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ABSTRACT. The comprehensive targets of innervation in the intestinal mucosa are unknown,

partly because of the diversity of cell types and the complexity of the neural circuits. Herein,

we investigated the comprehensive targets of neural connectivity and analyzed the precise

characteristics of their contact structures in the mucosa of rat ileum. We examined target cells of

neural connections and the characteristics of their contact structures by serial block-face scanning

electron microscopy at four portions of the rat ileal mucosa: the apical and basal portions in the

villi, and the lateral and basal portions around/in the crypts. Nerve fibers were in contact with

several types of fibroblast-like cells (FBLCs), macrophage-like cells, eosinophils, lymphocyte-like

cells, and other types of cells. The nerve fibers almost always ran more inside of lamina propria

than subepithelial FBLC, and thus contacts with epithelial cells were very scarce. The contact

J. Vet. Med. Sci. structures of the nerve fibers were usually contained synaptic vesicle-like structures, and we

82(7): 990-999, 2020 classified them into patterns based on the number of nerve fiber contacting the target cells at one
! site, the maximum diameter of the contact structures, and the relationship between nerve fibers

doi: 10.1292/jvms.20-0175 and nerve bundles. The contact structures for each type of cells occasionally dug into the cellular

bodies of the target cells. We revealed the comprehensive targets of neural connectivity based

. on the characteristics of contact structures, and identified FBLCs, immunocompetent cells, and
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The enteric nervous system (ENS) regulates fundamental functions in the intestine including blood flow, motility, and the
secretion of intestinal juices [11]. Neurons in the guinea pig, mouse, and pig ENS have been reported to comprise various subtypes
that possess a variety of neurotransmitters including vasoactive intestinal peptide (VIP), acetylcholine (ACh), neuropeptide Y,
and substance P (SP) [11, 34, 39]. The effects of these neurotransmitters on the gastrointestinal tract and each type of tissue or
cells in the intestine have been investigated. For example, VIP was reported to induce the relaxation of smooth muscle [33] and
vasodilation [18] in the rat stomach. ACh may contract the longitudinal and circular muscles in the large intestine of rabbits [15],
expand blood vessels in the intestine of guinea pigs [30], and induce the secretion of antibacterial substances from Paneth cells in
the rat small intestine [35]. SP and calcitonin gene-related peptide (CGRP) facilitate the proliferation of epithelial cells in the rat
colon [17]. The function of each neurotransmitter is thus gradually becoming clear, but little is known about the “big picture” of
the target for innervation in the intestinal mucosa, because the cellular composition is highly complicated at that site.

The innervation in the mucosa is speculated to be able to occur by paracrine manner without direct contact, because the
neurotransmitter from autonomic nerves have been considered to diffuse for distances [21]. However, transmission electron
microscopy (TEM) has revealed that the innervation by direct contact could occur against subepithelial and non-subepithelial
fibroblast-like cells (FBLCs) [9, 16, 29], mononuclear phagocytes [4], and mast cells [38] in the intestinal mucosa. These
ultrastructural observations by TEM have contributed to evaluations of the existence of potential innervation with direct contact,
but it is difficult to comprehensively trace the nerve fibers that resemble a mesh, even with TEM. It is also a challenge to determine
the exact manner of neural connections, which is speculated to be varicosity-like [21]. In the present study, we used serial
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block-face scanning electron microscopy (SBF-SEM), which is one of the technologies for serial ultrastructural observation using
electron microscopy, gathering attention in the brain connectome [32]. With SBF-SEM, any tissue structures can be analyzed at
nanometer-order and in a three-dimensional (3D) format [8]. A 3D analysis obtained by SBF-SEM enables investigators to not only
trace nerve fibers but also obtain the detailed morphological characteristics of innervated cells over a wide area.

Our earlier study revealed that the rat ileal lamina propria contains four morphologically distinct types of FBLCs, macrophage-
like cells (MLCs), lymphocyte-like cells, eosinophils, plasma cells, and other cells [25], and these findings provided useful
information for evaluations of the connective targets of the nerve fibers in the intestinal mucosa. Here, we focused on the
innervation by direct contact and comprehensively evaluated the connectivity of nerve fibers running in the lamina propria for each
type of cells in the rat ileum. We also sought to determine the precise characteristics of contact structures that have been suspected
to be varicosities and discuss the presence of the innervation with direct contact for each type of cells in the rat ileal mucosa.

MATERIALS AND METHODS

In this study, we reused the data stacks obtained by SBF-SEM in our earlier study [25]; therefore, animals, tissue blocks and data
stacks are the same as our earlier study [25].

Animals

Six 7-week-old male Wistar rats (Japan SLC, Hamamatsu, Japan) were maintained under specific pathogen-free conditions in
individual ventilated cages (Sealsafe Plus; Tecniplast, Bugugiate, Italy). They were permitted free access to water and food (Lab
RA-2; Nosan Corp., Yokohama, Japan). The animal facility was maintained under a 12-hr/12-hr light/dark cycle at 23 £ 2°C and 50
+ 10% humidity. Clinical and pathological examinations in all animals confirmed that there were no signs of disorder. This animal
study was approved by the Institutional Animal Care and Use Committee (Permission no. 25-06-01) and carried out according to
the Kobe University Animal Experimentation Regulations.

Acquisition of data stacks with SBF-SEM and 3D reconstruction of histological components

For this investigation, we reused the data stacks obtained in our earlier investigation [25] for the 3D reconstruction of nerve
fibers and nerve bundles. Briefly, ileal blocks from six rats were fixed with 2.5% glutaraldehyde and 2.0% paraformaldehyde
fixative in 0.1 M cacodylate buffer (CB; pH 7.4) and postfixed with 2.0% Os0O,/1.5% potassium ferrocyanide in CB. All specimens
were washed in distilled water, incubated with 1.0% thiocarbohydrazide, postfixed with 2.0% OsO, stained with 4.0% uranyl
acetate overnight and with 0.4% aspartic acid/0.66% lead nitrate, and then dehydrated and embedded in an Epon 812 mixture.
Ketjen black was added to a resin mixture, which was then used to embed a part of the sample for the observations of the intestinal
villus. The Ketjen black, which is useful to prevent charging of the samples [31], was kindly provided by Dr. N. Ohno. We used a
JSM 7800F SBF-SEM system (JEOL, Tokyo, Japan) with a Gatan 3View 2XP system (Gatan, Abingdon, UK) to obtain data stacks
from the following four portions of the rat ileal mucosa: the apical portion of the villi (IVA), the basal portion of the villi (IVB), the
lateral portion of the crypts (ICL), and the basal portion of the crypts (ICB) (Fig. 1A).

Each data stack containing >450 images was obtained with a 100 nm slice pitch for observations of the broad area of ileal
mucosa and then aligned using Fiji or DigitalMicrogragh software (Gatan). Nerve fibers, contacting with any of the types of cells
in the lamina propria, and nerve bundles including enteric glial cells were three-dimensionally reconstructed from these aligned
data stacks with the use of the program IMOD (https://bio3d.colorado.edu/imod/).

Tentative classification of cells in the lamina propria for the analysis of neural connectivity

To analyze the connectivity of nerve fibers to each type of cell, the cells in the rat ileal lamina propria were tentatively classified
based on their morphological characteristics as follows. Enteric glial cells, villous myocytes, plasma cells, eosinophils, and mast
cells were easily identified, whereas several other types of cells in the lamina propria needed to be defined specifically as follows.
Cells other than pericytes, vascular endothelial cells, and lymphatic endothelial cells in the lamina propria could be divided into
two types by their external appearance: cells with highly irregular shapes and cells with simple shapes (sphere or oval). Irregularly
shaped cells that had one or more long cellular processes were classified as FBLCs and MLCs: FBLCs, which had been already
defined and identified in our earlier study [25], possessed abundant and expanded endoplasmic reticula and consisted of four types,
whereas MLCs were characterized by both the existence of lysosomes and/or phagosomes and a lesser expansion of endoplasmic
reticula compared to FBLCs (unpublished data).

In a previous study, we had already classified FBLCs in the data stacks used in the present study into four types based on the
external cellular appearance, the abundance or shape of each organelle, the detailed distribution, and relationship with surrounding
cells (Fig. 1B) [25]. Briefly, the type I and type II FBLCs were localized in the subepithelial region around the intestinal crypts,
whereas the type III FBLCs were located in the subepithelial region, closer than the type I and II FBLCs, from the ICL to the villous
apex. The type IV FBLCs were located away from the epithelium from the IVB to the IVA. The type I FBLCs contained a spherically
expanded endoplasmic reticulum with a spherical shape, whereas the type I FBLCs each had a thin and multi-layered endoplasmic
reticulum. The MLCs were composed of several types including typical macrophage-like cells with frequent phagosomes, the
peculiar types of macrophage-like cells with abundant exoplasm reported by Iwanaga et al. (1994) [20], and others. We classified the
cells with simple shapes (other than the plasma cells, eosinophils, and mast cells) as lymphocyte-like cells and monocyte-like cells:
the lymphocyte-like cells had a spherical or oval-shaped nucleus, and the monocyte-like cells had a reniform or horseshoe-shaped
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Fig. 1. A: Schema of observed portions of the ileal mucosa: (1) the apical portion of the villi (IVA), (2) the basal portion of the villi (IVB),
(3) the lateral portion of the crypts (ICL), and (4) the basal portion of the crypts (ICB). B: Schema of classification of fibroblast-like cells
(FBLCs). C-F: 3D images of the running pattern of nerve bundles, including enteric glial cells, and nerve fibers. Upper parts of images
are the luminal side of the intestine (white arrow). Nerve bundles (light gray) frequently branch in the IVA (C) and ICL (E) and exhibit a
greater degree of branching in the IVA compared to the IVB (D) and ICB (F). Nerve fibers (red) separated from the nerve bundle are more
common in IVA (C) compared to the other portions. G: Serial images of a nerve fiber (green) separated from a nerve bundle (contoured by
white dashed line) in IVA. Enteric glial cell (red) is observed as a part of the nerve bundle. C—F: Bar=10 ym. G: Bar=1 um.

nucleus. The mucosal epithelial cells were classified into columnar epithelial cells, goblet cells, Paneth cells, and endocrine cells.

The cell type of some cells could not be identified because their cellular bodies were not sufficiently present in the data stacks; we
thus refer to these cells as “undetermined cells” herein. In addition to pericytes, vascular endothelial cells, and lymphatic endothelial
cells, although undefined cells other than the cells defined above were observed as minor populations in the lamina propria, their
characteristics are not described herein because they had no contact with nerve fibers. Conversely, we excluded enteric glial cells
from the analysis object because enteric glial cells constantly enwrapped the nerve fibers, so their contact numbers were countless.

Quantitative histological analysis

The numbers of all cells that were in contact with one or more nerve fibers, including undetermined cells, were counted. We
then conducted a 3D examination of all contact structures and classified them based on the number of nerve fibers contacting the
target cells at one site, their relationship with nerve bundles, and the maximum diameter of each nerve fiber as described below. We
also counted the number of each pattern of contact structures contacting with each type of cells in the mucosa. These results are
presented as numerical data. The maximum diameter of each nerve fiber at the detected contact structure was measured from the
three-dimensionally reconstructed contact structure by the Fiji program, and these data are presented as a bar chart.

RESULTS

3D analysis of the neural network in the rat ileal mucosa

Nerve bundles, including enteric glial cells, formed complex networks by branching/anastomosing with higher complexity in
the IVA compared to the three other portions of the rat ileal mucosa (Fig. 1C—F). The degree of branching/anastomosis of nerve
bundles was largest in the IVA and larger in the ICL than in the IVB and ICB (Fig. 1C—F). The nerve bundles in the IVB simply
ran along the long axis of intestinal villi (Fig. 1D). Separation of a nerve fiber from the nerve bundle was observed in all four ileal
mucosa portions, with the greatest abundance in the IVA (Fig. 1C—F). The separation of a nerve fiber from the nerve bundle in ICB
was abundant in one data stack (Fig. 1F), but scarce in the other two data stacks. These nerve fibers were separated from nerve
bundles and running alone in the lamina propria (Fig. 1G). Enteric glial cells enwrapped the nerve fibers and were constantly found
as a part of the nerve bundles (Fig. 1G); therefore, they were observed as different cells from the other cells in the lamina propria.
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Table 1. The number of cells contacted with nerve fibers

Contact no.
Class Cell type
IVA IVB ICL ICB Total
FBLC type [ 0 0 0 0
type 11 0 0 6 (4) 6(4)
type 111 34 (14) 4(2) 0 0 38 (16)
type IV 13 (8) 2(1) 0 0 15(9)
Immunocompetent cell MLC 18 (12) 4(1) 0 2(1) 24 (14)
Mono 0 0 1(1) 1(1)
Plasma cell 0 5(0) 0 0 5(0)
Eosinophil 6(3) 0 0 0 6(3)
Mast cell 0 2 (0) 0 0 2 (0)
Lym 2(1) 2(1) 0 0 4(2)
Epithelial cell Paneth cell 0 0 0 1(1) 1(1)
C-EC 2 (0) 0 0 0 2(0)
Goblet cell 0 0 0 0 0
Endo 0 0 0 0 0
Others VM 0 1(0) 3(0) 1 (0) 5(0)
Pericyte 0 0 0 0 0
U.D. 1(1) 2(0) 0 1(1) 4(2)
Total 76 (39) 22 (5) 3(0) 12 (8) 113 (52)

C-EC, columnar epithelial cell; Endo, endocrine cell; FBLC, fibroblast-like cell; ICB, the basal portion of the
crypts; ICL, the lateral portion of crypts; IVA, the apical portion of the villi; IVB, the basal portion of the villi;
Lym, lymphocyte-like cell; MLC, macrophage-like cell; Mono, monocyte-like cell; U.D., undetermined cell;
VM, villous myocyte. Numbers in parentheses are the numbers of digging structures. The fields are colored
based on the contact number as follows. 0—4: gray, 5-9: pale red,10—: red.

Analysis of the connectivity of nerve fibers in the rat ileal mucosa

A total of 113 cells that were in contact with nerve fibers were detected (Table 1, Fig. 2). We previously reported the results of
a qualitative analysis of the contacts of nerve fibers with type [I-IV FBLCs [25]. The contact cells detected in the mucosa were
abundant in the order of the IVA (n=76), IVB (n=22), ICB (n=12), and ICL (n=3) (Table 1). Nerve fibers were more frequently in
contact with type III FBLCs, type IV FBLCs, and MLCs compared to the other cell types (Table 1). The contacts of nerve fibers
with type II FBLCs (Fig. 2A) were restricted to the ICB, whereas the contacts with type III FBLCs (Fig. 2B) and type IV FBLCs
(Fig. 2C) were observed mostly in the IVA.

Nerve fibers were also in contact with various types of cells including granulocytes such as eosinophils and mast cells and
immunocompetent cells such as MLCs, a monocyte-like cell, plasma cells, and lymphocyte-like cells. Contacts with MLCs (Fig.
2D) were more frequently observed in the IVA compared to the other portions, although MLCs were sufficiently located in all
portions. Only one monocyte-like cell was observed as a contact target of a nerve fiber in the ICB (Fig. 2E). Contacts with plasma
cells (Fig. 2F) and mast cells (Fig. 2G) were observed only in the IVB, whereas those with eosinophils (Fig. 2H) were observed
only in the IVA. Lymphocyte-like cells were scarcely in contact with the nerve fibers in the IVA and IVB (Fig. 21). In addition,
nerve bundles were running close to villous myocytes from the ICB to the IVA, although the direct contacts of nerve fibers with
villous myocytes were scarce in all of the portions (Fig. 2J). Interestingly, only villous myocytes were in contact with the nerve
fibers in the ICL.

Nerve fibers almost always ran more inside of lamina propria than subepithelial FBLCs, and thus contacts with epithelial cells
were very scarce. The nerve fibers were in contact with only two villous columnar epithelial cells (Fig. 2K) and a Paneth cell (Fig.
2L), despite the basal surface of numerous epithelial cells contained in the data stacks was examined carefully. The one villous
columnar epithelial cell and one Paneth cell extended a cellular process that penetrated the epithelial basement membrane toward
the lamina propria, and these cells were in contact with the nerve fiber by their cellular process (Fig. 2K, 2L), whereas another
villous columnar epithelial cell was in contact with a nerve fiber penetrating the epithelial basement membrane. Synaptic vesicle-
like structures were usually observed in the nerve fibers at almost all contact sites (Fig. 2M). The nerve fibers at contact sites were
occasionally digging into the cellular bodies of the target cells, especially type II FBLCs (Fig. 2A’), type III FBLCs (Fig. 2B’), type
IV FBLCs (Fig. 2C’), MLCs (Fig. 2D’), eosinophils (Fig. 2H”), and lymphocyte-like cells (Fig. 21") (as shown by the numbers in
parentheses in Table 1), whereas these diggings of nerve fibers were not observed in the contact sites to plasma cells, mast cells,
villous columnar epithelial cells, the Paneth cell, or villous myocytes.

We reconstructed the three-dimensional contact structures for each target cell type listed in Table 1. We observed that although
some contact structures could not be three-dimensionally reconstructed, the other contact structures could be broadly classified into
two patterns based on the number of nerve fibers contacting the target cells at one site: contact by a sole nerve fiber (sole-contact
type: n=131), and contact by multiple nerve fibers (multi-contact type: n=39) (the total number of contact structure (n=170, Table 2)
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Fig. 2. Ultrastructural observation of contacts between nerve fibers (red) and target cells (blue). A-L: Nerve fibers are in contact with the type 11
fibroblast-like cell (FBLC) (A), the type III FBLC (B), the type IV FBLC (C), the macrophage-like cell (MLC) (D), the monocyte-like cell (E),
the plasma cell (F), the mast cell (G), the eosinophil (H), the lymphocyte-like cell (I), the villous myocyte (J), the villous columnar epithelial cell
(K), and the Paneth cell (L). A’-K’: High-magnification images of the squares in panels A-K, respectively. Synaptic vesicle-like structures are
observed in each contact structure. Contact structures against the type I FBLCs (A”), the type III FBLC (B’), the type IV FBLC (C’), the MLC
(D’), the monocyte-like cell (E’) the eosinophil (H’) and the lymphocyte-like cell (I’) dig into the cellular bodies of the target cells. L’1-3: Ultra-
structural serial images showing the contact between a nerve fiber and a cellular process of the Paneth cell in panel L. L’3: High-magnification
image from the square in panel L. The Paneth cell (blue) extends a cellular process penetrating the basal lamina and is in contact with a nerve
fiber (red). M: Many synaptic vesicle-like structures are present in the contact structure showing the swelling pattern. A contact site between a
nerve fiber and the type IV FBLC is indicated by arrowheads from the side of the type IV FBLC. White dashed line, epithelial basal lamina. IVA,
apical portion of the villi. [IVB, basal portion of the villi. ICB, basal portion of the crypts. Bar=1 ym.
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Table 2. The number of contact structures in each pattern

Pattern =~ Contact Max. dia. Relationship withNB IVA IVB ICL ICB Total

#S1 1 >1 ym Separating 14 1 0 9 24
#S2 1 >1 ym Protruding 50 11 2 64
#S3 1 <l ym Separating 16 1 0 7 24
#S4 1 <l ym Protruding 17 1 1 0 19
#M >2 NA Protruding 27 11 1 0 39
Total 124 25 3 18 170

#M, multi-contact type; NA, not applicable; NB, nerve bundle. The other abbreviations are explained in the
Table 1 footnote.

was larger than the total number of contact cells (n=113, Table 1) because there were cases that two or more contact structures were
observed against one target cell at the different sites). The maximum diameter of the nerve fibers at the contact structures of the sole-
contact type was 0.332-3.118 um, indicating that the contact structures included swelling patterns (>1 um, 88/131) and non-swelling
patterns (<1 um, 43/131) (Fig. 3A). The nerve fibers of the sole-contact type were often in contact with each target cell without
separating from nerve bundles (hereinafter referred to as the “protruding pattern”, 83/131), whereas nerve fibers were occasionally in
contact with each cell as a sole fiber that had completely separated from the nerve bundle (hereinafter referred to as the “separating
pattern”, 48/131). Therefore, the contact structures of the sole-contact type could be mainly classified into four patterns (#S1-#S4)
based on both (1) the relationship with the nerve bundles (separating or protruding) and (2) the maximum diameter at the contact
structures in the nerve fibers (swelling or non-swelling) as shown by Fig. 3B—F and Table 2.

Among the sole-contact type, pattern #S2 (protruding and swelling) was the most frequent, whereas pattern #S4 (protruding
and non-swelling) was the least frequent. Pattern #S1 (separating and swelling) and #S3 (separating and non-swelling) showed
similar numbers in the intermediate level between the pattern #S2 and #S4 (Table 2). The protruding patterns (#S2 and #S4, in
total 83/131) were more abundant than the separating patterns (#S1 and #S3, in total 48/131) from the I'VA to the ICL, whereas the
separating patterns (#S1 and #S3) were more abundant than the protruding patterns in the ICB (Table 2). The contact structures
sometimes dug into the cellular bodies of target cells in the swelling patterns (#S1 and #S2) but rarely did so in the non-swelling
patterns (#S3 and #S4) (as described below in Table 3). Twelve cases among the swelling patterns (#S1 and #S2) showed that the
distinctive contact structures branched slightly from the nerve fibers like a spine of dendrites in the brain (Fig. 3B).

In addition to the sole-contact type described above, we observed contact structures showing a multi-contact type in which
each target cell was in contact with multiple (>2) nerve fibers protruding from one nerve bundle (Fig. 3F-I), which means that
the substantial contact number of the multi-contact type shown in Table 2 was less than that of the sole-contact type (Fig. 3G).
This contact type increased toward IVA (Table 2). The contact structure of each nerve fiber in the multi-contact type usually
corresponded to either of the protruding patterns #S2 or #S4 of the sole-contact type. Abundant digging structures by the many
nerve fibers from one nerve bundle were observed against one target cell (Fig. 3H, 31).

We recounted the numbers of nerve fiber-contacts against each cell type based on the above patterns shown in Fig. 3F (Table
3). Separating patterns (#S1 and/or #S3) were in contact with type II-IV FBLCs, MLCs, a mast cell, a Paneth cell, an eosinophil,
a lymphocyte-like cell, and a monocyte-like cell. Pattern #S1 was often digging against type I[I-IV FBLCs and MLCs, whereas
digging by pattern #S3 was highly scarce (as shown by the numbers in parentheses in Table 3). Pattern #S2 was in contact with
many cell types other than monocyte-like cells, mast cells, lymphocytes-like cells and a Paneth cell, and this pattern showed
digging against type III-IV FBLCs, MLCs, and an eosinophil. Pattern #S4 was in contact with type III-IV FBLCs, MLCs, a
lymphocyte-like cell, a mast cell, a villous myocyte, and villous columnar epithelial cells and exhibited digging against only
type III FBLCs. Moreover, the multi-contact type was in contact with type III-IV FBLCs, MLCs, plasma cells, eosinophils,
lymphocytes-like cells, and villous myocytes. The multi-contact type exhibited at least one or more digging against the target cells
other than plasma cells and villous myocytes, which was remarkable in type III FBLCs and MLCs. Interestingly, a large contact
area by many nerve fibers against type III FBLCs was observed in this pattern, because a nerve bundle ran in a close position with
type III FBLCs over a long distance (Fig. 3H, 31).

All contact types (including both the sole-contact and multi-contact types) against most cell types (other than plasma cells,
mast cells, a Paneth cell, and type II FBLCs) were abundant in the IVA, whereas in the ICB the target cells which were the most
frequently in contact with pattern #S1 were type II FBLCs.

DISCUSSION

Several studies have suggested that nerve fibers establish direct contacts with various types of cells in the small intestine [9,
16]. Direct contacts of nerve fibers with type II-IV FBLCs were also demonstrated by SBF-SEM in our previous study [25].
However, the contact structures of nerve fibers had been poorly defined, and the comprehensive targets of innervation had not
been elucidated. Our present findings revealed that nerve fibers formed several patterns of contact structures containing synaptic
vesicle-like structures against various types of cells in the rat ileal mucosa. Among them, the contact structures showing swelling
patterns (#S1 and #S2; 1-3 ym)—which presumably correspond to the varicosity reported in earlier studies [12, 42]—often dug
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Fig. 3. Classification of contact structures based on 3D characteristics. A: The distribution of the maximum diameter of contact structures showing
the sole-contact type. B—E: 3D images of contact structures in patterns #S1 (B), #S2 (C), #S3 (D), and #S4 (E). Contact-nerve fibers (green)
separate from nerve bundles (/ight gray) in separating patterns (#S1, B; and #S3, D), while the nerve fibers other than those with contact sites are
included in nerve bundles in protruding patterns (#S2, C; and #S4, E). The contact structure in panel B is branched slightly from the nerve fiber
like a spine of dendrites in the brain (arrow). Red, contact site. Bar=1 um. F: Schema of each pattern of contact structure. Gray: Target cell. Red:
Contact structure. Green, blue and pink: Nerve fibers. NB: nerve bundle. #M: multi-contact type. G: 3D images of contact structures showing
the multi-contact type. The multi-contact type has many contact sites (red areas) and collectively shows a large contact area. Green: Nerve fibers
with contact structures. Light gray: Nerve bundle. H, I: 3D images of contact structures showing the multi-contact type (H) and ultrastructural
serial images showing the contact between nerve fibers (colored in panel H) and their target cell (type IlI fibroblast-like cell (FBLC)) in the
villous apical portion (I). The nerve bundle in panel H is the same as that in panel G. Each ultrastructural serial image in panel 31 represents the
cross-sectional image shown in panel H. Multiple nerve fibers (each nerve fiber is shown by a different color) are contained in the same nerve
bundle (/ight gray). Contact with type III FBLCs and digging into the cellular body (white arrowheads). The color of each nerve fiber in panel I
corresponds to the color in panel H. G-I: Bar=1 um.

into the target cells, suggesting that nerve fibers preferentially contact the target cells with directionality as swelling structures. The
neurotransmission in the peripheral autonomic nervous system is thought to be mediated by varicosity [21], which is a swelling
structure found in the middle of nerve fibers. It has also been reported that synaptic contact structures form swelling structures,
including axonal endings and varicosities in the brain [22]. These studies suggest that swelling structures are one of the indexes of
innervation, and thus the contact structures that we observed with (1) a swelling pattern (#S1 and #S2) and (2) digging into target
cellular bodies (listed in Table 3 by the numbers in parentheses) suggest the existence of innervation with direct contacts in the rat
ileal mucosa. We were unable to reach a conclusion regarding whether or not these contact structures include the synapse. In the
case that we consider the above perspectives in the assessment of innervation (swelling and digging), it appears that type [I-1V
FBLCs, MLCs and eosinophils are all targets of innervation as listed in the parentheses in Table 3, although we cannot exclude
the possibility that the other patterns of the contact structures also truly innervate target cells via direct contacts. In addition, the
connective targets were portion-specific in the ileal mucosa: the contacts with type III-IV FBLCs, MLCs, and eosinophils were
more abundant in the IVA, and those in contact with type II FBLCs were restricted to the ICB. Taken together, our results suggest
that nerve fibers regulate the different functions or different cell types in each portion of the mucosa in the rat small intestine. The
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Table 3. The number of contact patterns for each cell type in the four portions of the rat ileal mucosa

Contact no.
Class o IVA IVB ICL ICB
type Total
4S1 #S2  #S3 #S4 #M  #S1 #S2 #S3 #S4 #M  #S1 #S2 #S3 #S4 #M  #S1 #S2 #S3 #S4 #M
FBLC typell 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6@)2(040 0 0 12(4
type il (6 ) EXCROM) 0@HEIB o 341) o 0o 20) 0 0o 0 0 0O 0 0 0 0 0 5502I)
type IV 3(2) 9(6) 2(0) 2(0) 4(3) 0 21 O 0 1(0) 0 0 0 o0 0 0 0 0 0 0 23(12)
imm MLC 5Q) XY 20) 6(4) 0 10 0 0 3(1) 0 0 0 0 0 1(1) 0 10 0 0 46QI)
Mono 0 0 O O 0 o 0 0 0 0 0 0 0 0 0 0 0 1(1) 0 0 1()
Plasma 0 0 0 0 0 0 300 0 0 200 0 0 0 0 0 0 0 0 0 0 5(0
Eosino 0 3(1) 1) 0 3@ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 703
Mast 0 0 0 0 0 1(0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 2(0
Lym 0 0 0 10 2() 0 0 1) 0 2() 0 0 0 0 0 0 0 0 0 0 6(3)
Epi CEC 0 0 0 20 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2(0
Paneth 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 1(0)
Others VM 0 0 0 0 0 0 0 0 0 1( 0 1(0 0 1(1© 0 0 10 0 0 5(0
U.D. 0 1(1) 10 O 0 0 2@ O 0 0 0 0 0 0 0 1(1) 0 0 0 0 5(2)

Eosino, eosinophil; Epi, epithelial cell; Imm, immunocompetent cell; Mast, mast cell; Paneth, Paneth cell. The other abbreviations are same as Tables 1 and 2
footnote. Numbers in parentheses are the numbers of digging structures. The fields are colored based on the contact number as follows. 0—4: gray, 5-9: pale red,
10—: red.

possible significance of contacts by nerve fibers with each type of cell is discussed next.

Subepithelial FBLCs (type III in this study) in the rat small intestine form a mesh-like structure under the epithelium [25] and
communicate with each other by gap junctions [9, 14]. These cells were reported to be in contact with various other cells (e.g.,
villous myocytes and nerve fibers) by cellular processes. FBLCs and villous myocytes are thought to support the villous structure
and contracting of the intestinal villi [9, 14]. Subepithelial and non-subepithelial FBLCs are in contact with villous myocytes
by cellular processes, suggesting that these cells might act together as a contraction system [19, 25]. It has been pointed out the
possibility that the pumping motion of the intestinal villi may cause the flow of lymph in the central lacteal [23]. These findings
provide a foundation for the hypothesis that the contraction system formed by villous FBLCs and villous myocytes might regulate
pumping of the intestinal villi to promote the flow of lymph in the central lacteal from the top toward the bottom of the intestinal
villus. In the present study, abundant neural connections with subepithelial FBLCs (type III) and non-subepithelial FBLCs (type
IV) were observed in the IVA. This finding suggests that type III FBLCs and type IV FBLCs are subject to many innervations,
especially in the IVA, which might lead to the efficient flowing of lymph in the central lacteal from the top to the base by pumping.
The tissue structure in the IVA is thought to be susceptible to physical stimulation by the luminal contents and to be prone to
deformation of the intestinal villi. This information about physical stimulation is speculated to be received by subepithelial FBLCs
(type III FBLC:s in this study) and transmitted to the nervous system by intrinsic primary afferent neurons (IPANs) [13] which
have dendrites that also function as axons and are in contact with subepithelial FBLCs [2]. We observed herein that the contact
structures against type III FBLCs were the most abundant, especially in the IVA, and included the multi-contact type in which
many nerve fibers were in contact with and dug into the cellular bodies of type III FBLCs, which means that multiple nerve fibers
could simultaneously regulate one individual type III FBLC. These findings suggest that type III FBLCs in the IVA might actively
attract nerve fibers via unknown mechanisms and be delicately regulated by various nerve fibers including IPANs; this presumably
contributes to the well-known functions of type III FBLCs, which include receiving physical stimulations [13] and collaboratively
contracting [16].

The mucosal epithelium in the intestinal crypt has been reported to be affected by various neurotransmitters. For example,

ACh and VIP increase the secretion of intestinal juice [1, 37], and CGRP and SP upregulate the proliferation of epithelial cells in
the rat intestine [17]. ACh promotes the secretion of antibacterial substances in Paneth cells [35]. Despite these reports about the
functional effects of neurotransmitters on epithelial cells in the intestinal crypt, evidence of the innervation with direct contact
to the epithelial cells other than tuft cells and endocrine cells [28, 41] had been never presented. In our present investigation,

the nerve fibers almost always ran in the lamina propria more inside than the subepithelial FBLCs and were not in contact with
crypt epithelial cells (except for a Paneth cell). It is not yet clear whether the contacts of nerve fibers with a Paneth cell were
true innervation, because the contact structure was neither swelling nor digging. These results provide the following alternative
hypothesis that the major innervation pathway to the crypt epithelial cells occurs without direct contact: (1) the nerve fibers
innervate the crypt epithelial cells by paracrine-manner (without direct contact) or (2) any of cells in the lamina propria mediate
the neurotransmission to the crypt epithelium. In this study, the main targets of neural connections around the intestinal crypt
were the type Il FBLCs. Our earlier investigation revealed that type II FBLCs form a basket-like reticular structure surrounding
the crypt epithelium by being in contact with each other around the intestinal crypts [25]. Such FBLCs around the crypts were
immunopositive for CD34 and in direct contact with Paneth cells [26]. Therefore, considering that the secretion of antibacterial
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substances from Paneth cells is promoted by ACh [35] despite scarce direct contacts as shown in the present study, we

speculate that type II FBLCs might regulate the secretion of antibacterial substances, and possibly intestinal juice, by mediating
neurotransmission to crypt epithelial cells. The basket-like reticular structure formed by type II FBLCs surrounding the intestinal
crypt might contribute to efficient signal transduction from nerve fibers to the wide range of crypt epithelial cells by acting as a
“spreader”, in contrast to the direct regulation of epithelial cells by each neuron. On the other hand, although the connect between
the epithelial cells and nerve fibers were highly scarce in the present study, the extensions of the cellular process from epithelial
cells into the lamina propria found in the present study might be noteworthy. This phenomenon has been reported in Paneth

cells [26] and intestinal enteroendocrine cells [3]. The extension of the cellular processes penetrating the basal lamina might be
important for intercellular communication between the epithelial cells and the cells in the lamina propria. The data stacks used in
the present study will be helpful to quantify this phenomenon. It is required to more detailed investigation about that in the future
to clarify its significance.

The activation of macrophages has been reported to be regulated by ACh [40]. Vagotomy, knockdown of the vesicular ACh
transporter, and administration of an ACh-antagonist promoted the phagocytosis of macrophages (Kupffer cells) in the mouse
liver [10]. In addition, inflammatory activity is inhibited by ACh through the nicotinic ACh receptor of peritoneal macrophages
from mice [5]. The ENS has been suggested to control inflammation by innervating macrophages through a cholinergic anti-
inflammatory pathway [27]. VIP also inhibit the inflammatory activities of macrophages, such as inhibition of TNFa synthesis [7]
and upregulation of IL-10 synthesis [6]. Moreover, mononuclear phagocytes in the mouse ileum express VIP receptor (VPACI)
and are in contact with VIP * nerve fibers [4]. Thus, neural contributions to the regulation of the functions of macrophage have
become well known, but the precise picture of innervation against macrophages is poorly understood. Our present analyses
suggest that MLCs were the second most abundantly innervated cell type after type III FBLCs and that MLCs were in contact
with nerve fibers mainly in the IVA, although MLCs existed in all portions of the mucosa. These findings suggest that nerve
fibers preferentially innervate MLCs in IVA compared to the other types of immunocompetent cells and might contribute to the
maintenance of intestinal homeostasis by regulating their fundamental functions (e.g., phagocytosis and cytokine production).
However, considering that macrophages contribute to the reconstruction of the neural network in the brain [36] and the myenteric
plexus in the intestine [24], we cannot exclude the possibility that the contacts between nerve fibers and macrophages might
contain the neural connection for the maintenance or the reconstruction of the enteric neural network in the intestinal mucosa as
well as innervation. To investigate these two hypotheses, it is necessary to examine the significance of contacts between nerve
fibers and MLCs in further studies. We identified not only MLCs but also eosinophils as the candidate targets of innervation in this
study. These findings suggest that the nerve fibers may control various immune functions in the intestinal mucosa.
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