
Summary. Neural regulation of the function of the
gastrointestinal tract (GIT) relies on a delicate balance of
the two divisions of its nervous system, namely, the
intrinsic and extrinsic divisions. The intrinsic
innervation is provided by the enteric nervous system
(ENS), whereas the extrinsic innervation includes
sympathetic/parasympathetic nerve fibers and extrinsic
sensory nerve fibers. In the present study, we used
immunofluorescent staining of neurofilament-heavy
(NF-H) to reveal the distribution of nerve fibers and
their associations with immune cells inside mouse
Peyer’s patches (PP), an essential part of gut-associated
lymphoid tissue (GALT). Our results demonstrate (1) the
presence of an extensive meshwork of NF-H-
immunoreactive presumptive nerve fibers in all PP
compartments including the lymphoid nodules,
interfollicular region, follicle-associated epithelium, and
subepithelial dome; (2) close associations/contacts of
nerve fibers with blood vessels including high
endothelial venules, indicating neural control of blood
flow and immune cell dynamics inside the PP; (3) close
contacts between nerve fibers/endings and B/T cells and
various subsets of dendritic cells (e.g., B220-, B220+,
CD4-, CD4+, CD8-, and CD8+). Our novel findings
concerning PP innervation and nerve-immune cell
contacts in situ should facilitate our understanding of bi-
directional communications between the PNS and

GALT. Since the innervation of the gut, including PP,
might be important in the pathogenesis and progression
of some neurological, infectious, and autoimmune
diseases, e.g., prion diseases and inflammatory bowel
disease, better knowledge of PNS-immune system
interactions in the GALT (including PP) should benefit
the development of potential treatments for these
diseases via neuroimmune manipulations.
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Introduction

The gut-associated lymphoid tissue (GALT), which
belongs to the mucosa-associated lymphoid tissue
(MALT), is one of the largest lymphoid tissues in the
mammalian body. The GALT includes diffusely
distributed lymphoid cells/plasma cells in the lamina
propria, isolated/aggregated lymphoid follicles, and
other components (Koboziev et al., 2010). The first
important role of GALT is to discriminate between
pathogens and commensal bacteria (Koboziev et al.,
2010). Another essential function of GALT is oral
tolerance, which enables the ingestion of dietary
antigens in a manner that does not result in unnecessary
and harmful immune responses (Miranda et al., 2015). 

Peyer’s patches (PP), essential components of
GALT, are composed of aggregated lymphoid follicles
surrounded by the follicle-associated epithelium (FAE),
which forms the interface between the GALT and the gut
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lumen (Ma et al., 2008; Jung et al., 2010). PP are unique
compared with other secondary lymphoid tissue/organs
(e.g., spleen and lymph nodes) because of their continual
exposure to an enormous diversity of microbiome/food-
derived antigens and in the types of pathogens that they
encounter. Antigens delivered to PP by specialized
microfold epithelial cells (M cells) are captured and
presented by resident dendritic cells (DCs). Therefore,
PP play essential roles in (1) the immune surveillance of
the intestinal lumen by means of their ability to transport
luminal antigens and bacteria/viruses, (2) the initiation
of the mucosal immune response via the complex
interplay between immune cells located in the lymphoid
follicles and FAE, and (3) the secretion of IgA antibodies
by B cell activation and class-switch recombination from
IgM to IgA (Jung et al., 2010). Among these functions of
PP, mucosal IgA secretion has been considered as a
primary mechanism through which the GALT regulates
the intestinal microbiota and keeps pathogens at bay
(Jung et al., 2010). In addition, some reports have
indicated the importance of PP in the pathogenesis and
progression of some diseases such as transmissible
spongiform encephalopathies (prion diseases; Kujala et
al., 2011; Chiocchetti et al., 2008) and inflammatory
bowel disease (IBD; Koboziev et al., 2010).

The nervous system of the gastrointestinal tract
(GIT), namely the enteric nervous network (Yoo and
Mazmanian, 2017), consists of the intrinsic/extrinsic
nervous divisions; the neural regulation of GIT function
relies on a delicate balance of these two divisions. The
intrinsic nervous division is provided by the enteric
nervous system (ENS), which includes sensory neurons,
interneurons, and motor neurons located within the
myenteric plexus (Auerbach’s plexus) and the
submucosal plexus (Meissner’s plexus). The ENS has
full reflex circuits for the regulation of gut functions
including intestinal motility, fluid transport, blood flow,
nutrient handling, and immune response/tolerance. ENS
not only is able to function autonomously, but also is
partially tuned by the input of the extrinsic nerves. The
extrinsic nervous division of the gut includes
postganglionic sympathetic nerve fibers, preganglionic
parasympathetic nerve fibers, and extrinsic sensory
(afferent) nerve fibers, i.e., visceral sensory fibers
including the vagus sensory fibers/input (Di
Giovangiulio et al., 2015; Williams et al., 2016). The
parasympathetic fibers, which mainly come from the
vagus nerve, extensively innervate the gut wall up to the
myenteric plexus, whereas the sympathetic fibers have
direct contacts with immune cells in the secondary
lymphoid tissue, such as isolated lymphoid follicles and
PP, and with enteric fibers from ENS in the
submucosal/mucosal compartment (Yoo and
Mazmanian, 2017).

Interactions between the enteric nervous network,
which includes ENS and extrinsic innervation, and the
gut immune system (GALT) regulate the response of the
gut to the various dietary products that it digests/absorbs,
the broad spectrum of pathogens that it encounters, and

the diverse microbiome that it harbors. Recent studies
have demonstrated the importance of the neuroregulation
and neuromodulation of the gut immune system in
immune homeostasis and various inflammatory
disorders (Green et al., 2003; Ben-Horin and Chowers,
2008; de Jonge, 2013; Di Giovangiulio et al., 2015; Yoo
and Mazmanian, 2017). Manipulations of the peripheral
nervous system, e.g., via electrical stimulation of the
vagus nerve, have been tested as new promising
therapeutic tools in IBD (Bonaz et al., 2017). Gut
inflammation and microbiota can also have significant
effects on the ENS (Moynes et al., 2014; De Vadder et
al., 2018). 

PP as essential components of GALT have drawn
our interest and led us to study the neuroimmune
interactions of the gut. Some previous reports have
demonstrated the innervation of PP across a few species
and linked this innervation with some infectious and
autoimmune diseases (Fehér et al., 1992; Defaweux et
al., 2005; Vulchanova et al., 2007; Ma et al., 2007;
Chiocchetti et al., 2008; Marruchella et al., 2009; Kujala
et al., 2011; Wülfing et al., 2018). However, despite the
innervation studies mentioned above, the data and
knowledge concerning the bidirectional cross-talk
between the nerves and immune cells inside PP remain
very limited. By using immunofluorescent staining and
confocal microscopy, we have now analyzed the
innervation and nerve-immune-cell associations/contacts
inside the mouse PP in order to improve our
understanding of the microscopic basis of the interaction
and communication between the enteric nervous network
and GALT.
Materials and methods

Animals

C57BL/6 male mice (8-10 weeks old) were
purchased from the Animal Resources Centre (Perth,
Australia). All animal experiments were undertaken
according to the Australian code for the care and use of
animals for scientific purposes at the Murdoch
University (Perth, Australia) and with local animal ethics
committee approval. In total, six mice were used. 
Section preparation

Microscope slides (27×75mm) were purchased from
Thermo Fisher Scientific (Scoresby, Australia). After a
brief wash with 70% ethanol, slides were treated with
0.01% poly-L-lysine solution (PLL, Sigma, Castle Hill,
Australia)) for 10 min followed by air-drying overnight
at room temperature.

Mice were killed by carbon dioxide followed by
cervical dislocation. The ileum containing PP was then
quickly removed from each mouse, embedded in Tissue-
Tek® O.C.T. COMPOUND (ProSciTech, Kinwan,
Australia), and snap-frozen in liquid nitrogen.
Cryosections (20 µm thick; transversely sectioned) were
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prepared by using a Leica CM1850 UV Cryostat (Leica
Biosystems, Nussloch, Germany) and mounted on the
above-mentioned PLL-treated microscope slides. For
each experiment, at least 6 sections were examined.
Antibodies

The specificities and sources of antibodies are
described in Table 1.
Immunofluorescent staining 

Cryosections were rinsed in phosphate-buffered
saline (PBS) for 5 min and then fixed with 4%
paraformaldehyde (PFA, Electron Microscopy Sciences,
Hatfield, PA, USA) for 10 min at room temperature.
After the PP sections had been treated with 0.2% Triton
X-100 in PBS for 5 min, antibody dilution buffer (2%
goat serum in PBS) was applied (20 min at room
temperature) to block potential non-specific binding
sites. Sections were then incubated with primary
antibodies overnight at 4°C. After being washed,
sections were then incubated with secondary antibodies
for 2 h at room temperature. Following the final washing
step, sections were mounted with coverslips by using
Fluorescence Mounting Medium (DAKO, North Sydney,
Australia).
Confocal microscopy and image processing

Confocal imaging experiments were undertaken by
using a Nikon Instruments C2 plus Confocal Microscope
(Nikon Instruments, Melville, NY, USA) with three
lasers (488nm, 561nm, and 633 nm). A Plan
Apochromat λ 40× objective lens was utilized for all
imaging procedures. Tile Scan was used to scan a large
area of PP. Maximal intensity projection of a Z-stack
was performed by using the "Maximal intensity
projection" function of the NIS-Elements Advanced
Research (AR) program. After their acquisition, the
images were processed by using the NIS-Elements AR

of the confocal system. The images obtained by confocal
microscopy were exported as BMP files and further
edited (cropping and labeling) in Corel PaintShop Pro
2018 (Corel, Ottawa, Canada). 
Results

To reveal the distribution of nerve fibers in the
mouse PP, 20-µm-thick cryosections were labeled with
an anti-neurofilament heavy (NF-H) antibody together
with two other antibodies, namely anti-CD11c and anti-
B220. The results are shown in Figs. 1-3. An extensive
meshwork of NF-H-immunoreactive presumptive nerve
fibers was observed in various PP compartments,
including the lymphoid nodules and their germinal
centers, FAE, subepithelial domes, and interfollicular
regions. The lymphoid nodules contained several nerve
fibers (Figs. 1, 2, 3a-d), some of which were closely
apposed to B cells (B220+) and a few B220-
CD11c+/B220+CD11c+DCs. In the subepithelial domes,
nerve fibers formed nerve plexi beneath the FAE and
extended into the parenchyma towards the B cell
follicles. In addition, some nerve fibers had close
association with B220-CD11c+/B220+CD11c+ DCs
(Figs. 1, 2, 3a). In the germinal centers (Fig. 3c-d), many
centroblasts (or centrocytes) were closely associated
with nerve fibers and nerve endings (appearing as red
dots around cells). In the interfollicular region (Figs. 1,
2, 3e-f), the intensity of nerve fibers was higher
compared with those of lymphoid nodules; these nerve
fibers also exhibited close associations with a few B
cells and a large number of DCs (B220-
CD11c+/B220+CD11c+).

We then analyzed the distribution of NF-H-
immunoreactive nerve fibers, T helper cells (revealed by
anti-CD4 staining), and DCs inside the mouse PP; the
results are shown in Fig. 4-5. In lymphoid nodules, we
observed that some of CD4+ T helper cells and CD4-
CD11c+ DCs had close associations with nerve fibers
(Fig. 5a-b). In the subepithelial domes, some nerve
fibers also showed close associations with CD4-CD11c+
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Table 1. Specificities and sources of primary and secondary antibodies.

Target Conjugate Species and isotype Main cells labeled Company

CD11c __ Armenian hamster monoclonal IgG
Clone N418 Dendritic cell STEMCELL Technologies

(Tullamarine, Australia)
B220 (CD45R) __ Rat IgG2a, κ; Clone RA3-6B2 B cell Australian Biosearch (Karrinyup, Australia)
CD31 __ Rat IgG2a, κ; Clone 390 Blood vessel 

endothelial cells Australian Biosearch
CD4 __ Rat IgG2a, κ; Clone RM4-5 T helper cell Australian Biosearch
CD8a __ Rat IgG2a, κ; Clone 5H10-1 Cytotoxic T cells Australian Biosearch

Neurofilament 
200 (NF-H; 1:3000) __

Rabbit polyclonal IgG fraction of 
antiserum Immunogen: Neurofilament 
200 from bovine spinal cord

Neuronal marker Sigma (St. Louis, Missouri, US)

Rabbit IgG H&L Alexa Fluor® 555 Goat polyclonal __ Abcam Australia (Melbourne, Australia)
Armenian Hamster IgG H&L Alexa Fluor® 647 Goat polyclonal __ Abcam Australia
Rat IgG H&L Alexa Fluor® 488 Goat polyclonal __ Abcam Australia



DCs and CD4-CD11c+ DCs (Fig. 5a-b). In the germinal
centers (Fig. 5c-d), we also observed close associations
between the nerve fibers and T helper cells, CD4-
CD11c+ DCs, and CD4+CD11c+ DCs. Furthermore, in
the interfollicular region (Fig. 5e-f), the intensity of
nerve fibers was much higher compared with that of
lymphoid nodules and their germinal centers; these
nerve fibers also exhibited close associations with a
large number of T helper cells and DCs (CD4-CD11c+
and CD4+CD11c+), especially in the regions around high
endothelial venules (HEVs).

We additionally performed triple-immunolabeling to

reveal NF-H-immunoreactive nerve fibers, cytotoxic T
cells (shown by anti-CD8a staining), and DCs inside the
mouse PP. Very few CD8a+ cytotoxic T cells were
observed in lymphoid nodules (Fig. 6a-b); some nerve
fibers were closely associated with a few cytotoxic T
cells and CD8a-CD11c+ DCs. In the subepithelial domes,
nerve fibers were closely apposed to cytotoxic T cells,
CD8a-CD11c+ DCs, and CD8a+CD11c+ DCs (Fig. 6a,b).
Moreover, in the interfollicular region, the intensity of
nerve fibers was higher compared with that of B cell
follicles, and these nerve fibers also exhibited close
associations with some cytotoxic T cells, CD8a-CD11c+
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Fig. 1. Distribution of nerve fibers, B cells, and DCs in PP from a C57BL/6 mouse. Antibodies against NF-H (red), B220 (green), and CD11c (blue) label
mainly nerve fibers, B cells, and DCs, respectively. BF: B cell follicle; GC: germinal centers; IFR: interfollicular region; M: muscle layer; MP: myenteric
plexus; HEV: high endothelial venules; FAE: follicle-associated epithelium; SED: subepithelial dome; DAV: dome-associated villus; Scanning mode: tile
scan. Scale bar: 200 µm.
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Fig. 2. Distribution of nerve fibers, B cells, and DCs in PP (including two
germinal centers) from a C57BL/6 mouse. Antibodies against NF-H (red),
B220 (green), and CD11c (blue) label mainly nerve fibers, B cells, and
DCs, respectively. BF: B cell follicle; GC: germinal centers; IFR:
interfollicular region; M: muscle layer; MP: myenteric plexus; HEV: high
endothelial venules; FAE: fol l icle-associated epithelium; SED:
subepithelial dome; DAV: dome-associated villus; Scanning mode: tile
scan. Scale bar: 100 µm.
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Fig. 3. Distribution of nerve fibers, B cells, and DCs in the lymphoid nodules (A-B), germinal centers (C-D), and interfollicular region (E-F) of PP from a
C57BL/6 mouse. Antibodies against NF-H (red), B220 (green), and CD11c (blue) label mainly nerve fibers, B cells, and DCs, respectively. The cyan
arrows indicate B220+ B cells that are closely associated with nerve fibers. The white arrows show B220-CD11c+ DCs closely apposed to nerve fibers.
The yellow arrows indicate B220+CD11c+ DCs having close associations with nerve fibers. B. High-resolution view of cropped region (marked with a
white square) in A. C. The white dash lines outline the border between germinal center and the remainder of B cell follicle. D. High-resolution view of
cropped region (marked with a white square) in C. The white circle shows the B cells or CD11c+ DCs that are closely associated with nerve endings
(red spots around the cells). F. High-resolution view of cropped region (marked with a white square) in E. The yellow circle shows the CD11c+ DCs that
are closely associated with nerve endings (red spots around the cells). Each image is a maximal intensity projection of a Z-stack. Stack size: 6.0 µm;
optical slice interval: 0.50 µm. BF: B cell follicle; HEV: high endothelial venules; FAE: follicle-associated epithelium; SED: subepithelial dome; GC:
germinal centers; IFR: interfollicular region. Scale bar: 20 µm.



nodules, interfollicular region, FAE, and subepithelial
dome, an observation suggesting the potential neural
control of PP functions. To our knowledge, this is the
first study to describe such intensive innervation and
nerve-immune cell contacts inside the PP. 

Since NF-H is a pan-neuronal marker, we might
have identified nerves from both the extrinsic nerve
input (sympathetic/parasympathetic and sensory) and the
intrinsic nerve input (ENS). Certainly additional cellular
markers can be utilized to discriminate between different
types of nerve fibers. Firstly, tyrosine hydroxylase (TH),
dopamine β-hydroxylase (DBH), vesicular monoamine
transporter 2 (VMAT2) can be used to identify the
sympathetic fibers (Green et al., 2003; Chiocchetti et al.,
2008; Schafer et al., 2013; Di Giovangiulio et al., 2015;
Yoo and Mazmanian, 2017). Secondly, choline
acetyltransferase (ChAT) and vesicular acetylcholine
transporter (VAChT) can be used to identify the
parasympathetic fibers (Arvidsson et al., 1997; Weihe
and Eiden, 2000; Di Giovangiulio et al., 2015; Yoo and
Mazmanian, 2017). Thirdly, calcitonin gene-related
peptide (CGRP), transient receptor potential cation
channel subfamily V member 1 (TRPV1), substance P
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Fig. 4. Distribution of nerve fibers, CD4+ T helper cells, and DCs in PP (with germinal centers) from a C57BL/6 mouse. Antibodies against NF-H (red),
CD4 (green), and CD11c (blue) label mainly nerve fibers, T helper cells, and DCs, respectively. BF: B cell follicle; GC: germinal centers; IFR:
interfollicular region; M: muscle layer; MP: myenteric plexus; HEV: high endothelial venules; FAE: follicle-associated epithelium; SED: subepithelial
dome; DAV: dome-associated villus; Scanning mode: tile scan. Scale bar: 100 µm.

DCs, and CD8a+CD11c+ DCs (Fig. 6c-d).
To understand the spatial relationship between nerve

fibers and blood vessels/DCs inside mouse PP, triple-
immunolabeling was performed with anti-NF-H, anti-
CD31 (a blood vessel endothelial cell marker), and anti-
CD11c. In lymphoid nodules, CD31+ capillaries were
closely associated with nerve fibers (Fig. 7a,b). In
addition, in the interfollicular region (Fig. 7c,d), we
found close associations of CD31+ blood vessels
(including HEVs) with nerve fibers.
Discussion

We have utilized high-resolution multi-color
confocal imaging coupled with three-dimensional
reconstruction to characterize the innervation and nerve-
immune-cell contacts inside the PP. Our approaches are
robust, and much easier to perform compared with some
other technically challenging methods, e.g., tracing with
tracer substances (Shtylik et al., 1998; Chiocchetti et al.,
2008). By using these combined approaches, we have
observed intense NF-H-immunoreactive nerve fibers in
each compartment of PP, including the lymphoid
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Fig. 5. Distribution of nerve fibers, CD4+ T helper cells, and DCs in the lymphoid nodules (A-B), germinal centers (C-D), and interfollicular region (E-F)
of PP from a C57BL/6 mouse. Antibodies against NF-H (red), CD4 (green), and CD11c (blue) label mainly nerve fibers, T helper cells, and DCs,
respectively. The cyan arrows indicate CD4+ T helper cells that are closely associated with nerve fibers. The white arrows show CD4-CD11c+ DCs
closely apposed to nerve fibers. The yellow arrows indicate CD4+CD11c+ DCs having close associations with nerve fibers. B. High-resolution view of
cropped region (marked with a white square) in A. D. High-resolution view of cropped region (marked with a white square) in C. F. High-resolution view
of cropped region (marked with a white square) in E. Each image is a maximal intensity projection of a Z-stack. Stack size: 6.0 µm; optical slice interval:
0.50 µm. BF: B cell follicle; HEV: high endothelial venules; FAE: follicle-associated epithelium; SED: subepithelial dome; GC: germinal centers; IFR:
interfollicular region. Scale bar: 20 µm.



can be used to identify the sensory fibers (Di
Giovangiulio et al., 2015; Ordovas-Montanes et al.,
2015; Yoo and Mazmanian, 2017). Lastly, ChAT can be
used to identify the neurons from ENS (Di Giovangiulio

et al., 2015; Yoo and Mazmanian, 2017), which has
somata in the submucosal plexus or myenteric plexus.

Our findings concerning PP innervation agree with
those from one of our previous studies (Ma et al., 2007)
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Fig. 6. Distribution of nerve fibers, CD8+ cytotoxic T cells, and DCs in the lymphoid nodules (A-B) and interfollicular region (C-D) of PP from a C57BL/6
mouse. Antibodies against NF-H (red), CD8a (green), and CD11c (blue) label mainly nerve fibers, cytotoxic T cells, and DCs, respectively. The cyan
arrows indicate CD8a+ cytotoxic T cells that are closely associated with nerve fibers. The white arrows show CD8a-CD11c+ DCs that have a close
association with the nerve fiber. The yellow arrows indicate CD8a+CD11c+ DCs that have close associations with the nerve fibers. B. High-resolution
view of cropped region (marked with a white square) in A. D. High-resolution view of cropped region (marked with a white square) in C. All images are
generated by using maximum intensity projection of 13 optic slices. Stack size: 6.0 µm; optical slice interval: 0.5 µm. BF: B cell follicle; IFR:
interfollicular region; SMP: somata of myenteric plexus; IEL: intraepithelial lymphocytes; HEV: high endothelial venules; FAE: follicle-associated
epithelium; SED: subepithelial dome; DAV: dome-associated villus; M: muscle layer. Scale bar: 20 µm.



that has indirectly indicated, within PP, the presence of
extensive Remak fibers, i.e., non-myelinated nerve fibers
including the Group C nerve fibers (sensory),
postganglionic sympathetic fibers, and motor nerve
terminals at neuromuscular junctions, by the presence of

non-myelinated Schwann cells (NMSCs). NMSCs have
also been seen in other primary/secondary lymphoid
follicles of secondary lymphoid organs including the
spleen and mesentery lymph nodes (Shi et al., 2017; Ma
et al., 2018).
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Fig. 7 Distribution of nerve fibers, blood vessels, and DCs in the lymphoid nodule (A-B) and interfollicular region (C-D) of PP from a C57BL/6 mouse.
Antibodies against NF-H (red), CD31 (green), and CD11c (blue) label mainly nerve fibers, blood vessels, and DCs, respectively. The cyan arrows
indicate capillaries having close associations with nerve fibers. The white arrows show CD11c+ DCs that have a close association with the nerve fiber.
B. High-resolution view of cropped region (marked with a white square) in A. D. High-resolution view of cropped region (marked with a white square) in
C. All images are generated by using maximum intensity projection of 13 optic slices. Stack size: 6.0 µm; optical slice interval: 0.5 µm. BF: B cell follicle;
IFR: interfollicular region; CP: capillary; HEV: high endothelial venules. Scale bar: 20 µm.



Compared with other previously published studies
that have shown almost no nerve fibers or only sparse
nerve fibers in the lymphoid nodules of PP (Chiocchetti
et al., 2008; Marruchella et al., 2009), we observed much
denser nerve fibers inside the lymphoid nodules. The
germinal centers had a few somas and contained fewer
nerve fibers compared with the remaining part of the
lymphoid nodules. The close association of nerve
fibers/endings with centroblasts (centrocytes) inside the
germinal centers indicated the potential neuroregulation
of B cell maturation and consequently IgA secretion of
plasma cells. Furthermore, in the interfollicular region,
we observed extensive nerve fibers/endings in agreement
with some previously published reports (Ma et al., 2007;
Wülfing et al., 2018).

Lymphocytes and other immune cells flow through
arteries/arterioles and pass through the capillaries before
entering PP. HEVs, which are lined with specialized
endothelial cells that support leucocyte adhesion and
migration. Subsequently, stimulated lymphocytes exit
from the PP through the efferent lymphatic vessels (Jung
et al., 2010). In the lymphoid nodules of PP, we observed
close associations of nerve fibers with blood vessels and
even capillaries with pericytes and without smooth
muscles. The innervation of blood vessels including
HEV and capillaries inside the lymphoid organs
including thymus, spleen, and lymph nodes have been
reported in some previous studies (Felten et al., 1985;
Shi et al., 2017; Hu et al., 2018). The innervation of
blood vessels is thought to regulate blood flow and
vascular permeability inside the PP. Furthermore, in the
T-cell-dependent interfollicular region, DCs formed
clusters, and nerve fibers formed plexi around the HEVs.
The presence of nerve plexi around the HEV indicates
the potential neuronal regulation of the blood
flow/vascular permeability of HEVs and of the
subsequent immune cell dynamics inside the PP.

Mouse PP contain B220+ B cells (60%), CD3+ T
cells (25%), CD11c+ DCs (10%), and F4/80+
macrophages/Ly-6G+ neutrophils (less than 5%). Among
T-cells, 45% are CD4+, 35% are CD8+, and 20% are
CD4-/CD8- T cells (Jung et al., 2010). In one of our
previous studies (Ma et al., 2007), the close association
of B220+ B cells with protein gene product 9.5 (PGP
9.5)+ nerve fibers and NMSC processes inside the
lymphoid nodules has been observed inside the PP. In
the current study, we have also observed a close
association of nerve fibers with B cells, CD4+ T helper
cells, and CD8a+ cytotoxic T cells. This kind of close
association leads to several suggestions concerning gut
inflammation and immunity (Yoo and Mazmanian,
2017). First, the nerve fibers may affect the antigen
presentation of B cells as antigen-presenting cells.
Second, the nerve fibers may have effects on the
activation of T cells including CD4+ T helper cells/T
regulatory cells and CD8a+ cytotoxic T cells. Third,
immune cells can have impacts on nerve fibers through
the production of cytokines or even neurotransmitters.
Fourth, some neurotransmitters or neuropeptides from

nerve fibers can act directly on T cells (Di Giovangiulio
et al., 2015). 

DC functions, including antigen presentation,
cytokine production, and activities, including migration
and motility, are regulated by sympathetic/sensory
neural input. Immature DCs are able to respond to both
neurotransmitters, e.g., noradrenaline and acetylcholine,
and neuropeptides, e.g., vasoactive intestinal polypeptide
and substance P (Ordovas-Montanes et al., 2015).
Distinct subsets of DCs, based on their cell-surface
marker expression together with their location, have
been characterized in mouse PP (Da Silva et al., 2017).
All the subsets express CD11c and major
histocompatibility complex class (MHC) class II
antigens but differ in their expression of B220, CD4,
CD8a, and CD11b molecules. For example, lymphoid
CD8a+CD11b-CD11c+ DCs are localized within the T-
cell-rich interfollicular regions, whereas myeloid CD8a-
CD11b+CD11c+ DCs are present in the subepithelial
dome. Furthermore, the CD8a-CD11b-(double negative)
DCs are found in the subepithelial dome, the
interfollicular region, and within the FAE (Da Silva et
al., 2017). Because of the heterogeneity of DCs in PP
(Da Silva et al., 2017), we have combined the DC
marker -CD11c with a few other CD markers, e.g.,
B220, CD4, and CD8a, in order to identify the different
subsets of DCs. Within our study, we have revealed the
local contacts of nerve fibers/endings with various
DCs/phagocytes subsets (Da Silva et al., 2017),
including the following:

•B220+CD11c+, e.g., plasmacytoid DCs
•B220-CD11c+, CD4+CD11c+, e.g., LysoDCs
•CD4-CD11c+, e.g., LysoMac
•CD8a+CD11c+, e.g., CD8a+ conventional DCs
•CD8a-CD11c+ DCs, e.g., CD11b+ conventional

DCs or CD11b- conventional DCs
The close contacts of nerve fibers with DCs

indicated the potential neuroregulation of DCs functions
and activities inside the PP.

The close nerve-immune-cell contacts observed in
our study have also been described in our previous
studies (Shi et al., 2017; Ma et al., 2018). Instead of
being random events, this type of cell-cell membrane-
membrane contact is intense inside the PP. Since the
nerve fibers are relatively constant in their location, and
since immune cells such as DCs and lymphocytes are
motile, this type of membrane-membrane contact should
be dynamic. Such cell-cell contact/associations should
form the microanatomical basis of the nerve-immune
cell interactions inside the PP and other GALTs.

Several types of studies will be helpful in revealing
the mechanisms of this kind of bi-directional
contact/interaction. First, ultrastructural studies by
electron microscopy/immunoelectron microscopy can be
performed to confirm the presence of a real
"neuroimmune synapse" (Hua, 2016). For example,
studies have shown that the distance between the
somatostatin-positive nerve fibers and lymphocytes/
plasma cells is about 20-220 nm, which is similar to the
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width of the classic synapse (Fehér et al., 1992). Second,
molecular and functional studies can be carried out to
investigate the interaction of the enteric nervous network
with GALT via neurotransmitters/neuropeptide and
cytokines. In one of our previous studies, we have
observed the expression of muscarinic acetylcholine
receptors on the DCs and T cells (Ma et al., 2007).
Third, the enteric nervous network can interact with
GALT through direct ligand-receptor binding. For
example, in other studies, membrane-membrane
interaction between eosinophils and cholinergic nerves
seems to be dependent on the interaction between the
eosinophil integrins CD11/18/very late antigen-4 (VLA-
4) with the neuronal adhesion molecules intercellular
adhesion molecule (ICAM) and vascular cell adhesion
molecule-1 (VCAM-1; Sawatzky et al., 2002).

In summary, our novel findings concerning PP
innervation and nerve-immune-cells contacts in situ
should facilitate our understanding of bi-directional
communications between the enteric nervous network
and GALT. Since the innervation of the gut including PP
might be essential for the pathogenesis and progression
of some neurological, infectious, and autoimmune
diseases, e.g., prion diseases and IBD, better knowledge
of contacts/interactions between PNS and GALT
including PP should benefit the development of potential
treatments, via manipulations of the neurological or/and
immune systems, for these diseases (Di Giovangiulio et
al., 2015; Yoo and Mazmanian, 2017).
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