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Abstract: The recognition and elimination of invading pathogens are vital for host survival. Macrophages
play a central role in host protection and cells functionally reminiscent of vertebrate macrophages are
present in all multicellular organisms. A pattern responsible for bacterial recognition found on the
surface of macrophages is CD14. These cells possess a repertoire of antimicrobial molecules stored
in their granules and lysosomes. Polarization states observed in mammalian macrophages termed
M1 and M2 also likely exist in fish macrophages. Markers for macrophage subtypes are slowly but
definitively emerging in fish species. In the present study cell markers such as CD14, acetylcholine,
alpha 7 acetylcholine nicotinic receptor (nAChR) subtype, the inducible nitric oxidase synthase
(iNOS), and the antimicrobial peptide piscidin 1 are reported for the first time in the intestinal
macrophages of both catfish Heteropneustes fossilis (Bloch, 1794) and the African bonytongue Heterotis
niloticus (Cuvier, 1829) along the anterior and the posterior axis and the concentric muscle layers.
Many antimicrobial effector responses of vertebrate macrophages including respiratory burst and
NO induction are similar across the diverse animal taxa. Antibodies against calbindin coupled with
ones to VAChT and tubulin revealed the localization of myenteric and submucosal plexuses, which
are made up of enteric neurons, glial cells, and nerves near macrophages. Current studies allow for
the elucidation of multiple roles of macrophages in disease models providing an insight into their
in vivo function in fish.

Keywords: cholinergic markers; macrophages; mast cells; piscidin 1; cholinergic mucous cells;
gut; fishes
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1. Introduction

The immune system of all vertebrates is to a larger extent dependent on macrophage-
lineage cells, and while the ontogeny and function of diverse macrophage subsets and
lineages have been studied in mammals [1,2], they remain to be defined in aquatic verte-
brates such as teleost fishes [3]. In fish macrophages with polarized profiles M1 and M2
have been demonstrated. M1 macrophages were activated by microbial infection without
any influence of adaptative immune cells. M2 macrophages having anti-inflammatory
phenotypes were important for cell growth and division [4].

Macrophages and mast cells are regarded as the key regulators of gut physiological
functions. Mast cells are crucial for maintaining gut mucosal homeostasis by contributing
to intestinal functions (including host defense, vascular permeability, and peristalsis) [5,6].
Macrophages play a central role in host protection and many of the antimicrobial ef-
fector responses of vertebrate phagocytes are similar across diverse animal taxa. These
immune cells are a heterogeneous mix of diversified and functionally specialized cell
subsets. Neuron-associated macrophages are important for the survival and homeostasis
of enteric neurons that control gastrointestinal motility and intestinal secretion. Blood
vessel-associated macrophages also ensure blood vessel integrity and regulate blood vessel
permeability [7]. In fish macrophages play critical roles in host protection and homeostasis.
Various mechanisms determine and regulate functional phenotypes of macrophages, in-
cluding antimicrobial host defenses (pro-inflammatory, M1 type) and resolution and repair
functions (anti-inflammatory/regulatory, M2 type) [8]. The M1/M2 paradigm describes
the two major and opposing activities of macrophages.

The intestinal epithelial layer forms a physical barrier between the microbe-rich en-
vironment of the lumen and the mucosal immune system, further aiding in preventing
infection [9]. Epithelial cells have innate immunity functions and detect potential pathogens
through the secretion of cytokines and antimicrobial peptides (AMPs) [10]. Recently,
macrophages have been found in the apical membrane of the intestinal epithelial cells as
well [11], thus suggesting the complex epithelial-macrophage relationship that is critical
for innate immunity within the intestinal tract during infection and maintenance of the
host microbiome.

The teleost fish inflammatory M1 macrophage populations have been the best studied
and shown to rapidly kill pathogens through phagocytosis [12], and the production of reac-
tive oxygen and nitrogen intermediates [13,14]. During injury and/or infection, resident
macrophages detect tissue damage and/or infiltrate pathogens by either extracellular or
intracellular recognition of receptors (PRRs) [15]. They have been classified into five groups
that are TLRs, CLRs, NLRs, RLRs, and ALR.

CD14 (cluster of differentiation 14) is a receptor of LPS that is a component of the outer
membrane of Gram-negative bacteria and the strongest activator of macrophages. It is ex-
pressed on the cell membrane and the endoplasmic reticulum of intestinal macrophages [16]
and is known to serve as a co-receptor for several Toll-like-Receptors (TLRs) [17]. Circu-
lating monocytes and tissue macrophages are typically CD14+ and express chemokine
receptors, adhesion molecules, and TLRs, surface molecules that contribute to the pathogen-
associated molecular pattern recognition at sites of infection and/or inflammation [18,19].
Although the fish receptors that can recognize lipopolysaccharide (LPS) are not so clear,
a recent study demonstrated the recognition of LPS and activation of NF-kB by cytosolic
sensor NOD1 in teleost fish [20]. The transition of monocytes to a tissue-resident phe-
notype has been described in mucosal macrophages where a population of monocytes
sharing CD14 markers is transitioning to a CD14 macrophage phenotype [21].Monocytes
move from flowing blood to the tissues after 1–2 days. When monocytes enter the tissue,
they become known as macrophages and are responsible for fighting foreign bodies or
pathogen and debris by engulfing and inactivating and digesting them in a process known
as phagocytosis.

A critical component of the bi-directional gut-brain communication system is the
expression of the nAChRs. These ligand-gated ion channels serve myriad roles including
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mediating synaptic transmission between autonomic pre- and post-ganglionic neurons,
modulation of neurotransmitter release from peripheral sensory and enteric neurons, and
modulation of cytokine release from immune cells [22]. The nicotinic ACh receptors ex-
pression by autonomic ganglion neurons innervating the gut suggests the presence of
several subtypes that contain alpha 2, 3, 4, 5, beta 2, 4 subunits [23]. The role of the
nAChR alpha 7 subunit in distinct immune cells may differ depending on cell type and
function. In macrophages nAChR alpha 7 subunit, besides decreasing the release of inflam-
matory cytokines, also stimulates the survival and polarization of the anti-inflammatory
M2 phenotype [24,25]. The alpha 7 nAChR has been described as an essential regulator of
inflammation as this receptor mediates the inhibition of the cytokine synthesis through the
cholinergic anti-inflammatory pathway.

The definition of non-neuronal acetylcholine (ACh) was originally proposed by Morris
et al. (1996) [26]. Since then, the expressions of components involved in the cholinergic
system, including acetylcholinesterase (ChAT) and vesicular ACh transporter (VAChT)
have been confirmed in various immune cells including macrophages [27], and epithe-
lial cells [28]. ACh synthesized by immune cells plays a key role in the regulation of
immune function by triggering signals that initiate and terminate cytokine production in
immune cells.

Distribution and molecular signatures of cholinergic tuft cells have been identified by
Schutz et al. (2019) in the human digestive tract [29], and recent studies have demonstrated
more mechanisms for tuft cells in detecting invaders and maintaining epithelial homeosta-
sis [30]. Several studies have demonstrated that most epithelial cells release ACh directly
from cytoplasm rather than concentrate it into vesicles [31]. ACh regulates epithelial cell
proliferation via muscarinic receptors and tuft cell derived ACh participates in maintaining
epithelial homeostasis. The recent localization of ACh in mast cells and the pavement cells
as well as the interaction of the mast cells with eosinophils and the innervation of the latter
by nAChR alpha 2 subunit were correlated with the modulation of the immune function
in fish gill [32]. Both muscarinic and nicotinic cholinergic receptors have been identified
on mast cells [33,34], but the functional expression of nAChR subunits and implication of
cholinergic activation is, however, not known in fishes, and rather limited in mammals [35].
In the latter, the mechanism by which the activation of the nAChR alpha 7 subtype regulates
pro-inflammatory responses is the subject of intense research.

An important function of the gastrointestinal tract is to sense and respond to external
cues. In addition, the interaction between the nervous and immune systems and their
proximity is a dynamic ecosystem beside the microbiome that the gut harbors [36]. The gut
microbiota regulates innate and adaptative immune homeostasis [37]. Having co-evolved
with microbiota, a key feature of intestinal antigen presenting cells is their ability to protect
the body against infection while still maintaining immune tolerance to the normal gut
microbiota. Current information is not available on the regulatory mechanisms of ACh and
the biology of the cholinergic system in fish gut. In mammals, the mechanism of cholinergic
control of epithelial ion transport across the intestine has been investigated [38]. We
report in this first contribution on novel findings about the existence of cholinergic system
components in the immune cells (macrophages and mast cells) and epithelial mucous cells
and the expression of the antimicrobial peptide piscidin 1 in the immune cells of the gut in
two teleost species, the African bonytongue and the Indian catfish.

2. Materials and Methods
2.1. Ethical Statement

Handling and care of animals were conducted following the ethical principles indicated by
the European Union Directive (63/2010/EU) on the use of animals for scientific purposes.

2.2. Animals and Tissue Preparation

Samples of adult Indian catfish (n = 10), 6.4–7.0 cm in total length, were obtained
by a local supplier and kept at our laboratory in aerated aquaria at 25 ◦C with a 12/12 h
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photoperiod. Fish were fed twice a day with commercial aquarium fish food consisting
of spirulina and minerals (ELOS, the Aquarium Company, Valeggio sul Mincio, Italy).
10 specimens of the African bonytongue, 30 cm in total length, originally collected in
the lake Mai-Ndombe (Congo), were acquired from a local dealer. These fishes feed
predominantly on aquatic invertebrates and seeds.

Basic principles of fish transport and the main factors, namely fish species, temperature,
and oxygen content are evaluated based on an analysis of the pertinent literature.

Both the two fish species were euthanized with MS-222 (3% tricaine). The entire
alimentary tract of the two fish was processed for histological and immunohistochemical
analysis [39]. The intestines were immersed in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) pH = 7.4, for 6–8 h. After washing in PBS the intestines were de-
hydrated in graded ethanol, cleared in xylene and embedded in Paraplast (McCormick-
Scientific, St Louis, MO, USA), and cut into 5–10 millimicron sections using a rotary micro-
tome (Leica, RM2135, Wetzlar, Nussloch, Germany) [40,41] and collected on gelatin-coated
microscope slides.

2.3. Immunofluorescence

After being exposed to 2.5% bovine serum albumin (BSA) for an hour, the serial
slices were deparaffinized progressively, rehydrated in PBS and then blocked. In a humid
chamber overnight at 4 ◦C, the sections were incubated with primary antibodies against
CD14, VAChT [42], piscidin 1 [43], nAChr-alpha7, iNOS [44,45], Tubulin [46], Calbindin [47].
After that, each section was assessed separately and in double-label tests. Alexa Fluor
594 donkey anti-rabbit IgG TRITC conjugated and Alexa Fluor 488 donkey anti-mouse
IgG FITC conjugated secondary antibodies were used. The sections were mounted with
Vectashield (Vector Labs, Burlingame, CA, USA) to stop photobleaching, and the cover was
taken off after washing [48]. Experiments were carried out without the primary antibodies
as a negative control. To confirm the immunopositivity of the primary antibodies, rat
intestine tissues were employed as a positive control. The information about antibodies is
summarized in Table 1. Other counter-experiments included the preabsorption of the above
primary antisera with the respective antigens according to the guidelines of the suppliers
leading to the complete elimination of the immunostaining in all the cases.

Table 1. Antibodies used in this study.

Antibody Supplier Dilution Animal Source

CD14 Santa Cruz Biotechnology, Inc., Dallas,
TX, USA 1:200 Mouse

VAChT Sigma-Aldrich, Inc., St. Louis,
MO, USA 1:300 Rabbit

nAChR-alpha7 Alomone Labs, Ltd., Jerusalem, Israel 1:200 Rabbit

iNOS Santa Cruz Biotechnology, Inc., Dallas,
TX, USA 1:200 Mouse

Tubulin Santa Cruz Biotechnology, Inc., Dallas,
TX, USA 1:500 Mouse

Calbindin Sigma-Aldrich, Inc., St. Louis,
MO, USA 1:100 Mouse

Alexa Fluor 488 Donkey anti-Mouse
IgG FITC conjugated Molecular Probes, Invitrogen 1:300 Donkey

Alexa Fluor 594 Donkey anti-Rabbit
IgG TRITC conjugated Molecular Probes, Invitrogen 1:300 Donkey

All primary antibodies were chosen based on previous morphological studies per-
formed on zebrafish (Danio rerio) and other teleost fish species. The characterization,
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specificity, and reliability of the antibodies used in this study and their application in
morphological studies on fish tissues have already been described in detail previously
(see [49]).

2.4. Laser Confocal Immunofluorescence

With the help of a Zeiss LSM DUO confocal laser scanning microscope (Carl Zeiss
MicroImaging GmbH, Jena, Germany, Europe) with a META module, sections were an-
alyzed, and pictures were taken. Two helium-neon lasers (543 and 633 l) and two argon
lasers are included in this microscope (458 and 488 l). A 2048 × 2048 pixel array with an
8-bit resolution was created by digitizing each image. Using helium-neon (543 nm) and
argon (458 nm) lasers with scanning speeds of 1 min and 2 s, optical slices of fluorescence
samples were created. The images were enhanced with Zen 2011 (LSM 700 Zeiss software,
Oberkochen, Germany, Europe) [50,51]. Each photo was taken as soon as possible to pre-
vent photo deterioration. Digital photo cropping was completed in Adobe Photoshop CC
(Adobe Systems, San Jose, CA, USA) to produce the figure composite.

2.5. Transmission Electron Microscopy

Small tissue samples were fixed in 3% glutaraldehyde in PBS, postfixed in 1% osmium
tetroxide, dehydrated in graded acetone, and embedded in Araldite (Fluka, Buchs, Switzer-
land), following routine procedures. Semithin sections, for control purposes, were cut with
an LKB III ultratome, stained with 1% toluidine blue, and observed with a Zeiss Axioskop
2 plus microscope. For TEM, ultrathin sections cut with a Leica ultracut UCT were stained
with uranyl acetate and lead citrate and examined with a Jeol-JEM-1011 working at 80 KV
and equipped with a Gatan ORISUS SC 1000 CCD camera.

2.6. Statistical Analysis

For each sample, five sections and 10 fields were evaluated to gather data for statistical
analysis. The observation fields were chosen based on how well the cells responded. Using
ImageJ software, each field was evaluated [52]. The background was removed, the image
was converted to 8 bits, and the cells were identified using a “Threshold” filter and a mask.
The “Analyze particles” plug-in was then utilized to count the cells. SigmaPlot version
14.0 (Systat Software, San Jose, CA, USA) was used to count the number of macrophages that
were positive for piscidin1, CD14, nAChr-alpha7, and VAChT. The normally distributed
data were analyzed using One-way ANOVA, then Student’s t-test. Data are displayed in
mean values and standard deviation (SD). Statistical significance was given to the following
p values in this order: ** p ≤ 0.01, * p ≤ 0.05.

3. Results
3.1. Intestinal Segmentation and Macrophage Density in the Anterior-Posterior Gut Axis of
African Bonytongue and Indian Catfish

The gastrointestinal tract of both African bonytongue and Indian catfish is organized
along the anterior-posterior (A-P) axis from the esophagus to the distal intestine. The
regionalization of the gut along the A-P axis of the two species, unlike that reported in
zebrafish [53], was not previously studied by differences in molecular, cellular, functional,
and immunological properties. A morphological and structural study on the intestine of
bonytogue is recently reported by Guerrera et al. (2022) [54].

The intestine of Indian catfish is long, coiled, and divided into three parts: proximal,
middle, and distal intestine. The mucosa of the proximal intestine had numerous elongated
and deep finger-like folds called villi, lined with columnar epithelial cells consisting of
absorptive cells and mucous-secreting goblet cells. The stomach of H. fossilis consists of
two parts: cardio-fundic and pyloric. Pyloric caeca are observed in the pyloric region of the
stomach. The distal intestine showed an increase in mucous-secreting goblet cells.

In the African bonytongue the oropharyngeal cavity connects the stomach by a short
esophagus. This latter is adapted to mechanical trituration, and it is divided into a pars
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glandularis and a thick-walled pars muscularis (the gizzard). The gizzard flows into the
anterior intestine and two blind pyloric appendages. The anterior intestine continues
with the middle and posterior tracts up into the rectum. According to the histological
observations, all regions of the alimentary tract have common structural features, typical of
hollow organs, with differences in the mucosa structure that reflects the different functions
of the apparatus, from mouth to anus. H. niloticus, a specie of commercial interest, is
distinguished by individual morphological characteristics showing a digestive tract similar
to that of reptiles and birds [54].

The two studied fish species, such as the zebrafish, have elongated finger-like villi that
project into the luminal space and are lined with a single layer of intestinal epithelial cells
mediating the environmental interface of the gut tube [53,55]. Similar to mammals, the gut
wall contains two muscle layers (circular and longitudinal), which are found surrounding
the myenteric plexus containing intrinsic neurons of the enteric nervous system (ENS) and
associated nerves and neuronal cell bodies as individuals or small groups.

As for previous comparative studies [53], we used a regionalization schema focused
on the morphology and density of macrophages along the various segments of the gut
(Figure 1) by statistical analysis and confocal imaging with double immunolabeling proce-
dures. Interestingly, we noted an increasing anterior-to-posterior gradient of macrophages
in the gut of the two fish species from a uniform density in the anterior intestine to a higher
density in the distal intestine (Figure 1).

African bonytongue and Indian catfish harbor distinct mucosal, submucosal, and
muscularis-associated gut macrophages.

Macrophages carry out diverse functions in the intestine that vary to their anatomical
localization. We found macrophages that localize in the epithelium and subepithelium,
the latter known as the lamina propria. A distinct group of macrophages localizes in
the forefront of the mucosal epithelial barrier of the intestinal epithelium, beneath the
lamina propria, also around the blood vessels and luminal space, between the circular and
longitudinal muscle layers in the tissue region known as the muscularis externa.

3.2. Double Labeling Methods
3.2.1. CD14 and VAChT

Imaging intestines of the two species studied and using double immunolabeling with
antibodies against CD14 and VAChT, enabled observation of distinct cell populations in
both the intestinal mucosa/lamina propria). This antibody pair was used to label intestinal
macrophage phenotypes.

Macrophages containing VAChT immunoreactivity mainly localize in the intestinal
epithelial layers, those immunoreacting to CD14 reside in the subepithelial layers of the
intestine (Figure 2a,b). Differences in cellular morphologies were encountered in the
macrophages located in the outermost intestinal epithelial layers. Few cells immunostained
with VAChT antibody are lined with a single layer of epithelial cells or are seen exposed
to the surface layers. Some cells showing a different morphology are found surrounding
the mucous cells in the outer cell layers (Figure 2c,d). Interestingly, intestinal mucous cells
produce acetylcholine (cholinergic mucous cells) and are labeled by the VAChT antibodies
(Figure 2a).

Blood vessel-associated CD14-positive macrophages were observed in subepithelial
layers. Macrophages in subepithelial localization are seen often in close association with
VAChT-positive nerve fibers (Figure 2e). Macrophages associated with VAChT-positive
nerve fibers are seen spanning the longitudinal muscle, the myenteric plexus, and the
circular muscle (Figure 2f–h). Individual or grouped macrophages can be found extending
their processes that align with the circular muscle. Sometimes more packed macrophages
in the circular muscle show an intimate interaction with VAChT-positive nerve fibers.
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Figure 1. Schematic drawings depicting the morphology of the digestive tract, its segmentation, and
macrophage density in Indian catfish (a) and African bonytongue (b). Colorimetric representation of
macrophage density in the gastrointestinal tract (c). s (stomach); g (gizzard); ai (anterior intestine); pc
(pyloric caeca or blind processes); mi (middle intestine); pi (posterior intestine); r (rectum).

3.2.2. CD14 and nAChR Alpha 7 Subunit

Macrophages were present in all the intestinal epithelial and subepithelial layers
showing distinctive phenotypic markers (CD14 and alpha 7 subunit nAChR). Perivascular
macrophages (PVMs) had close contact with blood vessels and lay on the outer (abluminal)
surface of blood channels or the luminal surface. Figure 3 shows the presence of CD14
immunoreactive macrophages enwrapping a blood vessel (dashed line). Some macrophages
are also found in the lumen showing immunoreactivity for alpha 7 subunit nAChR thus
suggesting the presence of two cell phenotypes presumably involved in vascular integrity.
Other cells showing quite different morphology are immunostained by the CD14 antibody
(Figure 3).
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macrophages with the VAChT-positive nerve endings (asterisk); circular muscle (cc); macrophage of
the enteric system (arrow). (g) H. niloticus. Distal intestine. Macrophages (arrowheads) spanning
the circular muscle (cc) of the intestine highlight the diversity of the phenotype. (h) Macrophages
(arrows) align with the muscle cells (cc). Scale bar (a–h) = 20 nm.

3.2.3. Secretion of the Antimicrobial Peptide Piscidin 1 by Intestinal Macrophages: CD14
and Piscidin 1 Double Immunolabeling

Besides the CD14 phenotype, the macrophages are strongly labeled by the piscidin
1 antibodies. The piscidin 1 macrophages represent an abundant cell type and a distinct
macrophage phenotype in the intestinal epithelium (Figure 4). In addition, mast cells are
also immunostained by the same antibodies and are regular immune cell components of
the gut epithelium (Figure 4).
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Figure 3. (a–c): African bonytongue distal intestine. Double immunolabeling immunofluorescence
with antibodies against CD14 and alpha 7 nAChR subunit demonstrating the presence of alpha
7 nAChR in a subset of macrophages (arrows) found in the lumen of a blood vessel (inset 1 is a
region of the upper image in (a)). Inset 2 (that is a region of the image below in (a)) demonstrates a
punctate fluorescence pattern for both the two markers in a cell subset of subepithelial macrophages.
CD14 antibody labels a macrophage phenotype population in green (arrowheads). Scale bar = 20 nm.
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Figure 4. (a,b): Piscidin immunoreactivity in the intestine of African bonytongue and Indian catfish.
(a) A subset of macrophages (m) and mast cells (inset) immunoreactive to the piscidin 1 antibody in
the intestine of Indian catfish. (b) A macrophage (arrow) expressing both CD14 and piscidin 1 in the
surface layer of African bonytongue intestinal epithelium; mucous cells (asterisks). Scale bar = 20 nm.

3.2.4. VAChT and iNOS

Our immunohistochemical analysis using double immunolabeling with antibodies
against iNOS and VAChT revealed the presence of a distinct subpopulation of macrophages
expressing iNOS and a cholinergic one showing the co-occurrence of both VAChT and
iNOS. The expression of markers defining the cell types is found in the macrophages
that were consistently the most numerous in the subepithelial cell layers of the posterior
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intestine. Few cell types expressing iNOS and VAChT are also observed at the mucosal
side of the intestine. We imaged nerve types positive for VAChT antibody positioned
close to iNOS-VAChT immunoreactive resident macrophages in the subepithelial layers.
Figure 5a,b shows the colocalization of iNOS and VAChT (a) and nerves (imaged by light
microscopy) contouring the macrophages (b).
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Figure 5. (a) Confocal image of African bonytongue intestine immunolabeled with antibodies against
VAChT (red) and iNOS (green). The co-expression of the two markers is noticed in a subset of
subepithelial macrophages (red arrowheads). (b) The macrophages (red arrowheads) are imaged
by light microscope to reveal their close interaction with nerve endings (arrows in the inset). Scale
bar = 20 nm.

3.2.5. Immunolabeling with Antibodies against Calbindin, VAChT, and Tubulin

Calbindin-VAChT immunopositive enteric neurons colocalize with VAChT-positive
macrophages in the submucosal plexus. Optical magnification reveals an intimate contact
of some macrophages with enteric neurons (Figure 6a). Axons and nerve bundles associated
with VAChT-positive macrophages express tubulin (Figure 6b). Tubulin-positive axons
are found coursing through the cholinergic enteric neurons (Figure 6c). Enteric neurons
are also seen associated with glial cells revealing a close association of tubulin-positive
neuronal fibers with glial cells (Figure 6d).

3.3. Transmission Electron Microscopy of the Long Gut of Heterotis Niloticus

The intestinal epithelium consists of columnar epithelial cells intermingled with nu-
merous goblet cells (Figure 7a). A brush border formed by parallel microvilli and the
presence of junctional complexes define the apical side of the epithelium (Figure 7a). The
basal portion of the epithelium contains the epithelial cell nuclei and numerous death cells
(Figure 7a,b). Death cells are characterized by chromatin marginalization and condensa-
tion, pyknotic nucleus, shrinkage of cytoplasm, and formation of apoptotic cell fragments
(Figure 7b). Cellular fragments are surrounded by macrophage cytoplasmic extensions
(Figure 7c) and can be seen incorporated into the macrophage cytoplasm. This occurs in
the epithelium and the subepithelium as well (Figure 7d).
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Figure 6. (a–d): Enteric neuron–macrophage interaction in the submucosal plexus of African bony-
tongue distal intestine. (a) Note the colocalization of calbindin (green)-VAChT (red)-positive enteric
neurons (E) with VAChT-positive macrophages (arrows). The boxed area is magnified in the in-
set revealing the close apposition of a macrophage (arrow) with an enteric neuron (E) undergoing
apoptosis. (b) Enteric neurons (E) within the submucosal plexus of H. niloticus distal intestine
showing anatomical interaction with VAChT-positive macrophages (arrows). Note the presence of
macrophages (arrows) positioned along tubulin-positive axons (arrowheads in the inset). (c) Tubulin-
positive (green) axons (arrowheads) course through the cholinergic mesenteric neurons (E) within
the submucosal plexus. (d) Enteric neuron–glial cell interaction in the submucosal plexus reveals
the close apposition of tubulin-positive neuronal fibers (arrowheads) with glial cells (GL). Enteric
neurons (E). Scale bar = 20 nm.
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The subepithelium contains secretory cells that are similar to the Paneth cells ob-
served in the gut epithelium of other vertebrates. These cells usually occur in small groups 
and are characterized by the presence of numerous electron-dense granules, dilated cis-
terna of rough endoplasmic reticulum, and mitochondria (Figure 8a,b). The subepithe-
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amyelinic nerve fibers (Figure 9a). 

The muscle layer is formed by smooth muscle cells arranged in longitudinal and cir-
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that contains eosinophils, mast cells, cellular debris, macrophages, and fibroblasts embed-
ded in a collagenous matrix (Figure 9d). 

Figure 7. TEM views of the epithelium and subepithelium. (a) The apical side of gut epithelium
shows epithelial cell nuclei (n), apical junctional complexes (arrowheads), and brush border. G,
goblet cells. (b) Basal epithelium. A death cell shows peripheral chromatin condensation (arrow) and
numerous apoptotic bodies. This cell is surrounded by healthy epithelial cells. (c) Cellular debris is
surrounded by macrophage cytoplasmic extensions (arrows). G, goblet cells. (d) Muscularis mucosa.
A rounded macrophage (n, nucleus) shows engulfed bodies and secondary lysosomes (arrows). sm,
smooth muscle cell. Scale bars: A, 5 µm; B, 2 µm; C, D, 1 µm.

The subepithelium contains secretory cells that are similar to the Paneth cells observed
in the gut epithelium of other vertebrates. These cells usually occur in small groups and
are characterized by the presence of numerous electron-dense granules, dilated cisterna of
rough endoplasmic reticulum, and mitochondria (Figure 8a,b). The subepithelium contains
also numerous mast cells that appear singly or in small groups. Mast cells appear associated
with neuroendocrine cells (Figure 8c), macrophages (Figure 8d), and amyelinic nerve fibers
(Figure 9a).

The muscle layer is formed by smooth muscle cells arranged in longitudinal and
circular orientations and contains numerous mast cells (Figure 9b) and amyelinic nerve
fibers (Figure 9c) scattered among the muscle cells. Finally, the adventitia is a complex
layer that contains eosinophils, mast cells, cellular debris, macrophages, and fibroblasts
embedded in a collagenous matrix (Figure 9d).

Statistical analysis reveals a growing population of macrophages from the anterior gut
to the posterior gut as detected with the tested antibodies (Tables 2 and 3).
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Figure 8. TEM views of the subepithelium. (a) Secretory cells with electron-dense secretory granules
and rough endoplasmic reticulum (rER). m, mitochondrion; n, nucleus. (b) Note the abundance of
rER and the presence of an immature granule (arrow) at the end of an rER cisterna. (c) Association
between mast cell (MC) and neuroendocrine cell (arrow). F, fibroblasts. (d) Cellular debris in the
center of the figure are being surrounded by macrophage cytoplasmic extensions (arrows). Note the
presence of mast cells (MC) and fibroblasts (F). Scale bars: A, 2 µm; B, 1 µm; C, D, 2 µm.
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Figure 9. TEM views of muscle layers and adventitia. (a) Association of mast cell (MC) and amyelinic
nerve fibers (am) in the muscularis mucosa. sm, smooth muscle cells. (b) A mast cell is surrounded
by smooth muscle cells in the circular muscle layer. Note subplasmalemmal condensations (arrows),
dense bodies (arrowheads), and pinocytotic-like vesicles (double arrow). (c) Amyelinic nerve fibers
(am) among smooth muscle cells in the longitudinal muscle layer. (d) The adventitial layer contains
eosinophils (Eo), mast cells (MC), pyknotic cells (P), fibroblasts (F), and collagen (C). Scale bars:
A, 2 µm; B, 3 µm; C, 2 µm; D, 3 µm.
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Table 2. Statistical analysis of the number of macrophages on H. niloticus gut samples (n = 10).

Anterior Intestine Middle Intestine Distal Intestine

Piscidin1 112.45 ± 21.72 * 163.56 ± 13.89 ** /

CD14 102.66 ± 8.37 ** 154.96 ± 14.75 * 294.74 ± 45.16 *

nAChR-alpha7 99.54 ± 8.93 ** / /

iNOS 105.33 ± 16.04 * / 217.98 ± 34.47 **

Tubulin / / 267.46 ± 23.01 *

Calbindin / / 253.92 ± 35.27 **

VAChT 115.18 ± 14.92 ** 165.75 ± 16,83 * 206.67 ± 24.98 *

Piscidin1 + CD14 76.23 ± 9.18 * 104.65 ± 7.15 ** /

nAChR-alpha7 + CD14 43.76 ± 6.99 ** / /

VAChT + CD14 / 107.63 ± 7.82 ** 113.79 ± 21.14 **

VAChT + iNOS 93.67 ± 15.17 * / 196.04 ± 29.65 *

VAChT + Tubulin / / 203.19 ± 19.41 *

VAChT + Calbindin / / 199.02 ± 16.81 **
** p ≤ 0.01; * p ≤ 0.05.

Table 3. Statistical analysis of the number of macrophages on H. fossilis gut samples (n = 10).

Anterior Intestine Middle Intestine Distal Intestine

Piscidin1 / 174.35 ± 17.84 * /

CD14 116.73 ± 21.34 * 146.92 ± 15.44 ** 315.16 ± 18.65 **

nAChR-alpha7 101.58 ± 16.62 ** / /

iNOS / / 237.84 ± 26.43 **

VAChT / / 248.36 ± 25.79 *

Piscidin1 + CD14 / 112.78 ± 16.77 * /

nAChRalpha7 + CD14 36.85 ± 3.95 * / /

VAChT + CD14 / / 121.87 ± 13.46 *

VAChT + iNOS / / 221.06 ± 24.93 **
** p ≤ 0.01; * p ≤ 0.05.

4. Discussion
4.1. Macrophage Diversity and Their Interaction with Enteric Neurons in the African Bonytongue
and Catfish Gut

This study provides anatomical evidence for morphological heterogeneity among gut-
associated macrophages in the two studied teleost fishes. We also found these macrophages
to be associated with gut innervation. Using specific markers, we characterized intestinal
macrophage phenotypes in detail along the anterior-to-posterior axis and the concentric
muscle layers (longitudinal and circular muscle) of the adult fish.

Label experiments with antibodies against the calbindin and VAChT showed colo-
calization of enteric neurons and macrophages mainly in the submucosal plexus. Some
macrophages are seen also engulfing neuronal somata.

4.2. Cholinergic System Components in the Intestinal Macrophages

Acetylcholine (ACh) is the first identified neurotransmitter that defines the chemical
nature of neurotransmission both in the central nervous system and the periphery. Apart
from neurotransmission, ACh can play anti-inflammatory roles in immune responses [56]
and is synthesized by immune cells, i.e., T/B cells, macrophages, dendritic cells, and
neutrophils [57]. Notably, the efferent vagus nerve is being suggested to interplay between
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the nervous and immune systems, which is known as an anti-inflammatory pathway (CAP).
Today, CAP is the most notable cholinergic signaling in regulating immune responses.

Distinct populations of intestinal macrophages are reported in epithelial and subep-
ithelial localizations in the intestines of two teleost species showing immunoreactivity for
CD14 and VAChT and the alpha 7 subunit nicotinic receptor of the acetylcholine (alpha
7 nAChR).

All tissue macrophages are derived from bone marrow stem cells through a highly
regulated cascade of differentiation events [58,59]. Gut macrophages are derived exclusively
from recruited blood monocytes, and, after terminal differentiation, they become resident
macrophages in the mucosa of the small intestine and colon. They express CD14 in the
inflammatory lesions where recruited pro-inflammatory blood monocytes were found [18].

Macrophage development, polarization, and functional responses were reported in
teleost fish and their antimicrobial mechanisms have been extensively studied in various
fish models [8]. Similarities and differences have been documented for the regulation of
antimicrobial defenses concerning mammalian counterparts including the mechanisms that
determine and regulate the highly plastic functional phenotypes and host defenses/repair
functions (M1 type-pro-inflammatory, M2 type anti-inflammatory).

CD14 and VAChT/nAChR-alpha7 positive macrophages found in the intestines of
the two fish species studied here are to be regarded as distinct phenotypes expressing
acetylcholine and its receptor alpha 7 nAChR. The recent discovery that macrophages,
lymphocytes, and dendritic cells synthesize ACh and express several types of both mus-
carinic and nicotinic receptors (mAChRs and nAChRs) supports the existence of a local
non-neuronal cholinergic system (NNCS) in these cells and in particular the role of al-
pha 7 receptor subunit of nAChR in the macrophages to stimulate the survival of the
anti-inflammatory M2 phenotype [24,25,27,60,61].

A prominent feature of the intestinal macrophages of the two studied fish species is
their interaction with the nervous network. Distinct subsets of resident tissue macrophages,
which are associated with peripheral nerves in various tissues, have been only recently
studied in more detail [62]. The gastrointestinal tract is innervated by the intrinsic en-
teric nervous system as well as extrinsic sympathetic and parasympathetic ganglia. We
found macrophages associated with nerve fibers immunostained with antibodies against
VAChT and acetylated tubulin throughout the resting lamina propria, subepithelial layers,
and between the circular and longitudinal muscle layers of the muscularis externa. The
macrophages in the circular muscle show an elongated and slender morphology in parallel
with the associated nerve fibers. As emphasized by Kolter et al. (2020), macrophages have
been characterized as a local surveillance system of nerves and thereby contribute to the
integrity of nerve fibers. Additionally, resident macrophages relay inflammatory signals
and act as mediators between the cells of the immune system. The macrophages in the mus-
cularis externa are therefore to be regarded as markedly distinct from monocyte-derived
macrophages and are defined by tissue and nerve type [62].

Interestingly, we found a close interaction of intestinal epithelial cells and mucous
cells with the subset of mucosal macrophages immunostained with the antibodies against
VAChT. More cells are seen both surrounding or engulfing mucous cells and have also
a positive impact on the epithelial surface. This is in agreement with the recruitment of
activated macrophages to the apical membrane of the intestinal epithelial cells and their
promotion of the clearance of infection including the improvement of the epithelial barrier
integrity [11]. The macrophages are thought to support mucins to trap harmful bacteria by
phagocytosing apoptotic cells (secretory) in the intestinal epithelium [6,48]. In the present
study, TEM observations show that macrophages delimit and engulf apoptotic cells and
apoptotic fragments, presumably epithelial cells to control cell number.

In this study, we found different populations of intestinal macrophages in two air-
breathing fish species, but their origin and development and their important roles in
intestinal homeostasis and inflammation are not known. Unlike the mammalian models,
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different cytokines are produced by the immune cells that are responsible for the fate of the
distinct macrophage populations.

Here we report for the first time the presence of cholinergic mucous cells (mucous
cells immunoreactive to VAChT antibody) in the fish intestinal epithelium. Mucous cells
play a vital role in the maintenance of the epithelial barrier function underpinned by rapid
stem-cell-driven tissue renewal, and by secretion of a protective mucus layer. It represents
a selective barrier between the mucosal immune system and a barrage of microorganisms.
A cholinergic input is also implicated in the regulation of mucus secretion [63], but the
mechanism of mucus secretion is not known. Acetylcholine is detected in a variety of non-
neuronal cells where it acts as a para/autocrine signaling molecule controlling basic cell
functions such as proliferation, differentiation, and maintenance of cell-cell contacts [64].
The NNCS is regarded as an ancient network that already existed from the beginning of life
before the neural system had developed. The relevance of NNCS for macrophage function
is recently emphasized [65]. In addition, the expression of the components involved in
the cholinergic system, including choline transferase (ChAT), vesicular ACh transporter
(VAChT), and choline transporter (CHT1) have been confirmed in macrophages [27] and the
epithelial cells [28]. ACh is reported to participate in epithelial homeostasis [31]. It is tempt-
ing to speculate that NNCS of macrophages could interact with cholinergic components of
the mucous cells to communicate with each other and maintain gut homeostasis.

4.3. The Piscidin 1 Is Expressed in Macrophages

The expression of antimicrobial peptides such as the cathelicidins and defensins in
macrophages has been reported previously [66,67], but the localization of the antimicrobial
peptide piscidin 1 has been not found in these cells except for the mast cells of the gills and
accessory respiratory organs (ABOs) and the skin in fish [49].

4.4. iNOS and Macrophages

Our immunohistochemical analysis confirms the expression of markers defining a
distinct nitrergic cholinergic and a nitrergic noncholinergic macrophage phenotype.

The current classification of macrophages is based on the M1/M2 paradigm, which
is related to their involvement in pro- and anti-inflammation. M1 macrophages have
been also intimately associated with the expression of inducible nitric oxide synthase
(NOS2 or iNOS) to induce the production of NO from L-arginine (see for review [68]).
The M1/M2 paradigm is regarded as too simplistic since macrophage populations show
a continuum of diverse phenotypes even in the absence of inducers [69]. The role of
M2 macrophages has been associated with tissue repair, the promotion of angiogenesis,
and tissue remodeling [70]. Furthermore, little is known about the effects of cholinergic
receptors on macrophages, except the well-investigated alpha 7-nAChR subunit, which has
been shown to induce anti-inflammatory effects, leading to the activation of macrophages
toward M2 phenotypes [71].

Our results demonstrate that a cholinergic and nitrergic component coexists in some
cell subsets of macrophages as shown by colocalization procedures. Notably, mammalian
studies have demonstrated a remarkable plasticity of macrophage phenotypes along
with their ability to switch these phenotypes from the pro-inflammatory M1 to the anti-
inflammatory M2 and vice versa, depending on the needs of the microenvironment [68].
NO is known to mediate inflammation under normal physiological conditions [72].

Several areas ripe for future experimentation emerge including the gene expression
signatures and a need to identify macrophage subpopulations by transcriptome analysis in
fish gut.

4.5. Neuro-Immune Axis in Fish Gut

An important aspect of the polarization of the macrophages is the interaction between
the nervous and immune systems. CNS is known to regulate immune cell function and
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differentiation through efferent innervation by the direct effect of nerve fibers on immune
cells [71].

Neuroimmune interaction in the intestine has evolved mechanisms for sensing and
responding to the intestinal environment. Nerves are opposed to immune cells in the
gastrointestinal tract to form neuro-immune cell units [73] that form a neuro-immune
axis under the control of the intestinal microbiota [36,74]. Vagal nerves crosstalk with the
immune cells and sense environmental cues and adapt to tissue infection [73].

Macrophages and nerves in the studied species reside close to the muscularis externa,
which houses the enteric nervous system, the circular and longitudinal muscle, and the
submucosal intestinal layers. Macrophage phenotypes characterized by iNOS and VAChT
are present in the submucosal layers. A nerve network is seen surrounding the cell subsets
that probably exhibit a pro-inflammatory phenotype. In addition, macrophages colocalize
with enteric neurons in the submucosal and myenteric plexuses including communication
between enteric neurons and glial cells visualized by the antibodies against the tubulin and
VAChT. Thus, the macrophages relay inflammatory signals and act as mediators between
the immune and the respective nervous system. The enteric glia is a part of the enteric
nervous system, which is formed by acetylcholine receptors on glial cells [75]. They serve as
a link between the nervous and immune systems of the gut as indicated by their potential
to synthesize cytokines [75].

The neuroimmune communication in the fish gut has, however, not yet been known,
and mechanisms underlying these interactions and molecular pathways require further
investigation as compared with the mammalian counterpart [76,77].

5. Conclusions

Phagocytosis is the ancestral defense mechanism of all metazoan animals and is es-
sential in preventing the dissemination of infectious agents. An inducible antimicrobial
response, such as the respiratory burst pathway and production of NO has been demon-
strated in fish phagocytes. Current studies point to the elucidation of multiple roles of fish
macrophages in disease models as suggested by their function in vivo.

Therefore, our findings of cholinergic markers and antimicrobial substances reflect
current thinking on significant similarities found in mammalian macrophages and represent
an emerging field of study in fish.
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