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The distribution, morphology, and innervation of vasculature in different mouse
colonic segments and layers, as well as spatial relationships of the vasculature
with the enteric plexuses, glia, and macrophages are far from being complete.
The vessels in the adult mouse colon were stained by the cardiovascular perfusion
of wheat germ agglutinin (WGA)-Alexa Fluor 448 and by CD31 immunoreactivity.
Nerve fibers, enteric glia, and macrophages were immunostained in the WGA-
perfused colon. The blood vessels entered from the mesentery to the submucosa
and branched into the capillary networks in the mucosa and muscularis externa.
The capillary net formed anastomosed rings at the orifices of mucosa crypts, and
the capillary rings surrounded the crypts individually in the proximal colon and
more than two crypts in the distal colon. Microvessels in the muscularis externa
with myenteric plexus were less dense than in the mucosa and formed loops. In
the circular smooth muscle layer, microvessels were distributed in the proximal,
but not the distal colon. Capillaries did not enter the enteric ganglia. There were
no significant differences in microvascular volume per tissue volume between the
proximal and distal colon either in the mucosa or muscularis externa containing
the myenteric plexus. PGP9.5-, tyrosine hydroxylase-, and calcitonin gene-related
peptide (CGRP)-immunoreactive nerve fibers were distributed along the vessels in
the submucosa. In the mucosa, PGP9.5-, CGRP-, and vasoactive intestinal peptide
(VIP)-immunoreactive nerves terminated close to the capillary rings, while cells
and processes labeled by S100B and glial fibrillary acidic protein were distributed
mainly in the lamina propria and lower portion of the mucosa. Dense Ibal
immunoreactive macrophages were closely adjacent to the mucosal capillary
rings. There were a few macrophages, but no glia in apposition to microvessels in
the submucosa and muscularis externa. In conclusion, in the mouse colon, (1) the
differences in vasculature between the proximal and distal colon were associated
with the morphology, but not the microvascular amount per tissue volume in the
mucosa and muscle layers; (2) the colonic mucosa contained significantly more
microvessels than the muscularis externa; and (3) there were more CGRP and VIP
nerve fibers found close to microvessels in the mucosa and submucosa than in
the muscle layers.
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FIGURE 9

Examples illustrating nerve terminals distributed closely to the capillaries in the mucosa. Samples were from the proximal colon. Microphotographs at
high magnification were acquired under 63X objective. (A—D) The vessels were painted by WGA perfusion (green), and nerve fibers were
immunolabeled by PGP9.5, CGRP and VIP (red). (E, F) Show magnified areas framed in (D). The "***" indicated the lumen site.

In the mouse colon, we demonstrated nerve fibers
immunoreactive for TH, CGRP, and PGP9.5 surrounding the
blood vascular branches, but not the arterioles before the capillary
networks in the submucosa layer. The innervation of the gut
vessels is well-studied in humans and rodents (Li et al., 1998; De
Fontgalland et al., 2008; Fu et al., 2013). In rodents, comprehensive
data are mainly derived from guinea pigs and small intestines
(Li et al, 1998; Fu et al, 2013). It is well-known that in the
gut, the major contributor to mesenteric and submucosal blood
vessel innervations is the sympathetic nervous system (Brookes
et al., 2009; Lomax et al., 2010). TH nerves are mostly extrinsic,
as demonstrated by the disappearance of TH immunolabeling
after the extrinsic denervation of the ileum in guinea pigs (Li
et al, 1998). Reports on the innervation of blood vessels in the
human colon indicate that 85% contain TH and NPY, are rarely
cholinergic, and few of the extrinsic afferents contain CGRP
located around vessels (De Fontgalland et al., 2008). By contrast,
in the mouse distal colon, anterograde tracing from the L6 and
S1 dorsal root ganglia revealed that CGRP nerves projected to
vessels (Spencer et al., 2014), and CGRP-ir nerve fibers run along
the vessels in the mesentery (Peiris et al., 2017). In the muscularis
externa and the capillary bed at the base of the mucosa crypts,
immunolabeled nerves were rarely observed in the proximity of
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microvessels. In contrast, PGP9.5, CGRP, and VIP nerve terminals
were closely distributed to the capillary net beneath the epithelia,
providing neuroanatomical support that VIP and CGRP are
neurotransmitters regulating mucosa secretion and blood flow
(De Fontgalland et al., 2008; Mitsui et al., 2013; Fung and Vanden
Berghe, 2020).

The enteric glia and macrophages are cells associated
with vasculature involved in the communication between
systemic signals and colonic functions. Cumulative evidence
demonstrated that enteric glia are involved in gut inflammation
and neurodegenerative disease (Cabarrocas et al., 2003; Rosenberg
and Rao, 2021; Seguella and Gulbransen, 2021). However, the
supportive morphological visualization of the glia-vascular
contacts is not ascertained. In addition, it is notable that until
recently, “many researchers failed to recognize the importance
of differentiating the populations of enteric glia’. Sometimes the
enteric glial cells are considered astroglia, the intestinal counterpart
of the brain (Savidge et al., 2007; Gulbransen and Sharkey, 2012;
Seguella and Gulbransen, 2021). In fact, as in the brain, enteric
glial cells are heterogenic, labeled differently by the markers GFAP,
S100, proteolipid protein 1, and Sox10 and classified as I-IV types
by their morphology, location, and cellular markers (Gulbransen
and Sharkey, 2012; Boesmans et al., 2015; Grundmann et al,
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FIGURE 10

Capillary rings and nerve fibers at the top of the mucosa. The samples were from the mid-colon. The vessels were painted by WGA perfusion (cyan),
nerve fibers were immunolabeled by PGP9.5, CGRP, and VIP (red), and the tissues were counterstained by DAPI (blue). The different fluorescent
channels merged in the same image demonstrate the mucosa capillary net in relation to immunofluorescent nerve terminals. High magnifications
(objective 63X) of double labeling of WGA with each immunostaining are in the bottom panels
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FIGURE 11

and processes. GFAP glia were not distributed around microvessels

Vessels and GFAP-ir glia in the mouse colon. The vessels were painted by WGA (cyan) and glial cells were immunostained by GFAP (red). Samples in
(A—F) were from the mid-colon, and the sample in G-I was from the proximal colon. (A, B) GFAP-ir glia in the submucosal plexus (A) and myenteric
plexus (B). The capillaries did not enter either of the plexuses. (C) GFAP-ir fibers surrounded vessels in the submucosa. (D—F) WGA-GFAP double
labeling in the mucosa. (D) At the bottom of mucosal crypts; (E) capillary rings (WGA) near the lumen, no GFAP labeling found. (F) the red channel
shows GFAP negative. (G-I1) Portion of a mucosal fold from the proximal colon with WGA-painted microvessels and GFAP immunoreactive glial cells

s ), and these molecules are not
pan-expressed in the enteric glia ( ). While
S100B and GFAP have been used interchangeably to identify glial
), it is noted that
the S100B antibody labels different types of enteric glia and other

cells in the intestine (

cells, while GFAP mostly labeled the glia in the enteric ganglia
( ; 5
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In the present study, we found that GFAP and S100B labeled
various types of cells that were not frequently found in apposition to
microvessels. In the mucosa and submucosa of the mouse proximal
colon, there were only a few GFAP cells along the vessels. Likewise,
in the enteric ganglia of mouse jejunum, a previous study using
S100B and GFAP antibodies described “glial-endothelial contacts
but not a continuous perivascular glial sheath or layer around the

ganglia” ( ). Other reports in the mouse small intestine
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FIGURE 12

to show the locations of capillaries and S100B-ir processes (arrows).

Vessels and S100B-ir cells in the mouse colon. The vessels were painted by WGA (cyan) and cells were immunostained by S100B (red). All the images
are samples from the proximal colon. (A, B) S100B-ir cells in the submucosal plexus and myenteric plexus, respectively. The capillaries did not get
into either of the plexuses. (C): S100B-ir cell bodies and processes surrounded vessels in the submucosa. (D) S100B-ir cells and microvessels in the
circular muscle layer. (E) In the submucosal layer, SI00B-ir cells formed in a net close to the capillary net at the bottom of mucosal crypts. (F)
S100B-ir cells located close to the top mucosal capillary network. Arrow indicates S100B labels under the capillary rings. (G) Transverse section of a
mucosal fold in the proximal colon showing S100B-ir cells located densely in the lower portion of mucosa and lamina propria (arrows). (H, 1) High
magnifications demonstrate some S100B-ir processes at the top of mucosal crypts while not in apposition to the capillaries. The image in (1) is tilted

20 ym

also found that the GFAP-ir astrocyte-like cells were located at
the top of the villi and their cell processes were close to the
epithelium ( ). Although the morphologies of
GFAP-ir glia are different in mouse and human colon (

), their locations are similar, mainly in the enteric plexus

and intramuscular tissue, implying similar functions. In addition,
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the GFAP-containing enteric glia may be different from those in
the central nervous system, which are isoforms and activated types
of astrocytes ( ; ;
). We found that the S100B-ir cell bodies
and processes were distributed to the top of the mucosa but were

rarely in adjacent apposition to the microvessels. Similarly, in the
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FIGURE 13

Vessels and macrophages in the mouse colon. (A) Ibal-ir macrophages (red) distributed in the mucosa shown in a vertical section of the proximal
colon (microvessels painted by WGA, cyan). (B) Dense Ibal-ir macrophages at the top of mucosa at high magnification. (C) WGA-pained vessels and
Ibal-ir macrophages (red) in the capillary net at the bottom of mucosal crypts. (D) Ibal-ir macrophages close to the capillary net at the top of
mucosal crypts. The three panels displayed the same photomicrography in different channel(s). (E) High magnification of Ibal-ir macrophages in the
capillary rings at the bottom of the mucosal crypt. (F) High magnification of Ibal-ir macrophages in the capillary rings at the mucosal crypts top. (G)
Ibal-ir macrophages in the submucosa. (H) Vessels (WGA+CD31) in a Peyer's patch with many Ibal-ir cells inside (purple). (1) Ibal-ir cells (purple)
near the vessels (WGA cyan+CD31 red) in the submucosa. (J) Ibal-ir macrophages (cyan) in the muscularis externa with WGA and CD31
dual-labeled capillaries and a CD31-ir lymphatic vessel (red).
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human colon, S100B-ir cells were densely distributed up to the
top of the mucosa under the epithelium, and in the submucosa,
perivascular S100B-ir cellular filaments were associated with CD34-
labeled microvessels (Liu et al., 2013). The morphologies of the
mucosal glial cells were different from those in the enteric nervous
plexus, as mentioned in previous reports (Gulbransen and Sharkey,
2012; Boesmans et al,, 2015; Seguella and Gulbransen, 2021).
“A blood-enteric nervous system barrier” was proposed with
ultrastructural evidence of an almost continuous layer of glial end-
feet around the enteric ganglion (Gershon and Bursztajn, 1978;
Sharkey, 2015; Dora et al., 2021). In the present study, we found
little evidence for a possible contact between the glial cells and
capillaries in the mouse colonic tissues. Collectively, these findings
indicate that different types of glial cells and their location in
colonic layers may be involved in various functions.

Microglia and macrophages both express Ibal (Sasaki et al,
2001; Sasaki, 2017). Macrophages are heterogenic, tissue-specific,
and change their morphology and phenotype under physiology
and pathological status; therefore, various markers are expressed
in macrophages (Mowat and Bain, 2011; Cipriani et al., 2016;
Yip et al, 2021; Mischopoulou et al., 2022). Many of the
markers recognize not only macrophages but also dendritic cells
and other monocytes (Hume, 2008; Cipriani et al.,, 2016). Ibal
antibody can label resting, active, and phagocytic (amoeboid)
macrophages/microglia and perivascular macrophages in mouse
brains (Ravikumar et al., 2014; Sasaki, 2017). This marker has not
been widely used for identifying colonic macrophages, especially in
the mucosa. The Ibal-ir cells are considered resident macrophages
in the intestine, and they are in the muscularis externa and
submucosa (De Schepper et al.,, 2018a,b). However, Ibal was also
used as a marker to quantify the total population of macrophages
in the mouse jejunum and their responsiveness to systemic
lipopolysaccharide treatment (Mikkelsen et al., 2017), and to assess
resident macrophages in the small intestine muscularis externa in
response to inflammation in a postoperative ileus model (Enderes
et al., 2020).

In the present study, Ibal-ir macrophages were found in all
layers of mouse colonic segments and showed different morphology
and relationships with microvessels. In the mucosa, the Ibal-ir
macrophages were gathered close to microvessels and distributed
densely along the characteristic anastomosed capillary rings labeled
by WGA painting and CD31 immunoreactivity. Likewise, a recent
study showed CX3CR1-labeled mucosa macrophages around CD31
immunostained blood vessels in the lamia propria of the colon
and small intestine in mice (Honda et al, 2020). The presence
of macrophages among the mucosal capillary networks shows
possible direct communication with the circulation. In addition to
blood providing a vital supply to the mucosa, the characteristic
of this structural organization allowed the blood-immune-neural
function, particularly with regard to cross-talk with the microbiome
and immune system (Fung and Vanden Berghe, 2020). In the
submucosa and muscularis externa, the Ibal-ir macrophages were
not in a definite adjacent position to and not along the microvessels.
This is consistent with a report in rat colon using markers
CD163 and MHCII (Phillips and Powley, 2012). The anatomical
location reflects the functional differentiation of macrophages in
each layer (Honda et al., 2020). The macrophages were found to
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exert niche-specific functions in intestinal homeostasis, including
the regulation of intestinal secretion and motility (Mikkelsen,
2010; Mowat and Bain, 2011; Muller et al., 2020; Mischopoulou
et al., 2022). Macrophages confined to the muscularis externa
have been shown to modulate peristalsis by a direct action on
enteric neurons via the secretion of the growth factor bone
morphogenetic protein 2 (BMP2) (Fung and Vanden Berghe,
2020; Ji et al., 2020; Mischopoulou et al., 2022). A role of
macrophages in the submucosa has been reported to maintain
the integrity of the submucosal vasculature (Bain and Schridde,
2018).

In summary, vascular painting by fluorescent tracers
combined with immunofluorescent labeling highlighted features of
vasculatures and their relationship to nerves, glia, and macrophages
in the mouse colon, although our study did not explore the origins
of the nerve fibers. There are segmental differences in the vascular
formation and density between the proximal and distal colon,
which is associated with tissue structures (e.g., mucosa folds
and circular muscles in the proximal colon), but not with the
vascular volume per tissue volume. The microvessels in the
mucosa were morphologically different between the proximal
and distal colon, namely, the capillary rings, individually in the
crypts in the proximal colon and more than two in the distal
colon, and the connecting microvessels between the top and
bottom capillary net were more straight in the mid and distal
colon than in the proximal colon. The continuous capillary
rings near the lumen can be related to the absorption of water
and nutrients, and also be involved in playing a role in the
defense line, which is supported by the dense distribution
of Ibal-positive macrophages around mucosal capillaries but
random distribution in the muscle layers, with a few adjacent
to vessels.
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