021) or using dynamic full-field optical coherence
tomography imaging (D-FFOCT) (Durand et al., 2023) in healthy
conditions but also for studying pathologies like HSCR (Aggarwal
etal., 2013).

We recently developed a fast, large-area, 3-D AF and second-
harmonic generation (SHG) imaging technique (Hazart et al., 2023)
using a custom 2-photon spinning-disk microscope (Rakotoson et al.,
2019) that combines the high spatial resolution and depth penetration

Frontiers in Neuroanatomy

of a 2-photon scanning microscope with the large field-of-view and
speed of a light-sheet microscope. In our workflow, the intestinal
sample is firstly submitted to a rapid (effective in a few minutes),
non-toxic tissue clearing protocol (UbiClear®, Delhomme and
Oheim, Patent WO2024089224A1 deposited 2023-10-26).
Subsequently, 2-photon imaging of the rapidly cleared sample allowed
us imaging across the entire mouse intestinal wall, from the serosa to
the crypts, and identifying the various components of the ENS, such
as the myenteric plexus and its neuronal cell bodies, or, in the
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submucosa, the submucosal plexus cells. Likewise, AF imaging
allowed us tracing the connections between the various plexuses and
other cells such as enteric glia. Of note, our technique can be also
be combined with transgenic or immunofluorescence labels and thus
can provide contextual images to specific (immuno-) labels (Hazart
etal,, 2023) (Figure 4).

Although AF is mainly detected under 2-photon microscopys it is
also possible to study AF under CLSM with excitation at 405 nm and
488 nm and we have recently shown that this technique, in addition
to the mouse intestine (Hazart et al., 2023), can also provide detailed
3-D images of human colonic biopsies.

6 Ex-vivo imaging of enteric neuronal
and glial activity

Imaging fixed tissue provides valuable insights into the
organization of the ENS at the cellular and sub-cellular scale as well as

Auerbach plexus

FIGURE 4

3-D autofluorescence imaging of the mouse intestine.

(A) Autofluorescence images of a mouse small intestine sample at
different depths. (B) Maximum-intensity projection over 34 pm of a
z-stack of the small intestine wall of a choline acetyltransferase
(ChAT) tdTomato mouse. Red, cholinergic neurons; green, HuC/D
neuronal nuclei immunofluorescent labeling. (C) 3-D reconstruction
from autofluorescence images of a mouse small intestine wall
highlighting the Auerbach’s plexus. The white dots are most likely
lipofuscin. Images were taken on a ZEISS LSM710 scanning confocal
microscope (A,B) and on a custom 2-photon spinning-disk
microscope (Hazart et al., 2023) (C). Optical clearing was performed
with UbiClear. Scale bar: 50 pm.
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its pathological malformations. Yet, it is not possible to obtain
functional information about the ENS or to study the roles of
individual cell types in the network.

To overcome this shortcoming, more and more laboratories
employ transgenic mouse models expressing genetically encoded
calcium (Ca*') indicators (GECIs) combined with confocal or
2-photon Ca** imaging (Boesmans et al., 2015a, 2018; Fung and
Vanden Berghe, 2020).

Depending on the cellular (or even sub-cellular) targeting
strategy, Ca** imaging with GEClIs is essential for understanding
how identified population of neurons and glial cells interact to
coordinate gastrointestinal functions. Some of these studies are
based on the use of a device that permits an ex-vivo observation
after intestinal resection to understand cellular mechanisms, such
as mitochondrial Ca®* uptake (Berghe et al., 2002), the activation
of sensory neurons in the spontaneous colonic migratory motor
complex (CMMC) (Hennig et al., 2015), or the modulation of
neuronal activity (Bayguinov et al., 2010; Swaminathan et al., 2019;
Li et al.,, 2022). In addition, studies focusing on glial cells have
shown their role in the regulation of gastrointestinal homeostasis
(Boesmans et al., 2013, 2015b, 2019).

A more recent ex-vivo calcium imaging technique using voltage-
sensitive dyes has also been used on the ENS (Elfers et al., 2025). This
technique simultaneously records changes in membrane potential in
real time, providing direct information on neuronal excitability and
synaptic transmission using voltage-sensitive dyes, and fluctuations in
intracellular calcium using the usual calcium indicators.

Different ex-vivo preparations have been published to study
intestinal motility. For this, after intestine resection, an elaborate
perfusion device, in an organ bath, has been used, along with fine
dissection techniques. This device has made it possible to demonstrate
the existence of different repeated patterns of intestinal contraction. It
has also been employed in pharmacological experiments to evaluate
how certain drugs influence intestinal motility (Schreiber et al,
2014a, 2014b).

Similar ex-vivo devices maintaining stretches of the intestine alive
for a limited time have been used in multimodal neuro-immune-
microbiota crosstalk studies that enabled to uncover the close links of
the ENS response to changes in the microbiota, whether or not related
to an immune reaction, as in IBD (Yissachar et al., 2017; Yissachar,
2020; Gagliardi et al., 2021; Naim et al., 2024).

7 In-vivo imaging of enteric neuronal
and glial activity

Although the above studies on explants have provided interesting
new insights into activity motility patterns and roles of the microbiota,
longitudinal or long-term functional studies require more intact
preparations. In this context, in-vivo imaging techniques, similar to
those used recently for the CNS, can provide relevant functional data.
These include 2-photon imaging studies on intestinal segments after
laparotomy (Goto et al., 2013; Kolesnikov et al., 2015), the use of an
abdominal optical window (Rakhilin et al., 2016; Jiang et al., 2024), as
well in-vivo Ca®* imaging approaches (Ralkhilin et al., 2016; Motegi
etal, 2020; Nishimura et al., 2020; Jiang et al., 2024) and confocal laser
endomicroscopy (Samarasena et al.,, 2016; Shimojima et al., 20205
Harada et al., 2021).
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Like in other areas of neuroscience, the use of in-vivo 2-photon
and 3-photon imaging has proven necessary for the detailed
observation of small, subcellular structures that are not located near
the surface of the preparation (Choi et al., 2018). The non-linear
excitation confinement together with the efficient use even of scattered
fluorescence (Oheim et al., 2001) allows routine imaging several
hundred micrometers deep in intact intestinal tissue.

In-vivo imaging of more intact preparations goes along with
often complex and invasive surgical protocols. Usually, a laparotomy
is performed to expose part of the intestine outside the abdominal
cavity for 2-photon imaging. Laparotomy derives from the Greek
words lapara, meaning flank, and tomy, meaning incision. In
surgical practice, this translates to a big incision in the abdomen to
gain access to the peritoneal cavity. Usually, a standard laparotomy
is an incision made in the midline along the linea alba. This
technique revealed, for example the ability of ENS tissue to rebuild
after injury (Goto et al., 2013) but also allowed investigating the
immune response in the intestinal mucosa and the interactions
between different types of epithelial cells and haematopoietic cells
(Kolesnikov et al., 2015).

Another approach involves implanting an abdominal optical
window for long-term in-vivo imaging (Rakhilin et al., 2016; Jiang
et al., 2024). However, the first abdominal windows had the
disadvantage of not holding the intestine in place. As a result, with
gravity, the intestine very often adhered to the coverslip, leading to
intestinal obstruction or chronic inflammation followed by the
death of the individual. In addition, as the abdominal area was
subject to mechanical stress and directly accessible to the individual
(e.g., during grooming), leading to the detachment or rupture of the
coverslip. Finally, peristaltic movements (sequential contraction of
the muscles of the digestive tract allowing the food bolus to
progress), heartbeats and respiratory movements can compromise
the ability to perform high-resolution imaging of the ENS, although
such movement artefacts can, in part, be counteracted by motion-
triggered acquisitions.

In response to these challenges, some laboratories have improved
the abdominal optical window device, creating devices with 3-D
elements (‘clips’) that hold the intestine in place in the abdominal
cavity and stabilize it in an attempt to reduce physiological movements
of the intestine. This not only reduces animal mortality, but also allows
for long-term monitoring. Combined with 2-photon imaging or
in-vivo confocal imaging using long working distance objectives,
detailed 4-D (3-D + time) imaging is then possible (Rakhilin et al.,
2016; Jiang et al., 2024).

In addition, with either laparotomy and abdominal optical
window combinations of 3-D morphological and in-vivo Ca*" imaging
are possible (Rakhilin et al., 2016; Motegi et al., 2020). Similarly,
in-vivo Ca** imaging and EEG have been associated to gain a better
understanding of the interactions between the vagus nerve and the
ENS (the gut-brain axis) (Nishimura et al., 20205 Jiang et al., 2024).

Finally, confocal laser endomicroscopy is another in-vivo imaging
approach that has been employed for both human and animal models.
Similar to classical CLSM, it involves focusing a low-power laser beam
and scanning an area point by point to create a 3-D image. The main
difference is that the endoscope optics relays the imaging plane inside
the intestine. The laser beam then excites exogenous fluorescent agents
(e.g., NeuroTrace®©, Cresyl Violet) administered either topically or
systemically. This technique can therefore be used to visualize
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neuronal cells and nerve fibers of the ENS. However, compared with
2-photon imaging, the spatial resolution remains low, limited mainly
by the typically lower numerical aperture and by peristaltic
movements. Nevertheless, microendoscopy is effective for diagnosing
pathologies, such as Hirschsprung’s disease, which is characterized by
a near-total absence of enteric neurons in the terminal part of the
colon (Samarasena et al., 2016; Shimojima et al., 2020; Harada
etal., 2021).

Taken together, a growing body of ENS in-vivo imaging studies
starts to unravel the details of intestinal physiology.

In-vivo imaging currently is the only way to study the function
and interactions of different cell types in the intestine. However,
experimental difficulties, ethical issues and the often reduced spatial
resolution due to movement artefacts make in-vivo imaging much less
effective for than in-vitro studies for detailed 3-D morphological
investigations of the ENS and for detecting potentially subtle,
pathological alterations at cellular and sub-cellular resolution.
Another important question is that of the relevance of the animal
model. Do the predominantly used mice and accessible intestinal
segments adequately describe the anatomy and physiology? Are there
important differences to the ENS in humans? In the case of
neurodegenerative diseases, which by definition evolve on the long
term and are most often manifest only at an advanced age, the lifespan
of the animal model might be too short for a “natural” development
and observation of disease progression. Genetic or pathogen-induced
animal models on the other hand replicate some, but not all forms of
human disease. What is more, the animal models used for
understanding these diseases evolve in highly controlled environments
(food, cage, limited social interactions, often poor environment), far
removed from the environmental challenges and lifestyle of human
beings. Yet the development of diseases, like PD or autism, is
multifactorial and animal models remain a poor proxy for the
human etiology.

While animal tissues are more easily available, their relevance to
human diseases is limited by physiological differences, as showcased
above. Furthermore, obtaining human tissue samples is highly
regulated, constrained by numerous ethical and legal rules. Post-
mortem samples or biopsies provide invaluable insights into human-
specific pathology but may lack temporal resolution for studying
disease progression. For this reason, techniques using induced
pluripotent stem cells (iPSCs) and organoids derived from human
cells have been developed. However, these approaches remain
technically demanding and costly. Animal models, though imperfect,
offer practical advantages in terms of availability, experimental
manipulation, and the ability to observe long-term effects within a
living organism. These differences highlight the complementary roles
tissues and animal models

of human in understanding

human pathologies.

8 Conclusion

To better understand the ENS, its fine morphology and detailed
functions, it remains essential to have access to a large panel of
preparations and techniques. At present, only a combination of
approaches allows studying the ENS at the different temporal and spatial
scales relevant for deciphering its functions. Also, it remains inevitable
to use different observables (molecular, histological, functional). Each
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of these methods provides specific information, helping us to better
appreciated the complexity of the ENS and its role in health and disease.

We have seen that traditional histological techniques provided
crucial information on the structure and organization of the
ENS. However, 2-D observations are unable to capture the complex
morphology of this tubular, multi-layer nervous system and give
limited insight into cellular subtypes and connectivity.

With the “whole-mount” technique, communication between
ganglia is observable, but the study of the ENS remains confined to
distorted and context-free tissue in 2-D, significantly limiting our
understanding of this particularly complex and integrated system. The
development of 3-D imaging techniques has finally enabled high-
resolution studies of the structure of the ENS and its complex network,
including the communication between the 2 plexuses. Nevertheless,
for a full understanding the physiology of the ENS and studying
interactions on the intestine-brain axis, in-vivo imaging remains not
the most effective but also the only technique for the moment.

Author contributions

DH: Data curation, Investigation, Visualization, Writing - original
draft. MM: Writing - review & editing. BD: Conceptualization,
Methodology, Writing — review & editing. MO: Funding acquisition,
Project administration, Supervision, Validation, Writing — review &
editing. CR: Funding acquisition, Project administration, Supervision,
Validation, Visualization, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by grants from the French Agence Nationale de la
Recherche (ANR-23-CE19-0006-01 KIARA), from the Université
Paris Cité (Emergence KLEYA), FranceBiolmaging (a large-scale
national infrastructure initiative, FBI, ANR-10-INSB-04, Investments

References

Aggarwal, A., Jain, M., Frykman, P. K., Xu, C., Mukherjee, S., and Muensterer, O. J. (2013).
Multiphoton microscopy to identify and characterize the transition zone in a mouse model
of Hirschsprung disease. J. Pediatr. Surg. 48, 1288-1293. doi: 10.1016/j.jpedsurg.2013.03.025

Ariel, P. (2017). A beginner’s guide to tissue clearing. Int. J. Biochem. Cell Biol. 84,
35-39. doi: 10.1016/j.biocel.2016.12.009

Auerbach, L. (1862). Uber einen Plexus myentericus, einen bisher unbekannten ganglio-
nervosen Apparat im Darmkanal der Wirbelthiere. Available online at: https://www.
digitale-sammlungen.de/de/view/bsb10367665?page=,1 (Accessed January 29, 2025).

Avetisyan, M., Schill, E. M., and Heuckeroth, R. O. (2015). Building a second brain in
the bowel. J. Clin. Invest. 125, 899-907. doi: 10.1172/JCI76307

Barros, B. J., and Cunha, J. P. S. (2024). Neurophotonics: a comprehensive review,
current challenges and future trends. Front. Neurosci. 18:1382341. doi:
10.3389/fnins.2024.1382341

Bayguinov, P. O., Hennig, G. W., and Smith, T. K. (2010). Calcium activity in different
classes of myenteric neurons underlying the migrating motor complex in the murine
colon. J. Physiol. 588, 399-421. doi: 10.1113/jphysiol.2009.181172

Berghe, P. V., Kenyon, J. L., and Smith, T. K. (2002). Mitochondrial Ca** uptake
regulates the excitability of myenteric neurons. J. Neurosci. 22, 6962-6971. doi:
10.1523/JNEUROSCI.22-16-06962.2002

Berghe, P. V., Tack, J., and Boesmans, W. (2008). Highlighting synaptic communication
in the enteric nervous system. Gastroenterology 135, 20-23. doi: 10.1053/j.gastr0.2008.06.001

Frontiers in Neuroanatomy

10

10.3389/fnana.2025.1532900

for the future) and by the Centre National pour la Recherche
Scientifique (CNRS).

Acknowledgments

The authors thank the HistIM platform
Immunomarquage, Microdissection laser” of Institut Cochin
(INSERM U1016, CNRS UMR 8104, Université Paris Cité) for help

with the HE experiments. Fabrice Licata (Imaging platform) is

“Histologie,

acknowledged for his support. They also thank Boris Lamotte
d’Incamps (SPPIN, CNRS UMR 8003, Université Paris Cité) for his
donation of ChAT-td tomato transgenic mice and Pascal Derkinderen
(CHU Nantes, Nantes Université) and Thibauld Oullier (CHU Nantes,
Nantes Université) for the whole-mount images.

Conflict of interest

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

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

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

Bhattacharjee, S., Satwaha, S., Thornton, K., and Scholz, D. (2018). Label-free imaging
and optical characterization of tissues based on autofluorescence. ACS Omega 3,
5926-5930. doi: 10.1021/acsomega.8b00678

Boesmans, W., Hao, M. M., and Berghe, P. V. (2015a). Optical tools to investigate cellular
activity in the Intestinal Wall. ] Neurogastroenterol Motil 21, 337-351. doi: 10.5056/jnm15096

Boesmans, W., Hao, M. M., Fung, C,, Li, Z., Van den Haute, C., Tack, J., et al. (2019).
Structurally defined signaling in neuro-glia units in the enteric nervous system. Glia 67,
1167-1178. doi: 10.1002/glia.23596

Boesmans, W., Hao, M. M., and Vanden Berghe, P. (2018). Optogenetic and
chemogenetic techniques for neurogastroenterology. Nat. Rev. Gastroenterol. Hepatol.
15, 21-38. doi: 10.1038/nrgastro.2017.151

Boesmans, W., Lasrado, R., Vanden Berghe, P, and Pachnis, V. (2015b). Heterogeneity
and phenotypic plasticity of glial cells in the mammalian enteric nervous system. Glia
63, 229-241. doi: 10.1002/glia.22746

Boesmans, W., Martens, M. A., Weltens, N., Hao, M. M., Tack, J., Cirillo, C., et al.
(2013). Imaging neuron-glia interactions in the enteric nervous system. Front. Cell.
Neurosci. 7:183. doi: 10.3389/fncel.2013.00183

Castro-Olvera, G., Baria, E., Stoliarov, D., Morselli, S., Orlandini, B., Vanoni, M.,
etal. (2024). A review of label-free photonics-based techniques for cancer detection
in the digestive and urinary systems. J. Phys. Photonics. 7:ad8613. doi:
10.1088/2515-7647/ad8613

frontiersin.org


https://doi.org/10.3389/fnana.2025.1532900
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1016/j.jpedsurg.2013.03.025
https://doi.org/10.1016/j.biocel.2016.12.009
https://www.digitale-sammlungen.de/de/view/bsb10367665?page=,1
https://www.digitale-sammlungen.de/de/view/bsb10367665?page=,1
https://doi.org/10.1172/JCI76307
https://doi.org/10.3389/fnins.2024.1382341
https://doi.org/10.1113/jphysiol.2009.181172
https://doi.org/10.1523/JNEUROSCI.22-16-06962.2002
https://doi.org/10.1053/j.gastro.2008.06.001
https://doi.org/10.1021/acsomega.8b00678
https://doi.org/10.5056/jnm15096
https://doi.org/10.1002/glia.23596
https://doi.org/10.1038/nrgastro.2017.151
https://doi.org/10.1002/glia.22746
https://doi.org/10.3389/fncel.2013.00183
https://doi.org/10.1088/2515-7647/ad8613

Hazart et al.

Cavin, J.-B., Wongkrasant, P, Glover, J. B., Balemba, O. B., MacNaughton, W. K., and
Sharkey, K. A. (2023). Intestinal distension orchestrates neuronal activity in the enteric
nervous system of adult mice. J. Physiol. 601, 1183-1206. doi: 10.1113/JP284171

Cho, Y. K., Zheng, G., Augustine, G. J., Hochbaum, D., Cohen, A., Knopfel, T, et al.
(2016).  Roadmap on  neurophotonics. J.  Opt.  18:093007.  doi:
10.1088/2040-8978/18/9/093007

Choi, J., Rakhilin, N., Gadamsetty, P, Joe, D. J., Tabrizian, T., Lipkin, S. M., et al.
(2018). Intestinal crypts recover rapidly from focal damage with coordinated motion of
stem cells that is impaired by aging. Sci. Rep. 8:10989. doi: 10.1038/s41598-018-29230-y

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

Delfino, G., Briand, J. B., Oullier, T., Nienkemper, L., Greig, J., Véziers, ]., et al. (2024).
Characterization of mitochondria-associated ER membranes in the enteric nervous
system under physiological and pathological conditions. Am. J. Physiol. Gastrointest.
Liver Physiol. 326, G330-G343. doi: 10.1152/ajpgi.00224.2023

Diposarosa, R., Bustam, N. A., Sahiratmadja, E., Susanto, P. S., and Sribudiani, Y.
(2021). Literature review: enteric nervous system development, genetic and epigenetic
regulation in the etiology of Hirschsprungs disease. Heliyon 7:¢07308. doi:
10.1016/j.heliyon.2021.e07308

Dooley, S. A., Stubler, R., Edens, R. M., McKee, P. R., Rucker, J. N., and Engevik, A.
(2024). Optimized protocol for intestinal Swiss rolls and immunofluorescent staining of
paraffin embedded tissue. J. Vis. Exp. doi: 10.3791/66977

Durand, T., Paul-Gilloteaux, P., Gora, M., Laboudie, L., Coron, E., Neveu, L., et al.
(2023). Visualizing enteric nervous system activity through dye-free dynamic full-field
optical coherence tomography. Commun. Biol. 6:236. doi: 10.1038/542003-023-04593-9

Eisenberg, J. D., Bradley, R. P, Graham, K. D., Ceron, R. H., Lemke, A. M.,
Wilkins, B. J., et al. (2024). Three-dimensional imaging of the enteric nervous system in
human pediatric Colon reveals new features of Hirschsprungs disease. Gastroenterology
167, 547-559. doi: 10.1053/j.gastro.2024.02.045

Elfers, K., Sehnert, A. S., Wagner, A., Zwirner, U,, Linge, H., Kulik, U,, et al. (2025).
Functional and structural investigation of myenteric neurons in the human Colon.
Gastro. Hep. Adv. 4:100537. doi: 10.1016/j.gastha.2024.08.016

Elisa, Z., Toon, B., De Smedt, S. C., Katrien, R., Kristiaan, N., and Kevin, B. (2018).
Technical implementations of light sheet microscopy. Microsc. Res. Tech. 81, 941-958.
doi: 10.1002/jemt.22981

El-Nachef, W. N, Hu, C., and Bronner, M. E. (2022). Whole gut imaging allows
quantification of all enteric neurons in the adult zebrafish intestine. Neurogastroenterol.
Motil. 34:e14292. doi: 10.1111/nmo.14292

Fried, D. E., and Gulbransen, B. D. (2015). In situ Ca** imaging of the enteric nervous
system. J. Vis. Exp. 95:52506. doi: 10.3791/52506

Fung, C., and Vanden Berghe, P. (2020). Functional circuits and signal processing in
the enteric nervous system. Cell. Mol. Life Sci. 77, 4505-4522. doi:
10.1007/s00018-020-03543-6

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat. Rev.
Gastroenterol. Hepatol. 9, 286-294. doi: 10.1038/nrgastro.2012.32

Gagliardi, M., Monzani, R., Clemente, N., Fusaro, L., Saverio, V., Grieco, G., et al.
(2021). A gut-ex-vivo system to study gut inflammation associated to inflammatory
bowel disease (IBD). Biology 10:605. doi: 10.3390/biology10070605

Geng, Z.-H., Zhu, Y, Li, Q.-L., Zhao, C., and Zhou, P.-H. (2022). Enteric nervous
system: the bridge between the gut microbiota and neurological disorders. Front. Aging
Neurosci. 14:810483. doi: 10.3389/fnagi.2022.810483

Gershon, M. D. (1999). The enteric nervous system: a second brain. Hosp. Pract.
34:153. doi: 10.3810/hp.1999.07.153

Gomez-Frittelli, J., Hamnett, R., and Kaltschmidt, J. A. (2024). Comparison of
wholemount dissection methods for neuronal subtype marker expression in the mouse
myenteric plexus. Neurogastroenterol. Motil. 36:¢14693. doi: 10.1111/nmo.14693

Goto, K., Kato, G., Kawahara, 1., Luo, Y., Obata, K., Misawa, H., et al. (2013). In vivo
imaging of enteric neurogenesis in the deep tissue of mouse small intestine. PLoS One
8:¢54814. doi: 10.1371/journal.pone.0054814

Grif, R., Rietdorf, J., and Zimmermann, T. (2005). “Live cell spinning disk
microscopy” in Microscopy Techniques. ed. J. Rietdorf (Berlin, Heidelberg:
Springer), 57-75.

Graham, K. D,, Lépez, S. H., Sengupta, R., Shenoy, A., Schneider, S., Wright, C. M.,
et al. (2020). Robust, 3-dimensional visualization of human Colon enteric nervous
system without tissue sectioning. Gastroenterology 158, 2221-2235.e5. doi:
10.1053/j.gastro.2020.02.035

Gulbransen, B. D., and Sharkey, K. A. (2009). Purinergic neuron-to-glia signaling in
the enteric nervous system. Gastroenterology 136, 1349-1358. doi:
10.1053/j.gastro.2008.12.058

Hanrahan, J., Locke, D. P, and Cahill, L. S. (2024). Magnetic resonance imaging to
detect structural brain changes in Huntington’s disease: a review of data from mouse
models. J. Huntingtons Dis. 13, 279-299. doi: 10.3233/JHD-240045

Harada, A., Shimojima, N., Kobayashi, M., Kamba, S., Hirobe, S., and
Sumiyama, K. (2021). Visualization of the human enteric nervous system by probe

Frontiers in Neuroanatomy

11

10.3389/fnana.2025.1532900

confocal laser endomicroscopy: a first real-time observation of Hirschsprung’s
disease and allied disorders. BMC Med. Imaging 21:118. doi:
10.1186/512880-021-00648-7

Hazart, D., Delhomme, B., Oheim, M., and Ricard, C. (2023). Label-free, fast,
2-photon volume imaging of the organization of neurons and glia in the enteric nervous
system. Front. Neuroanat. 16:1070062. doi: 10.3389/fnana.2022.1070062

Hazart, D., Rolli-Derkinderen, M., Delhomme, B., Derkinderen, P., Oheim, M., and
Ricard, C. (2024). The gut, a whistleblower, in the early stages of Parkinson’s disease.
Med. Sci. 40, 544-549. doi: 10.1051/medsci/2024082

Heiss, C. N., and Olofsson, L. E. (2019). The role of the gut microbiota in development,
function and disorders of the central nervous system and the enteric nervous system. J.
Neuroendocrinol. 31:¢12684. doi: 10.1111/jne.12684

Hennig, G. W,, Gould, T. W,, Koh, S. D., Corrigan, R. D., Heredia, D. ],
Shonnard, M. C,, et al. (2015). Use of genetically encoded calcium indicators (GECIs)
combined with advanced motion tracking techniques to examine the behavior of
neurons and glia in the enteric nervous system of the intact murine Colon. Front. Cell.
Neurosci. 9:436. doi: 10.3389/fncel.2015.00436

Hillman, E. M. C,, Voleti, V,, Li, W,, and Yu, H. (2019). Light-sheet microscopy in
neuroscience. Annu. Rev. Neurosci. 42, 295-313. doi: 10.1146/annurev-neuro-070918-050357

Horsager, J., Knudsen, K., and Sommerauer, M. (2022). Clinical and imaging evidence
of brain-first and body-first Parkinson’s disease. Neurobiol. Dis. 164:105626. doi:
10.1016/j.nbd.2022.105626

Huang, Z., Liao, L., Wang, Z., Lu, Y,, Yan, W,, Cao, H,, et al. (2021). An efficient
approach for wholemount preparation of the myenteric plexus of rat colon. J. Neurosci.
Methods 348:109012. doi: 10.1016/j.jneumeth.2020.109012

Jang, W. H., Park, A., Wang, T., Kim, C. J., Chang, H., Yang, B.-G., et al. (2018). Two-
photon microscopy of Paneth cells in the small intestine of live mice. Sci. Rep. 8:14174.
doi: 10.1038/s41598-018-32640-7

Ji, Y., Tam, P. K.-H., and Tang, C. S.-M. (2021). Roles of enteric neural stem cell niche
and enteric nervous system development in Hirschsprung disease. Int. J. Mol. Sci.
22:9659. doi: 10.3390/ijms22189659

Jiang, L., Yang, J., Gao, X., Huang, J., Liu, Q. and Fu, L. (2024). In vivo imaging of
vagal-induced myenteric plexus responses in gastrointestinal tract with an optical
window. Nat. Commun. 15:8123. doi: 10.1038/s41467-024-52397-0

Jooss, T., Kuch, B., Zhang, J., Schemann, M., and Nicke, A. (2022). Immunofluorescence
staining of P2X7 receptors in whole-mount myenteric plexus preparations. Methods Mol.
Biol. 2510, 145-156. doi: 10.1007/978-1-0716-2384-8_8

Kigata, T., Koyama, T., Lu, X, and Shibata, H. (2023). Quantitative analysis of the
distribution of the myenteric plexus in the rabbit large intestine. Anat. Histol. Embryol.
52,1029-1033. doi: 10.1111/ahe.12950

Kolesnikov, M., Farache, J., and Shakhar, G. (2015). Intravital two-photon imaging of
the gastrointestinal tract. J. Immunol. Methods 421, 73-80. doi: 10.1016/j.jim.2015.03.008

Kolliker, A.Von (1863). Handbuch der Gewebelehre des Menschen. Leipzig:
Engelmann.

Krammer, H. J., Karahan, S. T, Sigge, W, and Kithnel, W. (1994). Immunohistochemistry
of markers of the enteric nervous system in whole-mount preparations of the human colon.
Eur. J. Pediatr. Surg. 4, 274-278. doi: 10.1055/s-2008-1066117

Lebouvier, T., Coron, E., Chaumette, T., Paillusson, S., Bruley Des Varannes, S.,
Neunlist, M., et al. (2010). Routine colonic biopsies as a new tool to study the enteric
nervous system in living patients. Neurogastroenterol. Motil. 22, ell-el4. doi:
10.1111/j.1365-2982.2009.01368.x

Li, Z., Boesmans, W.,, Kazwiny, Y., Hao, M. M., and Vanden Berghe, P. (2022).
Simultaneous whole-cell patch-clamp and calcium imaging on myenteric neurons. Am.
J. Physiol. Gastrointest. Liver Physiol. 323, G341-G347. doi: 10.1152/ajpgi.00162.2022

Li, S, Fei, G., Fang, X., Yang, X., Sun, X,, Qian, J,, et al. (2016). Changes in enteric
neurons of Small intestine in a rat model of irritable bowel syndrome with diarrhea. J.
Neurogastroenterol. Motil. 22, 310-320. doi: 10.5056/jnm15082

Liu, Y.-A., Chen, Y,, Chiang, A.-S., Peng, S.-]., Pasricha, P. J., and Tang, S.-C. (2011).
Optical clearing improves the imaging depth and signal-to-noise ratio for digital analysis
and three-dimensional projection of the human enteric nervous system.
Neurogastroenterol. Motil. 23, e446-e457. doi: 10.1111/§.1365-2982.2011.01773.x

Liu, Y. A,, Chung, Y. C,, Pan, S. T,, Shen, M. Y., Hou, Y. C., Peng, S. J., et al. (2013). 3-D
imaging, illustration, and quantitation of enteric glial network in transparent human
colon mucosa. Neurogastroenterol. Motil. 25, e324-e338. doi: 10.1111/nmo.12115

Maia, D. M. (2000). The reliability of frozen-section diagnosis in the pathologic
evaluation of Hirschsprung’s disease. Am. J. Surg. Pathol. 24, 1675-1677. doi:
10.1097/00000478-200012000-00013

Mantani, Y., Ohno, N., Haruta, T., Nakanishi, S., Morishita, R., Murase, S., et al.
(2023). Histological study on the reginal difference in the localization of mucosal enteric
glial cells and their sheath structure in the rat intestine. J. Vet. Med. Sci. 85, 1034-1039.
doi: 10.1292/jvms.23-0266

Mazzoni, M., Caremoli, F, Cabanillas, L., De Los Santos, J., Million, M.,
Larauche, M., et al. (2021). Quantitative analysis of enteric neurons containing choline
acetyltransferase and nitric oxide synthase immunoreactivities in the submucosal and
myenteric plexuses of the porcine colon. Cell Tissue Res. 383, 645-654. doi:
10.1007/500441-020-03286-7

frontiersin.org


https://doi.org/10.3389/fnana.2025.1532900
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1113/JP284171
https://doi.org/10.1088/2040-8978/18/9/093007
https://doi.org/10.1038/s41598-018-29230-y
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/ajpgi.00224.2023
https://doi.org/10.1016/j.heliyon.2021.e07308
https://doi.org/10.3791/66977
https://doi.org/10.1038/s42003-023-04593-9
https://doi.org/10.1053/j.gastro.2024.02.045
https://doi.org/10.1016/j.gastha.2024.08.016
https://doi.org/10.1002/jemt.22981
https://doi.org/10.1111/nmo.14292
https://doi.org/10.3791/52506
https://doi.org/10.1007/s00018-020-03543-6
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.3390/biology10070605
https://doi.org/10.3389/fnagi.2022.810483
https://doi.org/10.3810/hp.1999.07.153
https://doi.org/10.1111/nmo.14693
https://doi.org/10.1371/journal.pone.0054814
https://doi.org/10.1053/j.gastro.2020.02.035
https://doi.org/10.1053/j.gastro.2008.12.058
https://doi.org/10.3233/JHD-240045
https://doi.org/10.1186/s12880-021-00648-7
https://doi.org/10.3389/fnana.2022.1070062
https://doi.org/10.1051/medsci/2024082
https://doi.org/10.1111/jne.12684
https://doi.org/10.3389/fncel.2015.00436
https://doi.org/10.1146/annurev-neuro-070918-050357
https://doi.org/10.1016/j.nbd.2022.105626
https://doi.org/10.1016/j.jneumeth.2020.109012
https://doi.org/10.1038/s41598-018-32640-7
https://doi.org/10.3390/ijms22189659
https://doi.org/10.1038/s41467-024-52397-0
https://doi.org/10.1007/978-1-0716-2384-8_8
https://doi.org/10.1111/ahe.12950
https://doi.org/10.1016/j.jim.2015.03.008
https://doi.org/10.1055/s-2008-1066117
https://doi.org/10.1111/j.1365-2982.2009.01368.x
https://doi.org/10.1152/ajpgi.00162.2022
https://doi.org/10.5056/jnm15082
https://doi.org/10.1111/j.1365-2982.2011.01773.x
https://doi.org/10.1111/nmo.12115
https://doi.org/10.1097/00000478-200012000-00013
https://doi.org/10.1292/jvms.23-0266
https://doi.org/10.1007/s00441-020-03286-7

Hazart et al.

Mogilevski, T., Burgell, R., Aziz, Q., and Gibson, P. R. (2019). Review article: the role
of the autonomic nervous system in the pathogenesis and therapy of IBD. Aliment.
Pharmacol. Ther. 50, 720-737. doi: 10.1111/apt.15433

Moolenbeek, C., and Ruitenberg, E. J. (1981). The “Swiss roll”: a simple technique for
histological studies of the rodent intestine. Lab. Anim. 15, 57-60. doi:
10.1258/002367781780958577

Motegi, Y., Sato, M., Horiguchi, K., Ohkura, M., Gengyo-Ando, K., Ikegaya, Y., et al.
(2020). Confocal and multiphoton calcium imaging of the enteric nervous system in
anesthetized mice. Neurosci. Res. 151, 53-60. doi: 10.1016/j.neures.2019.02.004

Naim, G., Romano, H., Amidror, S., Levy, D. J,, Cohen, A., Sochen, C,, et al. (2024).
Optogenetics-integrated gut organ culture system connects enteric neurons dynamics
and gut homeostasis. Biorxiv. doi: 10.1101/2024.03.28.587149

Nakanishi, S., Mantani, Y., Haruta, T., Yokoyama, T., and Hoshi, N. (2020). Three-
dimensional analysis of neural connectivity with cells in rat ileal mucosa by serial block-
face scanning electron microscopy. J. Vet. Med. Sci. 82, 990-999. doi:
10.1292/jvms.20-0175

Nakanishi, S., Mantani, Y., Ohno, N., Morishita, R., Yokoyama, T., and Hoshi, N.
(2023). Histological study on regional specificity of the mucosal nerve network in the
rat large intestine. J. Vet. Med. Sci. 85, 123-134. doi: 10.1292/jvms.22-0433

Neckel, P. H. (2023). Annotated translation of Georg Meissner’s first description of the
submucosal plexus. Neurogastroenterol. Motil. 35:¢14480. doi: 10.1111/nmo.14480

Neckel, P. H., Mattheus, U, Hirt, B., Just, L., and Mack, A. E. (2016). Large-scale tissue
clearing (PACT): technical evaluation and new perspectives in immunofluorescence,
histology and ultrastructure. Sci. Rep. 6, 1-13. doi: 10.1038/srep34331

Neunlist, M., Aubert, P.,, Toquet, C., Oreshkova, T., Barouk, J., Lehur, P. A,, et al.
(2003). Changes in chemical coding of myenteric neurones in ulcerative colitis. Gut 52,
84-90. doi: 10.1136/gut.52.1.84

Nielsen, S. D., Pearson, N. M., and Seidler, K. (2021). The link between the gut
microbiota and Parkinsons disease: a systematic mechanism review with focus on
a-synuclein transport. Brain Res. 1769:147609. doi: 10.1016/j.brainres.2021.147609

Nieves-Rios, C., Alvarez-Falcon, S., Malavez, S., Rodriguez-Otero, J., and
Garcfa-Arraras, J. E. (2020). The nervous system component of the mesentery of the sea
cucumber Holothuria glaberrima in normal and regenerating animals. Cell Tissue Res.
380, 67-77. doi: 10.1007/s00441-019-03142-3

Nishimura, Y., Fukuda, Y., Okonogi, T., Yoshikawa, S., Karasuyama, H., Osakabe, N.,
et al. (2020). Dual real-time in vivo monitoring system of the brain-gut axis. Biochem.
Biophys. Res. Commun. 524, 340-345. doi: 10.1016/j.bbrc.2020.01.090

Ogawa, K., Oshima, Y., Etoh, T., Kaisyakuji, Y., Tojigamori, M., Ohno, Y., et al. (2021).
Label-free detection of human enteric nerve system using Raman spectroscopy: a pilot
study for diagnosis of Hirschsprung disease. J. Pediatr. Surg. 56, 1150-1156. doi:
10.1016/j.jpedsurg.2021.03.040

Oheim, M., Beaurepaire, E., Chaigneau, E., Mertz, J., and Charpak, S. (2001). Two-
photon microscopy in brain tissue: parameters influencing the imaging depth. J.
Neurosci. Methods 111, 29-37. doi: 10.1016/S0165-0270(01)00438-1

Oligschlaeger, Y., Yadati, T., Houben, T., Condello Olivan, C. M., and Shiri-Sverdlov, R.
(2019). Inflammatory bowel disease: a stressed "gut/feeling". Cells 8:659. doi:
10.3390/cells8070659

Orzekowsky-Schroeder, R., Klinger, A., Martensen, B., Blessenohl, M., Gebert, A.,
Vogel, A, et al. (2011). In vivo spectral imaging of different cell types in the small
intestine by two-photon excited autofluorescence. J. Biomed. Opt. 16:116025. doi:
10.1117/1.3655587

Phillips, R. J., Martin, E N, Billingsley, C. N., and Powley, T. L. (2013). Alpha-
synuclein expression patterns in the colonic submucosal plexus of the aging Fischer 344
rat: implications for biopsies in aging and neurodegenerative disorders?
Neurogastroenterol. Motil. 25, e621-e633. doi: 10.1111/nmo.12176

Poola, P. K., Afzal, M. L, Yoo, Y., Kim, K. H.,, and Chung, E. (2019). Light sheet
microscopy for histopathology applications. Biomed. Eng. Lett. 9, 279-291. doi:
10.1007/s13534-019-00122-y

Pouclet, H., Lebouvier, T., Coron, E., Des Varannes, S. B., Neunlist, M., and
Derkinderen, P. (2012). A comparison between colonic submucosa and mucosa to detect
Lewy pathology in Parkinson’s disease. Neurogastroenterol. Motil. 24, €202-¢205. doi:
10.1111/j.1365-2982.2012.01887.x

Rakhilin, N., Barth, B., Choi, J., Mufioz, N. L., Kulkarni, S., Jones, J. S., et al. (2016).
Simultaneous optical and electrical in vivo analysis of the enteric nervous system. Nat.
Commun. 7:11800. doi: 10.1038/ncomms11800

Rakotoson, I, Delhomme, B, Djian, P, Deeg, A., Brunstein, M., Seebacher, C., etal. (2019).
Fast 3-D imaging of brain organoids with a new single-objective planar-illumination two-
photon microscope. Front. Neuroanat. 13:77. doi: 10.3389/fnana.2019.00077

Rao, M., and Gershon, M. D. (2016). The bowel and beyond: the enteric nervous
system in neurological disorders. Nat. Rev. Gastroenterol. Hepatol. 13, 517-528. doi:
10.1038/nrgastro.2016.107

Ricard, C., Vacca, B., and Weber, P. (2012). Three-dimensional imaging of small
intestine morphology using non-linear optical microscopy and endogenous signals. J.
Anat. 221, 279-283. doi: 10.1111/j.1469-7580.2012.01529.x

Richardson, D. S., and Lichtman, J. W. (2015). Clarifying tissue clearing. Cell 162,
246-257. doi: 10.1016/j.cell.2015.06.067

Frontiers in Neuroanatomy

12

10.3389/fnana.2025.1532900

Rogart, J. N., Nagata, J., Loeser, C. S., Roorda, R. D., Aslanian, H., Robert, M. E., et al.
(2008). Multiphoton imaging can be used for microscopic examination of intact human
gastrointestinal mucosa ex vivo. Clin. Gastroenterol. Hepatol. 6, 95-101. doi:
10.1016/j.cgh.2007.10.008

Samarasena, J. B., Ahluwalia, A., Shinoura, S., Choi, K. D., Lee, J. G., Chang, K. ], et al.
(2016). In vivo imaging of porcine gastric enteric nervous system using confocal laser
endomicroscopy &molecular neuronal probe. J. Gastroenterol. Hepatol. 31, 802-807. doi:
10.1111/jgh.13194

Schifer, K.-H., Hagl, C. I., Wink, E., Holland-Cunz, S., Klotz, M., Rauch, U, et al.
(2003). How to approach the ENS: various ways to analyse motility disorders in situ and
in vitro. Eur. J. Pediatr. Surg. 13, 163-169. doi: 10.1055/s-2003-41266

Schneider, J., Jehle, E. C,, Starlinger, M. J., Neunlist, M., Michel, K., Hoppe, S., et al.
(2001). Neurotransmitter coding of enteric neurones in the submucous plexus is
changed in non-inflamed rectum of patients with Crohn’s disease. Neurogastroenterol.
Motil. 13, 255-264. doi: 10.1046/j.1365-2982.2001.00265.x

Schneider, S., Wright, C. M., and Heuckeroth, R. O. (2019). Unexpected roles for the
second brain: enteric nervous system as master regulator of bowel function. Annu. Rev.
Physiol. 81, 235-259. doi: 10.1146/annurev-physiol-021317-121515

Schreiber, D., Jost, V., Bischof, M., Seebach, K., Lammers, W. J., Douglas, R., et al.
(2014a). Motility patterns of ex vivo intestine segments depend on perfusion mode.
World J. Gastroenterol. 20, 18216-18227. doi: 10.3748/wjg.v20.i48.18216

Schreiber, D., Klotz, M., Laures, K., Clasohm, J., Bischof, M., and Schifer, K.-H.
(2014b). The mesenterially perfused rat small intestine: a versatile approach for
pharmacological testings. Ann. Anat. Anatomischer Anzeiger 196, 158-166. doi:
10.1016/j.aanat.2014.02.008

Schwizer, W., Steingoetter, A., and Fox, M. (2006). Magnetic resonance imaging for
the assessment of gastrointestinal function. Scand. J. Gastroenterol. 41, 1245-1260. doi:
10.1080/00365520600827188

Sharkey, K. A., and Kroese, A. B. (2001). Consequences of intestinal inflammation on the
enteric nervous system: neuronal activation induced by inflammatory mediators. Anat. Rec.
262, 79-90. doi: 10.1002/1097-0185(20010101)262:1<79::AID-AR1013>3.0.CO;2-K

Sharkey, K. A., and Mawe, G. M. (2023). The enteric nervous system. Physiol. Rev. 103,
1487-1564. doi: 10.1152/physrev.00018.2022

Shayan, K., Smith, C., and Langer, J. C. (2004). Reliability of intraoperative frozen
sections in the management of Hirschsprung’s disease. J. Pediatr. Surg. 39, 1345-1348.
doi: 10.1016/j.jpedsurg.2004.05.009

Shimojima, N., Kobayashi, M., Kamba, S., Harada, A., Hirobe, S., Ieiri, S., et al. (2020).
Visualization of the human enteric nervous system by confocal laser endomicroscopy in
Hirschsprungs disease: an alternative to intraoperative histopathological diagnosis?
Neurogastroenterol. Motil. 32:¢13805. doi: 10.1111/nmo.13805

Simpson, C. A., Diaz-Arteche, C,, Eliby, D., Schwartz, O. S., Simmons, J. G., and
Cowan, C. S. M. (2021). The gut microbiota in anxiety and depression - a systematic
review. Clin. Psychol. Rev. 83:101943. doi: 10.1016/j.cpr.2020.101943

Sun, H., Gao, W,, Li, H., and Ma, X. (2020). Comparative study of the distribution of
NOS-positive neurons in pigeon intestine. Anat. Histol. Embryol. 49, 563-570. doi:
10.1111/ahe.12562

Sun, Y., Wang, Q., Wang, Y., Ren, W,, Cao, Y., Li, J., et al. (2021). Sarm1-mediated
neurodegeneration within the enteric nervous system protects against local
inflammation of the colon. Protein Cell 12, 621-638. doi: 10.1007/s13238-021-00835-w

Swaminathan, M., Hill-Yardin, E. L., Bornstein, J. C., and Foong, J. P. P. (2019).
Endogenous glutamate excites myenteric Calbindin neurons by activating group
I metabotropic glutamate receptors in the mouse Colon. Front. Neurosci. 13:426. doi:
10.3389/fnins.2019.00426

Tainaka, K., Kuno, A., Kubota, S. 1., Murakami, T., and Ueda, H. R. (2016). Chemical
principles in tissue clearing and staining protocols for whole-body cell profiling. Annu. Rev.
Cell Dev. Biol. 32,713-741. doi: 10.1146/annurev-cellbio-111315-125001

Tainaka, K., Murakami, T. C., Susaki, E. A., Shimizu, C., Saito, R., Takahashi, K, et al.
(2018). Chemical landscape for tissue clearing based on hydrophilic reagents. Cell Rep.
24, 2196-2210.€9. doi: 10.1016/j.celrep.2018.07.056

Talapka, P, Nagy, L. L, Pal, A., Poles, M. Z., Berkd, A., Bagyanszki, M., et al. (2014).
Alleviated mucosal and neuronal damage in a rat model of Crohn’s disease. World J.
Gastroenterol. 20, 16690-16697. doi: 10.3748/wjg.v20.i44.16690

Taniguchi, K., Matsuura, K., Matsuoka, T., Nakatani, H., Nakano, T, Furuya, Y., et al.
(2005). A morphological study of the pacemaker cells of the aganglionic intestine in
Hirschsprung’s disease utilizing Is/ls model mice. Med. Mol. Morphol. 38, 123-129. doi:
10.1007/s00795-004-0283-y

Teixeira, A. F,, Wedel, T., Krammer, H. J., and Kiihnel, W. (1998). Structural differences
of the enteric nervous system in the cattle forestomach revealed by whole mount
immunohistochemistry. Ann. Anat. 180, 393-400. doi: 10.1016/50940-9602(98)80099-X

Tian, T, Yang, Z., and Li, X. (2021). Tissue clearing technique: recent progress and
biomedical applications. J. Anat. 238, 489-507. doi: 10.1111/j0a.13309

Valés, S., Bacola, G., Biraud, M., Touvron, M., Bessard, A., Geraldo, E, et al. (2019).
Tumor cells hijack enteric glia to activate colon cancer stem cells and stimulate
tumorigenesis. EBioMedicine 49, 172-188. doi: 10.1016/j.ebiom.2019.09.045

Wang, L., Challis, C., Li, S., Fowlkes, C. C., Ravindra Kumar, S., Yuan, P.-Q,, et al.
(2021). Multicolor sparse viral labeling and 3D digital tracing of enteric plexus in mouse

frontiersin.org


https://doi.org/10.3389/fnana.2025.1532900
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1111/apt.15433
https://doi.org/10.1258/002367781780958577
https://doi.org/10.1016/j.neures.2019.02.004
https://doi.org/10.1101/2024.03.28.587149
https://doi.org/10.1292/jvms.20-0175
https://doi.org/10.1292/jvms.22-0433
https://doi.org/10.1111/nmo.14480
https://doi.org/10.1038/srep34331
https://doi.org/10.1136/gut.52.1.84
https://doi.org/10.1016/j.brainres.2021.147609
https://doi.org/10.1007/s00441-019-03142-3
https://doi.org/10.1016/j.bbrc.2020.01.090
https://doi.org/10.1016/j.jpedsurg.2021.03.040
https://doi.org/10.1016/S0165-0270(01)00438-1
https://doi.org/10.3390/cells8070659
https://doi.org/10.1117/1.3655587
https://doi.org/10.1111/nmo.12176
https://doi.org/10.1007/s13534-019-00122-y
https://doi.org/10.1111/j.1365-2982.2012.01887.x
https://doi.org/10.1038/ncomms11800
https://doi.org/10.3389/fnana.2019.00077
https://doi.org/10.1038/nrgastro.2016.107
https://doi.org/10.1111/j.1469-7580.2012.01529.x
https://doi.org/10.1016/j.cell.2015.06.067
https://doi.org/10.1016/j.cgh.2007.10.008
https://doi.org/10.1111/jgh.13194
https://doi.org/10.1055/s-2003-41266
https://doi.org/10.1046/j.1365-2982.2001.00265.x
https://doi.org/10.1146/annurev-physiol-021317-121515
https://doi.org/10.3748/wjg.v20.i48.18216
https://doi.org/10.1016/j.aanat.2014.02.008
https://doi.org/10.1080/00365520600827188
https://doi.org/10.1002/1097-0185(20010101)262:1<79::AID-AR1013>3.0.CO;2-K
https://doi.org/10.1152/physrev.00018.2022
https://doi.org/10.1016/j.jpedsurg.2004.05.009
https://doi.org/10.1111/nmo.13805
https://doi.org/10.1016/j.cpr.2020.101943
https://doi.org/10.1111/ahe.12562
https://doi.org/10.1007/s13238-021-00835-w
https://doi.org/10.3389/fnins.2019.00426
https://doi.org/10.1146/annurev-cellbio-111315-125001
https://doi.org/10.1016/j.celrep.2018.07.056
https://doi.org/10.3748/wjg.v20.i44.16690
https://doi.org/10.1007/s00795-004-0283-y
https://doi.org/10.1016/S0940-9602(98)80099-X
https://doi.org/10.1111/joa.13309
https://doi.org/10.1016/j.ebiom.2019.09.045

Hazart et al.

proximal colon using a novel adeno-associated virus capsid. Neurogastroenterol. Motil.
33:€14014. doi: 10.1111/nmo.14014

Warnecke, T., Schifer, K.-H., Claus, 1., Del Tredici, K., and Jost, W. H. (2022).
Gastrointestinal involvement in Parkinson’s disease: pathophysiology, diagnosis,
and management. NPJ Parkinsons Dis. 8:31. doi: 10.1038/s41531-022-00295-x

Watanabe, Y., Ito, F, Ando, H., Seo, T., Kaneko, K., Harada, T, et al. (1999).
Morphological investigation of the enteric nervous system in Hirschsprung’s disease and
hypoganglionosis using whole-mount colon preparation. J. Pediatr. Surg. 34, 445-449.
doi: 10.1016/s0022-3468(99)90496-7

Wattchow, D. A., Smolilo, D., Hibberd, T., Spencer, N. ], Brookes, S. ], De Giorgio, R,, et al.
(2022). The human enteric nervous system. Historical and modern advances. Collaboration
between science and surgery. ANZ J. Surg. 92, 1365-1370. doi: 10.1111/ans.17688

Yissachar, N. (2020). Ménage a trois: regulation of host immunity by enteric neuro-
immune-microbiota cross talks. Curr. Opin. Neurobiol. 62, 26-33. doi:
10.1016/j.conb.2019.10.006

Frontiers in Neuroanatomy

13

10.3389/fnana.2025.1532900

Yissachar, N., Zhou, Y., Ung, L., Lai, N. Y., Mohan, J. E, Ehrlicher, A, etal. (2017). An
intestinal organ culture system uncovers a role for the nervous system in microbe-
immune crosstalk. Cell 168, 1135-1148.e12. doi: 10.1016/j.cell.2017.02.009

Yuan, P.-Q,, Bellier, J.-P,, Li, T., Kwaan, M. R., Kimura, H., and Taché, Y. (2021).
Intrinsic cholinergic innervation in the human sigmoid colon revealed using
CLARITY, three-dimensional (3D) imaging, and a novel anti-human peripheral
choline acetyltransferase (hpChAT) antiserum. Neurogastroenterol. Motil. 33:e14030.
doi: 10.1111/nmo.14030

Yuan, P.-Q, Li, T., Million, M., Larauche, M., Atmani, K., Bellier, J.-P, et al. (2023).
New insight on the enteric cholinergic innervation of the pig colon by central and
peripheral nervous systems: reduction by repeated loperamide administration. Front.
Neurosci. 17:1204233. doi: 10.3389/fnins.2023.1204233

Zhang, X., Qi, F, Yang, J., and Xu, C. (2024). Distribution and ultrastructural
characteristics of enteric glial cell in the chicken cecum. Poult. Sci. 103:104070. doi:
10.1016/j.psj.2024.104070

frontiersin.org


https://doi.org/10.3389/fnana.2025.1532900
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1111/nmo.14014
https://doi.org/10.1038/s41531-022-00295-x
https://doi.org/10.1016/s0022-3468(99)90496-7
https://doi.org/10.1111/ans.17688
https://doi.org/10.1016/j.conb.2019.10.006
https://doi.org/10.1016/j.cell.2017.02.009
https://doi.org/10.1111/nmo.14030
https://doi.org/10.3389/fnins.2023.1204233
https://doi.org/10.1016/j.psj.2024.104070

Hazart et al.

Glossary

3-D - Three-dimension

AAV - Adeno associated virus

AD - Alzheimer’s disease

AF - Autofluorescence

Au - Auerbach’s plexus

Ca* - Calcium

ChAT - Choline acetyltransferase

CLSM - Confocal laser scanning microscopy
CMMC - Colonic migratory motor complex
CNS - Central nervous system

D-FFOCT - Dynamic full-field optical coherence tomography

EEG - Electroencephalogram
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ENS - Enteric nervous system

fMRI - Functional magnetic resonance imaging
GECI - Genetically encoded calcium indicator
H&E - Hematoxylin-Eosin

HES - Hematoxylin-Eosin-Saffron

HSCR - Hirschsprung’s disease

IBD - Inflammatory bowel disease

iPSC - Induced pluripotent stem cell

Me - Meissner’s plexus

MRI - Magnetic resonance imaging

PD - Parkinson’s disease

PET - Positron emission tomography

SHG - Second-harmonic generation

frontiersin.org


https://doi.org/10.3389/fnana.2025.1532900
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

	Imaging the enteric nervous system
	1 Introduction
	2 Images of a tubular network: from single ganglia to meshwork
	3 2-D whole-mount imaging of the ENS
	4 3-D imaging techniques for fixed intestinal tissue and the ENS
	5 Label-free 3-D tissue imaging
	6 Ex-vivo imaging of enteric neuronal and glial activity
	7 In-vivo imaging of enteric neuronal and glial activity
	8 Conclusion

	References

