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Abbreviations

APCs: antigen-presenting cells

BALT: bronchus-associated lymphoid tissue
CALT: conjunctiva-associated lymphoid tissue
CB: citrate buffer

DC: dendritic cell

DLT: diffuse lymphoid tissue

EPGO: external parts of genital organ

Erf: estrogen receptor 3

GALT: gut-associated lymphoid tissue

GIT: gastrointestinal tract

GOALT: genital organ-associated lymphoid
tissue

HE: hematoxylin-eosin

HEV: high endothelial venule

HSLF: horseshoe-like flexure

IF: immunofluorescence

IgA: immunoglobulin A

IgG: immunoglobulin G
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IHC: immunohistochemistry

LN: lymphatic nodule

MALT: mucosa-associated lymphoid tissue
NALT: nose (or nasopharynx)-associated
lymphoid tissue

NBF: neutral buffered formalin

NDS: normal donkey serum

NGS: normal goat serum

0Os04. osmium tetroxide

PAS-H: periodic acid Schiff-hematoxylin

PSR: picrosirius red

SE: standard error

SEM: scanning electron microscopy

SILT: solitary intestinal lymphoid tissue

SLLF: spiral loop-like flexure

SLMEF: single longitudinal mucosal fold

TB: tris buffer

VEDC: vaginal epithelial dendritic cell
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Preface

The ductal organs of mammals face the outer environment at their entrance or exit. Mucosal epithelium
and secreted mucus covering these organs are important for a physical barrier against the invasion by
pathogens or commensal microorganisms, which could be harmful for the ductal tissue parenchyma %%,
Mucosal surfaces need a certain protection, but their thin epithelial layer can be easily damaged. Therefore,
the mammalian body has a mechanism to supply additional immunological protections 3%, such as mucosa-
associated lymphoid tissues (MALTs) which compose of a complex of lymphoid cell aggregation and occupy
about 50% of systemic immune system. MALTs include T cells, B cells, those in intraepithelial area, and
antigen presenting cells (APCs) such as macrophages and dendritic cells (DCs), and these cells are localized
to catch and respond to antigens at each entrance or exit of ductal organ . The distribution, occurrence,
morphology, ontogeny, and evolution of MALTs differ among species. In mammals, MALTs are classified
according to their anatomical localizations; Waldeyer’s ring (tonsils) in the oropharynx, conjunctiva-
associated lymphoid tissue (CALT), nose (or nasopharynx)-associated lymphoid tissue (NALT), bronchus-
associated lymphoid tissue (BALT), and gut-associated lymphoid tissue (GALT) >!3:116),

Several lymphoid tissues (LTs) are defined as MALTs according to following morphological and
functional characteristics; 1) LTs closely contact to the mucosal surface, 2) single (isolated) lymphatic
nodules (LNs) or several LNs are covered by mucosal epithelium containing lymphocytes, 3) mucosal
epithelium covering LTs lays out the morphologically distinct cells designed to uptake antigens, such as
microfold cells (M cells), M cell-like cells, or DCs, 4) circulating lymphocytes enter LTs through high
endothelial venules (HEVs) in the interfollicular areas. Specific receptors on HEVs control the tissue-specific
immigration of lymphocytes '©. These characteristics distinguish MALT structures from local cell
infiltrations in the mucosa; they do not show compartmental organization. MALT formations would be
induced at several disease status as found in isolated LNs in the large intestine of pigs in the granulomas 4,
BALT: in the pneumonic lesions P or GALTSs in the gastric lesions 3.

Furthermore, MALTs in the ductal organs can be functionally subdivided into inductive or effector sites.
GALT, BALT, NALT, and CALT in mice, dogs, * and baboons ¥, and duct-associated lymphoid tissue in
cynomolgus macaques %1% are considered as inductive sites. Briefly, inductive sites include secondary LTs
in which immunoglobulin A (IgA) switches and clonal expansion of B cells occur for the activation of
antigen-specific T cells. After activation and IgA class switching, T and B cells migrate from inductive sites
to effector sites. Effector sites exist in all mucosal tissues as dispersed LTs and diffusely distributed
throughout the lamina propria or submucosa '*V. In effector sites, IgA is secreted over the mucosal epithelium
10D " Although the localization of each MALT is anatomically distinct, they can functionally connected as a

common mucosal immune system; therefore antigen presentation and B cell activation at one mucosal site



can result in IgA productions at the mucosa of different organs 236V,

The ductal genital organs and anal canal show anatomically close localization, and the formers in females
are directly contact with the outer environment and susceptible to various infectious or non-infectious
diseases including gynecologic cancer, pyometra, and vaginitis. In particular, the vaginal vestibule is the
terminal part of the femal genital organs, extending from the external urethral orifice to the vulva, composed
of the caudal part of the genital organs and urinary system, localized ventrally to the anus ''). This region
intensively contacts with high exposure of antigenic substances, such as urine or feces. Importantly, at healthy
conditions, cows, dolphins, and non-human primates develop MALTSs in their vaginal vestibule, uterus, and
vagina, respectively 271118 In contrast, human and mouse vaginal mucosa do not develop clear MALTS;
however, immune cells aggregate the genital organs during infectious status !*?. Furthermore, the morpho-
function of female genital organs such as uterine and vagina are cyclically controlled by the sex hormones;
estradiol and progesterone’. In addition, estrogens have closely association with the function of
gastrointestinal mucosa and regulate immunological intestinal environments in various inflammatory bowel
diseases that exhibit sex differences in incidence 3%°3). The MALT system around the cranial part of ductal
organs (NALTs, CALTs, tonsils) is well characterized in several studies; however, their morpho-functional
characteristics at the caudal part in each animal remains still unclear points %2115,

In the thesis, the author focused on the morphology of MALTs found in the ductal organs of farm animals
and experimental rodents, especially in females. The thesis contains three Chapters; the first and second
Chapters characterized the morphology of MALTSs, its immune cell composition, and mucosal epithelium
structure in the vaginal vestibules of cow, goat, and pig which titled “genital lymphoid ring”. And then, author
moved to the MALT in the reproductive organs of cotton rats and mice in third Chapter. Unfortunately, the
author could not find the genital lymphoid ring in rodents because they lack the vaginal vestibule, but be able
to observe a very unique morphology in the large intestine of cotton rats. Although this study does not reveal
direct relationship between the genital lymphoid ring of the vaginal vestibule and large intestinal MALT, it
provides important insight in the health and pathology of large intestine.

This thesis provides an important morphological basic knowledge of MALTs found in lower tubular
organs of female body in several animals and would contribute to understanding the exact border between
normal or pathological conditions and to developing the diagnosis and treatment for female-related disorders

in animals and humans.



Chapter 1

Genital organ-associated lymphoid tissues

arranged in a ring in the mucosa of cow vaginal vestibules



Introduction

MALT is a local immune system beneath the mucosal epithelium >, MALTSs are located in systemic
organs that directly contact the outer environment, including alimentary tracts, salivary gland ducts,
conjunctiva, nasopharynx, and respiratory tracts 32:3%:62.66.67.8588,100) ' GATLT is a well-known MALT and also
known as Peyer’s patches 2. In the oropharynx, there are ring-shaped localized MALTSs, including the lingual,
palatine, and pharyngeal areas and the tubal tonsils 4. Waldeyer’s pharyngeal ring is the sentinel for the oral,
nasal, and auditory tracts toward to the pharynx and basically functions in antibody production to protect
against regular environmental antigens 7339

MALTs mainly consist of LTs with two types of morphology. Briefly, the lamina propria of several
MALT-forming organs exhibit diffused arrangement of immune cells, and this type is called diffuse lymphoid
tissue (DLT). However, in several MALTs, the accumulation of immune cells is separated by connective
tissue from surrounding tissues, and these are called LNs '?®). Furthermore, the MALT is composed of B cells,
CD4", or CD8" T cells, APCs, macrophages, and occasionally, mast cells and eosinophils. Each cell is well-
situated to initiate an immune reaction when encountering antigens passing through the mucosal epithelium
21)_

Mammalian female genital organs are also in close contact with the outer environment and maintain
innate and adaptive immune systems constructed by the epithelial barrier, the production of antimicrobial
agents, cytokines secreted by the epithelial cells, and the innate immune cells “47?. Importantly, the genital
organs of humans or other animal species contain MALT with species- or disease-specific variations in
morphology. A series of studies on LT have recently been pursued in some female genital organs, including
the vaginal vestibule, vagina, cervix, uterus, and oviducts in non-human primates, pigs, and cows to evaluate
the effects of drug administration or mucosal vaccination '>7-7D, Specifically, the guiana dolphin (Sotalia
guianensis) exhibited aggregations of LNs in the lamina propria of their uterine ''®. Importantly, healthy
female mice did not have MALT in their genital organs, but they exhibited a MALT-like structure in their
vaginal mucosa after receiving intravaginal immunization with a specific peptide 4. Furthermore, locally
organized MALT in the vaginal vestibule observed in patients with provoked vulvodynia compared with
healthy women, indicated the MALT emerged because of the local alternation of vaginal vestibule morpho-
function 73122,

The reproductive management of animals is crucial in veterinary medicine. In cattle, gross anatomically
and functionally, MALT in the alimentary and respiratory tract has been well-investigated in several studies
1.80.104) Briefly, several types of MALTSs were established according to their anatomical localization, including
GALTs, CALTs, and BALTs ', Importantly, epithelium-associated LN aggregations were suggested

throughout the genital organs in cattle, including the vaginal vestibule '?. Additionally, in cow vaginal



vestibule is comparatively short pair of major vestibular glands located in the lateral walls underneath the
constrictor vulvae!''”. The LN aggregations located in the lamina propria of the clitoris and vaginal vestibule
could play an important role in immune induction sites because of their appearance during infection with
cow reproductive tract pathogens '3!23; however, structural information on genital organ-associated MALTSs,
in particular their localizations, morphological types, and cellular composition, has received limited attention.

In this Chapter, the author characterized a MALT-like structure arranged in a ring around the cow vaginal
vestibule, and the stratified epithelium covering the LT was partially or completely disrupted, which
permitted direct passage of immune cells and erythrocytes into the intraluminal space. The author named
these LTs the “genital lymphoid ring” and discussed the similarities with Waldeyer’s pharyngeal ring, which

acts as an immunological gate.



Materials and methods

Animal and sample preparation

Animal experimentation procedures were approved by the Institutional Animal Care and Use Committee
of the Faculty of Veterinary Medicine, Hokkaido University (approval no. 19-0097, 19-0125). Investigators
adhered to the Guidelines for the Care and Use of Laboratory Animals of Hokkaido University, Faculty of
Veterinary Medicine. All animal experimental protocols were approved by the Association for Assessment
and Accreditation of Laboratory Animal Care International. Holstein breed, normal non-pregnant cows (Bos
taurus, total n = 8, over 2-year-old) were sedated with xylazine (3.0 mg/kg body weight) through an
intramuscular route followed by general anesthesia with pentobarbital sodium (500 mg/kg body weight) via
the intravascular route. The cows were sacrificed by intravenous administration of a saturated potassium
chloride solution of at least 0.1 mL/kg body weight. Then, the jugular vein was exsanguinated. After
euthanasia, female genital organs were obtained, and the vagina, vaginal vestibule, and external parts of
genital organs (EPGOs), including the clitoris and vulva were separated. They were immediately fixed in
10% neutral buffered formalin (NBF) for more than 7 days. These specimens were dissected using scissors

at the dorsal commissure along the median line of the vulva to the vagina.

Whole-mount observation

Separated genital organs were pinned flat, with the mucosa uppermost, and immersed in Mayer’s
hematoxylin for approximately 10 minutes (min) (examining at 3—4 min intervals) to visualize LTs. LTs were
then visible as small navy-blue spots. To decrease the intensity of the staining background, specimens were
rinsed in 70% alcohol containing 1% hydrochloric acid.

Counting of hematoxylin-positive (*) spots was performed for the vaginal vestibule and EPGOs.
Flattened vaginal vestibule and EPGOs were divided into six regions (Fig. 1-1). Briefly, the author divided
the vaginal vestibule and EPGOs into two equal regions (cranial and caudal) along the horizontal line (the
length of the external urethral orifice to the ventral commissure was divided into two equal lengths). Then,
the cranial and caudal regions were subdivided by two vertical lines into three equal subregions. The external
urethral orifice was located at the center of the cranial median region (Fig. 1-1, region II), and the clitoris
was located at the center of the caudal median region (Fig. 1-1, region V). Each area was measured using
ImagelJ (National Institutes of Health; MD, Bethesda, USA) after taking photos with a DMC-FX3799 device
(Panasonic; Osaka, Japan). The number of hematoxylin® spots was counted, and their density in each region

was calculated.



Histoplanimetry

The vaginal vestibule of each cow was cut into more than 15 pieces according to their size. Then, whole-
mount specimens with hematoxylin were embedded into paraffin and cut to a thickness of 5 um. Sections
were stained with hematoxylin and eosin (HE) or picrosirius red (PSR) for histological analysis. Stained
sections were scanned with a NanoZoomer 2.0 RS virtual slide scanner (Hamamatsu Photonics; Shizuoka,
Japan). Histological images for microscopic examinations were observed using a model BZ-X710
microscope (Keyence; Osaka, Japan). The number of LNs and DLTs was counted after HE staining. This
measurement was performed for more than 120 sections of eight cows. The author also characterized the LNs
according to their localization (isolated, migrating, bordering) and the DLTs according to their shape (oval,

c-shaped, triangle, amorphous), and their appearance % was calculated.

Immunohistochemistry (IHC)

IHC was performed to evaluate the presence of B cells (CD20), T cells (CD3), macrophages (IBA1),
APCs (major histocompatibility complex, MHCII), HEVs (peripheral lymph node addressin, PNAd), and
tight junctions (Occludin). The staining conditions of each antibody are listed in Table 1-1. In brief, sections
were deparaffinized and incubated in 10 mM citrate buffer (CB, pH 6.0) or Tris-HCI buffer (pH 9.0) for 15
min at 110 °C. Thereafter, slides were submerged in methanol containing 0.3% H»O; for 20 min at 20-22 °C
and blocked with normal goat serum (SABPO kit, Nichirei Bioscience; Tokyo, Japan) for 1 hour at room
temperature. Sections were incubated with primary antibody overnight at 4 °C. After rinsing in phosphate-
buffered saline (PBS), sections were incubated with biotinylated secondary antibody (goat anti-rabbit or goat
anti-rat) for 30 min and streptavidin-horseradish peroxidase (Nichirei Bioscience) for 30 min at room
temperature. To develop the color, sections were incubated in a 3,3’-diaminobenzidine tetrahydrochloride—
hydrogen peroxide solution for 4 min. Finally, the sections were counterstained with hematoxylin and
dehydrated with ascending grades of alcohols. After rinsing with three steps of xylene, the sections were
mounted and examined as explained in histoplanimetry.

Next, the author performed the histoplanimetrical analysis of LTs using the IHC sections for CD20, CD3,
IBA1, and MHCII. More than 10 LNs and DLTs were examined. Firstly, total area of LNs or DLTs and the
positive reaction area for each marker were measured, and percentage of the latter to the former was

calculated.

Electron microscopy
For scanning electron microscopy (SEM), small pieces of vaginal vestibule were treated with tannic acid

and post-fixed with 1% osmium tetroxide (OsO4) for 1 hour (h). Then, the specimens were dehydrated in

9



ascending grades of alcohol, immersed in 3-methylbutyl acetate, and dried with the HCP-2 critical point dryer
(Hitachi; Tokyo, Japan). The specimens were then observed under an S-4100 scanning electron microscope

(Hitachi).

Statistical analyses
The results are expressed as the mean + standard error (SE). Multiple comparisons were performed using
the Kruskal-Wallis test followed by the Scheffé method when a significant difference was observed (P <

0.05).

10
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Results

LT found in the vaginal vestibule and EPGO mucosa of cows

The author investigated the mucosa of the vagina and vaginal vestibule extending from the external
urethral orifice to the vulva, and the vulva along with the pudendal labia and clitoris were also examined as
EPGOs (Fig. 1-1A). Whole-mount specimens were visualized for hematoxylin* spots in the examined
mucosae; in particular, the author focused on vaginal vestibule and EPGOs, because these areas are close to
the outer environment and have contact with urine and feces. All examined cows had numerous hematoxylin*
spots in the mucosal surface of the vaginal vestibule and EPGOs, and these spots were distributed at an
approximately 1 cm distance from the boundary of the un-haired pudendal labia (Fig. 1-1B, C). Furthermore,
37.5% of examined cows showed these spots in EPGOs (three of eight cows), especially in the area close to
the clitoris (Fig. 1-1D). Then, these spots were histologically identified as LTs (Fig. 1-1E), and classified as
genital organ associated LTs (GOALTs). They were further investigated in subsequent experiments.

The author also examined the localizations of GOALTs by dividing the vaginal vestibule and EPGOs
into six regions (Fig. 1-1F). During the histometry of the density of GOALT spots for the six examined
regions, regions Il and V, located along the ventral median line of the vaginal vestibule, including the external
urethral orifice, clitoris, and ventral commissure of the labia, tended to exhibit a higher density without
significance (Fig. 1-1G). These results indicated that GOALTs were distributed in the mucosa of the vaginal
vestibule and EPGOs in a ring shape; therefore, the author denoted the GOALT distributions as a “genital
lymphoid ring,” based on “Waldeyer’s lymphoid pharyngeal ring”. In subsequent analysis, the author focused

on vaginal vestibule mucosa.

Histology of GOALTs found in the cow vaginal vestibule mucosa

The histological observation was performed in the vaginal vestibule. The mucosa was covered by non-
keratinized and stratified squamous epithelium (Fig. 1-2). The GOALTs were mainly localized in the lamina
propria in the vaginal vestibule. Importantly, regarding the LT structures, two different types of GOALTs
were found in the vaginal vestibule; LN (Fig. 1-2A-D) and DLT (Fig. 1-2E-H). For LN, three types were
primarily observed in the vaginal vestibule mucosa based on their morphology. First, several LNs were
localized in the deep portion of the lamina propria and fully surrounded by connective tissues. In this type,
the vaginal vestibule epithelium completely maintained the structure (Fig. 1-2A). Second, scattered
lymphocytes were observed between the LN and vaginal vestibule epithelium, and these lymphocytes were
also thoroughly or partially observed within the vaginal vestibule epithelium structure (Fig. 1-2B). Third, LN
directly faced the vaginal vestibule lumen, and the vaginal vestibule epithelium was occupied by lymphocytes

(Fig. 1-2C). Further, most of the LNs were solitarily, but paired LNs were also noticed (Fig. 1-2D).

11
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Additionally, several shapes of DLTs were observed, such as triangle-, C-shaped-, amorphous-, and oval-
types (Fig. 1-2E-H).

In the histometry of the vaginal vestibule mucosa, LN- and DLT-types accounted for 35% and 65%,
respectively (Fig. 1-2I). Furthermore, as a result of morphometry according to the LN localization, migrating-,
isolated-, and bordering-types accounted for 51%, 37%, and 12%, respectively (Fig. 1-2J). Finally, for the
DLT shapes, amorphous-, oval-, C-shaped-, and triangle-types accounted for 57%, 30%, 9%, and 4%,
respectively (Fig. 1-2K).

Cell composition of GOALTs in the cow vaginal vestibule mucosa

Regarding LNs of the GOALT in the vaginal vestibule mucosa, numerous CD20" B cells were found,
and the germinal center and an area between the LN and vaginal vestibule epithelium were located (Fig. 1-
3A). Further, CD3" T cells were diffusely distributed in LNs, including the germinal center, and tended to
mainly localize along the border area between the LN and vaginal vestibule epithelium (Fig. 1-3B). IBA1*
macrophages and MHCII™ APCs were similar in localization and were located in the germinal center and the
border area between the LN and vaginal vestibule epithelium; the former was also localized in the vaginal
vestibule epithelium (Fig. 1-3C, D). Next, PNAd* HEVs were localized around the LNs and in the border
area between the LN and vaginal vestibule epithelium (Fig. 1-3E). In agreement with histological
observations, the percentage of B cells was statistically significantly higher in LNs than the percentage of T
cells, macrophages, and APCs (P < 0.01, Fig. 1-3F).

In the DLT, B cells, T cells, macrophages, APCs, and HEVs were dispersed diffusely (Fig. 1-4A-E).
Similar to LNs, DLTs had a statistically significantly higher percentage of B cells than that of other examined

immune cells (P < 0.01, Fig. 1-4F).

Histology of epithelial cells covering the GOALT in the cow vaginal vestibule mucosa

Histologically, the vaginal vestibule mucosa was covered by stratified epithelial cells, wherein the basal
layer was smaller with narrow cytoplasm, and their nuclei were located close to one another (Fig. 1-5A).
Follicular epithelial cells found in MALTs were not identified. Importantly, in several LTs, the thickness of
the epithelium gradually became smaller towards the epithelium covering LTs (Fig. 1-5A). Furthermore, the
epithelium covering LTs showed complete destruction of each junction of epithelial cell with numerous
lymphocytes and erythrocytes, and several epithelial cells peeled off and created a large junctional gap, which
permitted direct passage of immune cells into the intraluminal space of the vaginal vestibule (Fig. 1-5B).
Occludin® reactions were observed in the intercellular region of the epithelial cells, but these were unclear in

the epithelium covering LTs (Fig. 1-5C, D).
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Next, PSR staining revealed the developed connective tissue fibers in the lamina propria of the vaginal
vestibule mucosa. Under polarized light observation, well-developed collagen fibers were visualized as bright
orange to red, whereas thinner reticular fibers appeared yellow to green (Fig. 1-5E). In GOALTs, the DLT-
types contained abundant collagen and reticular fibers, but they were scarce in the LN-type (Fig. 1-5E). The
vaginal vestibule mucosa exhibited well-developed collagen and reticular fibers beneath the epithelium (Fig.

1-5F), but they were obscure in the LN (Fig. 1-5H-J).

Ultrastructure of surface of LT in the vaginal vestibule

Next, the author observed the GOALT surface in the vaginal vestibule mucosa (Fig. 1-6). Whole-mount
staining with hematoxylin revealed the GOALTs as spots (Fig. 1-6A). Using SEM, the epithelium covering
GOALTs was found to partially lack in several areas (Fig. 1-6B). Briefly, at these regions, several polygonal-
shaped epithelial cells were peeled off, and lymphocytes appeared to be directly exposed to the intraluminal
space through the hole (Fig. 1-6C, D). Figure 1-6E shows the large sized, dome-shaped LN covered by the
vaginal vestibule epithelium, which was approximately 350—480 um in a diameter. Several differently sized
destroyed areas of the epithelium fused with each other and formed a complicated cleft. From the inside of
the GOALT, erythrocytes were also exposed directly to the intraluminal space (Fig. 1-6F, G). Additionally,
small protrusions occurred that appeared to be lymphocytes pushed up to the surface of the epithelium (Fig.
1-6F, G). Some connective tissue fibers were also observed inside of the GOALT and opened to the lumen

(Fig. 1-6G).
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Discussion

This Chapter clarified the morphological characteristics of GOALTs found in the vaginal vestibule and
EPGOs of the cow. Cow is one of the most important farm animal for meat, milk, hides, and its reproductive
performance directly affects to the economy. In cows, the vaginal vestibule extends from the external urethral
orifice to the ventral commissure of the labia and is composed of the caudal part of the reproductive and/or
urinary system, localized ventral to the anus, with a length of approximately 7-11 ¢cm 74, The LTs in the
bovine vaginal vestibule were previously suggested in cows 32340 but detailed morphological information
was lacking. The high abundance of LTs along the vaginal vestibule may relate to increased antigenic
stimulation in this region. In this Chapter, the ventral median region (II and V containing EPGOs) of the
vaginal vestibule and EPGOs tended to have a greater number of GOALTs than other areas. The author
considered that the developed GOALTs in this area reflected the possibility of high exposure to antigenic
substances, such as urine or feces, because of the anatomical localization of the vaginal vestibule. These
relationships between antigenic challenge and the localizations of LTs are compatible with statements
regarding the amount and type of MALTs being partially dependent on the antigenic challenge 34199,
Additionally, the age of the cow appeared to be a factor influencing the amount of LT, and the vaginal
vestibule of adult cows contained a significantly higher number of LTs than 6-8-week-old calves !2.

GOALTs were morphologically divided into LNs and DLTs, and the latter was dominant in the vaginal
vestibule. LNs were usually dispersed solitarily in a random manner throughout the mucosa of the vaginal
vestibule or EPGOs. Most LNs had a germinal center, which initiated a series of events that included
lymphocyte activation and proliferation, plasma cell differentiation, and antibody production. Mitotic
patterns were frequently seen in the germinal center, indicating that new lymphocytes were proliferating in
situ 1?®. Although this histological data showed different morphology of LNs, the dominant was the
migrating-type, and sectioning of LNs also could have affected their shape observed during microscopical
examination. SEM analysis revealed both an epithelium-covered area (isolated-type) and non-covered area
(migrating-, bordering-type) in the same LN. Furthermore, three-dimensional analysis of LNs could clarify
their fine structure.

DLTs typically do not have a distinct border with surrounding tissues, rather have an amorphous shape
and are tactically localized to intercept antigens and initiate an immune response. In general, after contact
with antigen, lymphocytes located in the LT move to regional lymph nodes, where they can sustain
proliferation and differentiation. Then, the progenies of these cells return to the lamina propria as B and T
cells with effector functions. Therefore, combined localization of LNs and DLTs in the vaginal vestibule or
EPGO mucosa could act as a protector of the genital organ against pathogenic substances. Furthermore, this

histological data showed the different morphology of LNs; the dominant amorphous-type, with variation in
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the morphology of DLT that might reflect the difference in the activation phase of GOALTs.

Subsequently, the percentage of the positive area for the immune cells calculated in GOALT and both
DLTs and LNs was dominated by B cells in comparison with T cells, macrophages, and APCs. This was an
expected finding, which is in agreement with other research data, including those for the mice spleen, Peyer’s
patches, isolated LNs, and cow and rabbit GALT 3863104117

The cell components of the cow GOALT showed close similarities to those of other MALTs (GALT and
Waldeyer’s pharyngeal ring); however, the cell distribution was generally solitarily and randomly localized
within the vaginal vestibule and EPGOs 9. One of the most important cell components in MALTS is the
APC. In this Chapter, APCs were found around the DLT and LN in different regions of the mucosal
epithelium, such as the germinal center, mantle zone, submucosa, and middle layers of stratified squamous
epithelium of the vaginal vestibule. These strategically positioned localizations might play important roles in
the initiation of immune reactions and maintenance of peripheral tolerance. Therefore, various types of APCs
in the LTs have different ways to take up antigens from the lumen, including endocytosis, phagocytosis, or
transcytosis '*¥. Although, in this Chapter, the epithelium that covered GOALTs was thinner than areas not
covering GOALTs, and in some areas, the epithelium structure was completely lost, and LT and the
intraluminal area were directly bordered without any edge. This formation of LT allows direct passage of
antigens to the LT and immune cells from the intraluminal area. As described in the literature ', MALT is
divided into two specific types, an organized MALT delimited by organized collagen fiber tissue and a
disorganized or diffuse MALT, comprising populations of lymphocytes from the lamina propria and the base
of the epithelial lining, which are consistent with LNs and DLTs. LNs located in the conjunctiva have a
lenticular shape, and occasionally around this area, the basement membrane is mostly discontinuous, and the
epithelium is thinner ?. The author classified DLTs by shape, and each shape might reflect the different LT
activity in the vaginal vestibule mucosa.

The author studied the normal histomorphology of the GOALT, and unfortunately, the phase of the estrus
cycle was impossible to identify in the examined cows. Importantly, the immune system in the female genital
organ is precisely influenced and regulated by sex steroid hormones, estradiol and progesterone, which are
produced in cyclic variations by the ovary during the estrus cycles. Throughout the estrus cycle, immune
cells are present in considerable numbers and inconsistently distributed in the stromal layer and the
epithelium of the female genital organ '>*®. Moreover, the epithelial barrier of the genital organ, which
includes various tight junction conditions, provides immune protection by maintaining a strong physical
barrier, transferring antibodies to the mucosa, producing antibacterial composites, and recruiting immune
cells, all of which are influenced by hormones '2°9). Additionally, the various shapes of GOALTSs found in

the vaginal vestibule and EPGOs may be affected by different phases of the estrus cycle. A limitation of this
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Chapter was the small sample size available to identify whether or not the estrus cycle influences the amount
of GOALT in the vaginal vestibule in cows. Further study is needed to clarify the GOALT amount at every
stage of the estrous cycle.

In conclusion, this Chapter morphologically and histologically evaluated GOALTs in the vaginal
vestibule and EPGOs of cows, which constituted a “genital lymphoid ring.” Regarding GOALT morphology
(Fig. 7), the mucosal epithelium covering DLTs and LNs was partially or completely demolished, making a
direct passage for immune cells to reach the luminal side. The clarification of the morphology of GOALTSs in
cow genital organs would contribute to understanding of its immune-associated function, the pathogenesis
of diseases, and the development of therapeutic strategy by applying mucosal vaccinations targeting GOALTs

in farm animals.
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Summary

Female genital organs are equipped with local and mucosal immune systems; however, structural
information remains unclear among farm animals. In this Chapter, the MALTs in cow genital organs were
investigated, and their vaginal vestibule and EPGOs, including the clitoris and vulva, were morphologically
analyzed. Whole-mount specimens revealed several hematoxylin* spots arranged in a ring in the mucosa.
Histologically, these spots were aggregated immune cells and defined as GOALTs. GOALTs were composed
of LNs or DLTs at different depths of lamina propria. LNs frequently contained germinal centers. Scattered
lymphocytes occupied the border area between follicles and epithelium, whereas DLTs had indefinite shapes.
GOALTs contained immune cells and HEVs. B cells were dominant both in LNs and DLTs. Abundant
collagenous fibers were stretched across vaginal vestibule lamina propria, whereas reticular fibers were
primarily observed in the DLT rather than LN. The epithelium covering of GOALTSs was partially or fully
disrupted by the invasion of immune cells toward the vaginal vestibule lumen. These findings suggest
GOALTs function as a “genital lymphoid ring” as in Waldeyer's pharyngeal ring and act as immunological

gate systems in lower ductal organs of cows.
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Figures
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192 Table 1-1. Antibodies

Primary Source Detection Dilution Blocking Antigen retrieval Secondary antibody
antibody (Application)
Rabbit anti- Spring Bioscience B-cell 1:300 10% NGS 20mM TB (pH 9.0) Goat anti-rabbit IgG
CD20 (Pleasanton, USA) (SABPO(R) Kit, Nichirei) 115C antibody (SABPO(R) Kit,
Nichirei)
Rabbit anti- Nichirei T-cell 1:200 10% NGS 10mM CB (pH 6.0) Goat anti-rabbit 1gG
CD3 (Tokyo, Japan) (SABPO(R) Kit, Nichirei) 115°C, 15 min antibody (SABPO Kkit,
Nichirei)
Rabbit anti- Wako (Osaka, Macrophage 1: 1200 10% NGS 10mM CB (pH 6.0) Goat anti-rabbit 1gG
Ibal Japan) (SABPO(R) Kit, Nichirei) 115°C, 15 min antibody (SABPO Kkit,
Nichirei)
Rat anti- Biolegend High endothelial ~ 1: 200 10% NGS 10mM CB (pH 6.0) Goat anti-rat 1gG
PNAd (California, USA) venule (SABPO(R) Kit, Nichirei) 115°C, 15 min (Biolegend)
(California, USA)
Rabbit anti-  Abcam (Cambridge,  Tight junction 1: 100 10% NGS 10mM CB (pH 6.0) Goat anti-rabbit 1gG
Occludin UK) (SABPO(R) Kit, Nichirei) 115°C, 15 min antibody (SABPO Kit,
Nichirei)
Mouse anti- Washington State Antigen- 1: 100 10% NGS 20mM TB (pH 9.0) Goat anti-mouse IgG
MHC-1I University presenting cell (SABPO(R) Kit, Nichirei) 115°C, 15 min (Southern Biotech,

(Washington, USA)

Birmingham, AL, USA)

193  CB: citrate buffer. TB: tris buffer. NGS: normal goat serum

19



194

195
196

197
198
199
200

al opening

g

/////////////////// ///////////////// 1.9 LT density

i
External urethral orifice |~ i 1
P | e
! : [ e | : ~ 09
1 ! : i ! Q]
: 1
t 1 : I P . 5
' : : | B
! @ ! 1 2 06
h i o I ° | 3
' o ! ! ! p
Perimeter ¢ ——————————— L R i 65
. ! : i \ 13! o
e - V e [®y 1
I H
1 i ! ] :
Median venffral line i : i °® ] 0.0
! i I & 1 I I moovv.VI
o o | i | g |
Dorsal commissure ———_ " 1: ........ b i xternal part of
Pudendal labia of vulva———_ ) genital organ

i Clitoris
Ventral commissure

Figure 1-1. Distribution of GOALTS in the mucosa of the vaginal vestibule and EPGOs of cows

(A) Mlustration of reproductive organs in a cow. Vagina and vaginal vestibule are cut open. The square
indicates vaginal vestibule, and EPGO area, examined in this study. (B) Gross anatomical features of the
vaginal vestibule and EPGOs with whole-mount staining using hematoxylin. White and red asterisks indicate

the external urethral orifice and clitoris, respectively. One scale of the ruler is 1 mm. (C) Magnified image of
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the vaginal vestibule mucosa squared area in panel B. Scale bars = 1 cm. (D) Magnified image of the EPGO
mucosa squared area in panel B. Black arrowheads indicate hematoxylin-positive spots. Scale bars = 1 mm.
(E) Histology of hematoxylin-positive spot squared area in panel C. Histological observation revealed the
spot is a cell aggregation, the GOALT, part of genital lymphoid ring. HE staining. Scale bar = 100 pm.

(F) Schematic illustration of cutaway of the vaginal vestibule and EPGO area, including the vulva and clitoris.
For morphometry, the mucosal area is divided into six regions. Blue circles indicate GOALTs. (G) The density

of GOALTS: in the vaginal vestibule mucosa (number/cm?). Values = mean + SE. n = 8.
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Figure 1-2. Histological characteristics of GOALTs in the cow vaginal vestibule

(A) Isolated-type LN. LN localizes in the deep portion of the lamina propria and is fully surrounded by
connective tissues. (B) Migrating-type LN. Scattered lymphocytes are observed between LN and vaginal
vestibule epithelium. (C) Bordering-type LN. LN directly faces the vaginal vestibule lumen, and the vaginal
vestibule epithelium is occupied by lymphocytes. (D) Double migrating-type LN. Dotted lines indicate the
border of LNs. HE staining. Scale bars = 100 um. (E) Triangle-type DLT. (F) C-shaped-type DLT. (G)
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Amorphous-type DLT. Dotted lines indicate the border of the DLT. (H) Oval-type DLT. Scale bars = 100 pm.
(I) Appearance of the percentage of LNs and DLTs in the examined GOALTSs of the vaginal vestibule. n = 8.
(J) Appearance of the percentage of each type of LN in the examined LNs of the vaginal vestibule. n = 8. (K)

Appearance of the percentage of each type of DLT in the examined DLTs of the vaginal vestibule. n = 8.
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Figure 1-3. Immune cells composing the LN-type GOALT in the cow vaginal vestibule

IHC was performed in the vaginal vestibule mucosa, and immune cells and HEVs were found in the GOALTs.
(A) CD20 for B-cells. (B) CD3 for T-cells. (C) IBA1 for macrophages. (D) MHCII for APCs. (E) PNAd for
HEVs. Squares denote the magnified area. Black arrowheads indicate positive cells for the IHC. Scale bars

= 100 and 25 pum (low and high magnifications, respectively). (F) Percentage of each examined cell
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228  occupying the LN. Values = mean + SE. n > 4. Significant differences between the immune cells indicated

229 by *, P<0.01; Kruskal-Wallis test followed by the Scheffé method.
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Figure 1-4. Immune cells composing the DLT-type GOALT in the cow vaginal vestibule

IHC was performed in the vaginal vestibule mucosa, and immune cells and HEVs were found in the GOALTSs.
(A) CD20 for B-cells. (B) CD3 for T-cells. (C) IBA1 for macrophages. (D) MHCII for APCs. (E) PNAJ for
HEVs. Black arrowheads indicate positive cells for the IHC. Scale bars = 100 pm. (F) Percentage of each
examined cell occupying the DLT. Values = mean = SE. n > 4. Significant differences between the immune

cells indicated by *, P <0.01; Kruskal-Wallis test followed by the Scheffé method.
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Figure 1-5. Epithelium covering and connective tissue fibers composing the GOALTSs in the cow vaginal
vestibule

(A, B) Amorphous-type DLT. Destroyed epithelium located between DLT and intralumenal area. The square
indicates the magnified area. Red arrows denote peeled-off area of epithelial cells. HE staining. Scale bars =
100 pm. (C, D) Mucosal epithelium features stained using IHC for occludin. Panel C shows the epithelium
that does not cover the lymphoid tissue. Panel D shows the epithelium covering the lymphoid tissue. Black

arrowheads indicate positive reaction for the occludin. Scale bars = 50 um. (E) Connective tissue fibers of
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LN and DLT stained using PSR under polarized conditions. White dotted line indicates the border between
the lamia propria and the epithelium. Blue dotted line denotes the border of the LN. Lower panel is a
magnification of the squared area in the upper panel. (F, G) Mucosal epithelium and connective tissue fibers
stained using PSR. Panel F shows the mucosa with epithelium that does not cover the DLT. Panel G shows
the mucosa with epithelium covering the DLT. Upper and lower panels show optimal and polarized conditions,
respectively. Black and white dotted lines indicate the border between the lamia propria and the epithelium.

Scale bars = 100 pm.
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Figure 1-6. Ultrastructure of mucosal epithelium covering the GOALT of the cow vaginal vestibule

(A) vaginal vestibule mucosa stained in whole-mount with hematoxylin. GOALTs can be observed as
hematoxylin-positive spots. Scale bars = 1 mm. (B) vaginal vestibule mucosa examined using SEM. The
same area as in panel A was examined. Scale bars = 100 pum. White arrow heads indicate GOALTs. (C, D)
High-magnified areas squared in panel B. Black arrow heads indicate migrating lymphocytes from the

GOALT to the lumen of the vaginal vestibule. Red arrow represents small protrusions that could be
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lymphocytes. Scale bars = 10 um. (E) vaginal vestibule mucosa on large GOALTSs examined using SEM. Red
arrow represents small protrusions that could be lymphocytes. Scale bars = 100 um. (F) High-magnified area
of panel E. High-magnified areas squared in panel E. Black arrowhead indicates lymphocytes. Scale bars =10
um. (G) High-magnified area of panel F. High-magnified areas squared in panel F. Yellow arrowhead

indicates erythrocytes. Scale bars =2 pum.
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Figure 1-7. Schematic illustration of GOALTs in the mucosa of the vaginal vestibule and EPGOs in
COWws.

GOALTs consist of various shaped LNs and DLTs that localize in different regions in the lamina propria of
the vaginal vestibule. Both lymphoid tissues contain B-cells, T-cells, macrophages, and APCs. B-cells are
dominant. Germinal centers are frequently observed in the center of the LN. High endothelial venules also
appeared between lymphoid tissues and surrounding connective tissues in the lamina propria. Moreover,
collagenous fibers are stretched across the lamina propria, whereas reticular fibers are mainly observed in
DLTs rather than in LNs. Characteristically, the epithelium covering GOALTs is partially or completely
disrupted by the invasion of immune cells composing LNs and DLTs. These GOALTSs are arranged as ring in

the vaginal vestibule and EPGO mucosa and named the “genital lymphoid ring.”
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Chapter 2

Morphological characteristics of GOALTSs in the vaginal vestibule of goats and pigs
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Introduction

In Chapter 1, the author clarified the morphological structure of GOALTSs in cows which formed a genital
lymphoid ring in the vaginal vestibule. Furthermore, the author hypothesized that goats and pigs also develop
similar LT structures in their vaginal vestibule.

MALTS: in pigs have been studied by several researchers because of their similarities to humans. The
porcine large intestine harbors GALT, including multi-follicular submucosal lymphoid clusters, as well as
smaller mucosal isolated LNs that contain high numbers of T, B cells *. BALTs are mostly found in
bronchiolar bifurcations as a single dome-shaped LN, which bulges out from the mucosal surface into the

airway 4

. The size of NALT found on the roof of the nasopharynx in pigs varied from 2 to 4 cm. Similar to
pigs, GALT, BALT, and NALT have also been identified in goats. GALTs are densely found in the distal
colon and rectum as solitary LNs with round tubercles and a central depression. In goats, BALT differs from
other locally organized tissues, is not developed during the prenatal period, and is fully affected by antigenic
stimuli 3.

The vaginal vestibule is the terminal part of the genital organ, and the urethra opens the border between
the vagina and the vaginal vestibule. In adult pigs, the vaginal vestibule is relatively long since the urethra
enters the genital organ rather far cranially, and the external urethral orifice is associated with a small
suburethral diverticulum ?®. In adult goats, the vaginal vestibule slopes ventrally to the opening between the
labia of the vulva and is less distensible than the vagina ?®. The vaginal vestibule of the goat is 2.5-3.0 cm in
length and the major vestibular glands are not permanent structures, whereas the vaginal vestibule of the pig
is comparatively longer (approximately 7.5 cm) and does not contain any major vestibular glands 7', The
mucosal epithelium of vaginal vestibule is composed of non-keratinized stratified squamous epithelium and
forms longitudinal folds called rugae in both goats and pigs 7. Therefore, innate and adaptive factors are
involved in the immune system of reproductive organs, and both are regulated by sex hormones, fluctuate
through estrous cycles 496:112),

A clear understanding of the species-specific features of GOALT is important for comparative research
in order to understand the border between normal and pathological conditions in EPGO and the development
of therapeutic methods such as mucosal vaccination. In this Chapter the author aimed to describe the

morphology of GOALT in the vaginal vestibule of goats and pigs during adulthood.
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Materials and methods

Sample preparations from healthy goats and pigs

All animal handling protocols and procedures were carried out as described in Chapter 1. Animal
experimentation procedures were approved by the Institutional Animal Care and Use Committee of the
Faculty of Veterinary Medicine, Hokkaido University (approval no. 19-0097, 20-0012). Over one year old
healthy and non-pregnant Saanen breed goats (Capra hircus, total n = 8) were sedated with xylazine (3.0
mg/kg body weight) through an intramuscular or intravascular route. Same aged one mixed breed pigs (Sus
scrofa domestica, total n = 8) were sedated and anesthetized by a combination of medetomidine hydrochloride
(0.04 mg/kg body weight), midazolam (0.2 mg/kg body weight), and ketamine hydrochloride (20 mg/kg body
weight). All the animals were deeply anesthetized with injections of pentobarbital sodium (500 mg/kg body
weight) and sacrificed by intravenous administration of a saturated potassium chloride solution of at least 0.1
mL/kg body weight via the intravascular route. Method of tissue fixation and tissue sampling were carried

out as previously described in Chapter 1.

Vaginal smear observation in goats

To determine the estrus stages, vaginal smears were collected from each goat at 1-day intervals using
disposable sterile cotton vaginal swabs wetted with 0.01M PBS. The vulva and perineum were gently wiped
with wet cotton pads prior to each examination. The swab was gently inserted into the anterior vagina to a
depth of 5 cm. After rolling the swab a few times in the vagina, it was immediately inserted into tubes
containing 15 mL 0.9% sodium chloride and centrifuged for 20 min at 1,885 x g (Kubota 8800, Kubota;
Tokyo, Japan). The separated upper fraction of the liquid was discarded, and 500 pL of PBS was added for
dilution. Ten microliters of the diluted solution were inserted into a hemocytometer counting chamber. The
cells encountered in the vaginal smear were categorized as parabasal, intermediate, and superficial cells and
their proportions were determined. Vaginal epithelial cells were identified using an inverted phase-contrast
microscope (CK30; Olympus Optical, Tokyo, Japan), based on their morphological characteristics. The
percentage of vaginal cells was calculated as the number of each cell type divided by the total number of
cells counted in four microscopic fields. The same amount of diluted cell suspension was smeared on a glass

slide, dried, and stained with Diff-Quik (Sysmex; Hyogo, Japan).

Determination of vaginal pH and temperature in goats
For goats, the vaginal pH level was measured using pH paper (Advantec; Tokyo, Japan) with a 5.8-8.2
indicator. The pH paper was gently inserted into the vagina, 5 cm deep, and soaked in vaginal mucus. The

color change of the pH paper was compared with the attached standard color. Vaginal temperature was
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measured using a thermometer MC-672L (Omron Healthcare; Kyoto, Japan) with an accuracy of + 0.05 °C.

A thermometer was inserted 5 cm deep into the vagina, and the results were recorded.

Whole-mount observation
Separated genital organs were immersed in Mayer’s hematoxylin to visualize LTs. Staining condition

and method described in Chapter 1.

Histological analysis

The vaginal vestibule of each animal was divided into more than five sections based on their size. The
specimens were routinely dehydrated with ethanol and then embedded in paraffin. Paraffin sections (4—5 um)
stained with HE. The stained sections were analyzed as previously described in Chapter 1. The numbers and
proportions of LNs and DLTs were determined after HE stain of the whole section. Above measurement was

done on minimum eight sections of each animal.

IHC and immunofluorescence IF

NBF-fixed paraffin blocks were cut, and IHC and IF were performed to calculate the percentage of B
cells (CD20), T cells (CD3), macrophages (IBA1), DCs (Langerin), plasma cells (IgA and immunoglobulin
G, IgG), and HEV (PNAJ). Staining was performed as previously described in Chapter 1. For histoplanimetry,
the total area of LNs or DLTs and the positive reaction area for each immune cell marker or the number of
PNAd*" HEVs were determined based on measurements conducted on more than eight LNs or DLTs of each
examined goat or pig. Subsequently, the positive reaction area or the number of PNAd™ HEVs to the total

area was calculated for LNs or DLTs.

SEM

For SEM, approximately 5 x 5 mm of vaginal vestibule tissue containing dark-blue spots in result of
hematoxylin whole-mount staining were fixed using a fixing solution containing 2.5% glutaraldehyde and
4% paraformaldehyde in 0.1 M phosphate buffer. After six washes with 0.1 M phosphate buffer, the
specimens were post-fixed with 1% OsO4 phosphate buffer (0.1 M) for 1h at 4 °C. The tissue was then
treated with tannic acid for 1.5 h at 4 °C. Subsequently, the specimens were dehydrated and analyzed as

previously described in Chapterl.

Statistical analyses
All data are presented as mean + SE. The Mann-Whitney U test was used to compare data between goats
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and pigs (P < 0.05).
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Results

GOALT: found in the vaginal vestibule of goats and pigs

According to Chapter 1, the author investigated GOALTSs in goat and pig vaginal vestibule as small
ruminant animal and non-ruminant animal. Goat (Fig. 2-1A-C) and pig (Fig. 2-1D-F) vaginal vestibule
mucosa located between the external urethral orifice and vulva was examined. Whole-mount staining with
hematoxylin was performed to visualize the LTs in the examined mucosa based on the aggregation of immune
cell nuclei. Hematoxylin®, small, dark-blue spots appeared on the mucosa, indicating LT, which was
histologically identified after HE staining (Fig. 2-1C, F). All examined goats and pigs showed abundant
hematoxylin® spots throughout the mucosal surface of the vaginal vestibule area, which were ring-shaped.
Morphologically, the author did not observe an obvious difference between goat and pig LT, but the size of

the dark blue spots on the mucosal surface seemed to be larger in pigs than in goats.

Histological description of GOALTS in the vaginal vestibule of goats and pigs

Histological observations were performed on the mucosa of the vaginal vestibule (Fig. 2-2). Both goat
and pig vaginal vestibule were covered with non-keratinized and stratified squamous epithelium. The basal
membrane separated the epithelium and lamina propria, however; in some cases their structure was partly or
completely broken by the LTs (Fig. 2-2A-D). LTs were predominantly distributed in the lamina propria, but
LTs bordered with lumen were also observed. Similar to cow results in Chapter 1, two different types of LTs
were observed in both goats (Fig. 2-2A, C) and pigs (Fig. 2-2B, D) vaginal vestibule; LN- or DLT-type.
Briefly, randomly localized LNs were mostly oval shaped and included a bright and centrally localized
germinal center surrounded by densely aggregated cells (Fig. 2-2A, B). DLTs showed an undefined shape,
and these composing cells were diffusely distributed (Fig. 2-2C, D). In the histometry of the vaginal vestibule
mucosa, goat LNs accounted for 39.9% and pig one 25.1%, when as there were goat DLT 60.1%, and pig
74.9%; showing significant differences between LNs and DLTs in two animals (Fig. 2-2E). In the vaginal
vestibule section, the author also examined the stratified squamous epithelium thickness, which was

significantly thicker in goats than in pigs (Fig. 2-2F).

Immune cells characteristics composing GOALTS in the vaginal vestibule of goats and pigs

Various immune cells were found in goat and pig LNs of GOALT in the vaginal vestibule mucosa,
including CD3" T cells, CD20" B cells, and IBA1" macrophages. The CD3* T cells were distributed
throughout the LNs and their germinal center, as well as in the area surrounding the LNs (Fig. 2-3A, B). The
percentage of CD3* T cells in the LN area was not significantly different between the two species (Fig. 2-

3C). The CD20* B cells were densely distributed in the LN, and the percentage in the LN area was
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significantly higher in pigs than in goats (P < 0.05, Fig. 2-3D-F). IBA1" macrophages were similarly
localized in goats and pigs, being observed in the germinal center and the area surrounding LNs (Fig. 2-3G,
H). There was no significant difference between goats and pigs regarding the percentage of IBA1*
macrophages (Fig. 2-31). Finally, the author found that PNAd" HEVs formed only around the LNs, and the
numbers were not statistically different between the two species (Fig. 2-3J-L).

Goat and pig DLT of GOALT in the vaginal vestibule mucosa had a similar immune cell composition to
that of the LN. CD3* T cells were diffusely found throughout the DLT (Fig. 2-4A, B). In pigs, CD3* T cells
were found near the intraepithelial space (Fig. 2-4B). The percentage of CD3" T cells in the DLT area was
not significantly different between the two species (Fig. 2-4C). CD20" B cells were distributed thoroughly in
DLT (Fig. 2-4d, e), and the percentage in the DLT area was significantly higher in pigs than in goats (P <
0.05, Fig. 2-4f). Diffuse IBA1" macrophages were observed in the DLT (Fig. 2-4G, H), and no significant
difference was found between goats and pigs (Fig. 2-41). Finally, PNAd" HEVs formed diffusely inside the
DLT, and this number was not statistically different between the two species (Fig. 2-4J-L).

Additionally, the author checked whether the percentage of immune cells was affected by the different
stages of the estrus cycle in goats (Fig. 2-5). Although the stages of the estrus cycle in the two goats were
determined using a visual assessment test (Fig. 2-5A, B), estradiol level in blood serum (Fig. 2-5C), vaginal
cytology (Fig. 2-5D-I), vaginal temperature (Fig. 2-5J), vaginal pH (Fig. 2-5K), and vaginal vestibule
epithelium thickness (Fig. 2-5L), the percentage of immune cells was not remarkably different between the

estrus and diestrus stages (Fig. 2-5M, N).

Immunoglobulin producing cells and antigen presenting cells in the vaginal vestibule of goats and pigs
IgA™" plasma cells were found within goat and pig LNs in small amounts and around the area surrounding
the LN without significant differences in their quantified values (Fig. 2-6A-C). The presence of IgA* plasma
cells was also observed diffusely in the DLT of both goats and pigs, without significant differences in their
quantified values (Fig. 2-6D-F). IgG™ plasma cells were distributed in the LN and DLT, similar to IgA" plasma
cells, and no significant difference was observed between goats and pigs (Fig. 2-6G-L). Furthermore, IgA™*
plasma cells were aggregated to connective tissue papillae near the intraepithelial space in goats, whereas
both goats (Fig. 2-6M, N) and pigs (Fig. 2-60) contained IgA* plasma cells within the epithelium, resembling
plasma cell migration from the lamina propria of the vaginal vestibule to the intraepithelial space.
Additionally, the author examined the localization of Langerin® cells 3% and DCs in the LN, DLT, and
vaginal vestibule epithelium of goats and pigs (Fig. 2-7). No DCs were found in the LNs (Fig. 2-7A, B);
however, in the DLT, Langerin® DCs with round-shaped morphology were observed (Fig. 2-7C, D). Abundant

Langerin® DCs were found in the vaginal vestibule epithelium, whereas in goats, DCs were found in the
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intermediate layers of the epithelium (Fig. 2-7E), and in pigs, DCs were found near the basement membrane

area (Fig. 2-7F).

Surface structures of GOALTs in the vaginal vestibule of goats and pigs

Fig. 2-8 shows the ultrastructural characteristics of GOALTs on the surface of the vaginal vestibule
epithelium in goats and pigs. Hematoxylin® spots were distributed on the vaginal vestibule mucosal surface
(Fig. 2-8A, B). The author used SEM to observe the epithelium structure covered the GOALTs and found
partly disrupted areas where dark blue spots were formed (Fig. 2-8C, D). Briefly, epithelial cells were
flattened and detached (data not shown) around the GOALTs area. The morphology of the GOALTSs surface
differed from that of a normal vaginal vestibule surface. In the center of the modified GOALTs surface, a
hole was observed beneath the epithelium, which contained abundant connective tissue fibers that created a
net-like structure, and lymphocytes were attached to the fibers (Fig. 2-8E, F). Finally, all these ultrastructural
features are consistent with previously reported SEM data for cow vaginal vestibule tissue in Chapter 1.

Graphical representation of GOALTs in the vaginal vestibule and reproductive organs of goat and pig

shown in Figure 2-9.
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Discussion

In this Chapter, the author compared the GOALTs of adult, female, non-pregnant goats and pigs in terms
of their vaginal vestibule. In Chapter 1, the author characterized GOALTs surrounding the vaginal vestibule
mucosa area in a ring shape in cows. This anatomical formation is titled as genital lymphoid ring. In this
Chapter, the genital lymphoid ring was also found in both goat and pig vaginal vestibules, and their general
morphological structure was consistent with cow data previously described in Chapter 1. Briefly, as
summarized in Figure 2-9, the GOALT of vaginal vestibule was anatomically and histologically similar
between goats and pigs, being composed of LN and DLTs, including T cells, B cells, macrophages, IgA-
producing cells, and HEVs.

Species-related differences in MALT-related structures have been previously reported; palatine tonsils
are absent in pigs, but those in ovine species are sequentially formed from the first day of birth °7-132).
Furthermore, mice have uniform-sized follicles, whereas pigs, dogs, and ruminants have distinct and long
continuous follicles in their gastrointestinal tracts (GITs) 3. LTs in the genital organs have also been
previously introduced in pigs and goats 7>7%197_ In the vaginal vestibule of goats and pigs, the majority type
of GOALT is DLT (73%), but goats showed a comparable appearance rate between LN and DLT. Cows
showed a higher percentage of DLT (65%) compared to LN (35%), indicating that the morphology of pig
GOALT differed from that of ruminants. Furthermore, both LNs and DLTs of pigs contained a significantly
higher percentage of CD20" B cells than those of goats. In a related report, LNs in the ileal Peyer’s patches
of sheep were reported to contain approximately 77.8 + 8.6% B cells and 3.9 £4.4% T cells, whereas in pigs
the respective percentages were 3.1 + 7.8% and 6.3 = 1.3% %119 indicating species-related differences.
Additionally, in histological sections, pig lymph nodes show inverted localization of the cortex and medulla
due to their different localization from other species ''?. These morphological characteristics of lymphocyte
arrangements might also affect the structural characteristics of pig MALT. In MALTs, LNs are clearly
bordered by surrounding tissues, and their germinal centers initiate activation and proliferation of
lymphocytes, differentiation of plasma cells, and production of antibodies '?®. DLTs lack a clear boundary
with surrounding tissue, show a formless morphology, localize between antigens, and activate an immune
response. Lymphocytes in the LT migrate to regional lymph nodes and support proliferation and
differentiation after contact with antigens, and their progenies migrate back to the lamina propria as effective
B and T cells. Therefore, histoplanimetrical results would reflect the species-related differences in mucosal
immunity, particularly their difference between organs and antigenic exposure status.

The mucosa of the vagina and vaginal vestibule is populated by several APC populations with distinct
anti-inflammatory or immunological tolerance properties. Langerhans cells are a specialized DC population

found in the epidermis of the skin and stratified squamous epithelium of the eye, vagina, cervix, and mouth
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49.84.109) VEDCs are major APCs that are important in innate immune defense, as well as in the generation
and regulation of the adaptive immune system against pathogens entering the female genital organ 2052, In
this Chapter, the author showed M cell-like Langerin® DCs in the epithelium of the vaginal vestibule of both
goats and pigs, which was consistent with previous studies on VEDCs in humans and several species of
animals 20495279 'VEDCs can incorporate antigens from the lumen of the genital organ, move to the draining
lymph nodes, present them to T cells, and initiate an immune reaction. This pathway of APC migration from
the mucosa to the nearest lymph node may represent the inductive arm of the mucosal immune system in the
lower portion of the female genital organ 7.

Humoral immune defense is mediated by antibodies produced by highly specialized cells that synthesize
and secrete abundant quantities of proteins 3%. Antibody-secreting cells are generally divided into
plasmablasts and plasma cells based on their proliferation capacity 8V. In this study, the author found IgA*
cells in the lamina propria, epithelium, DLT, and surrounding LN. Interestingly, IgA* cells seem to move
from the lamina propria to the lumen of the vaginal vestibule through the stratified squamous epithelium in
the vaginal vestibule of goats and pigs. In the intestines, secretory IgA-producing cells are scattered in the
intestinal lamina propria and aggregate around intestinal crypts '3%. Therefore, similar to alimentary tracts,
the vaginal vestibule mucosa also contains IgA-producing cells to effectively defend the mucosal immune
system. Additionally, this Chapter showed that the close-to-lumen characteristic is important for the ability
of secretory IgA to form protective immunoglobulin barriers in the genital organ, which is important because
when protective immunoglobulin barriers are destroyed, the genital organ is more vulnerable to pathogens.

Morphological differences in LTs between goats and pigs might be related to their estrus cycle variability
or estrus stage at the time of euthanasia. However, the author could not determine age-related differences in
the morphological changes of GOALT in goats. Goats are seasonally polyestrous, short-day breeders with
several estrous cycles during the fall or winter, and pigs are polyestrous and can heat more than once
throughout the year. Sex hormones precisely regulate most components of the innate and adaptive immune
systems in the genital organ throughout the estrous cycle. Estradiol inhibits antigen presentation by vaginal
cells and those vaginal cells, which in turn influences antigen presentation, as well as B and T cell
proliferation '27. Therefore, further studies using season-and estrus cycle-matched samples are needed, and
female reproductive stage- and age-related changes of GOALT in each animal species would be important

for the understanding of mucosal immunity of ductal genital organs.
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Summary

In the Chapter 1, the author elucidated GOALT in the vaginal vestibule of adult, non-pregnant cows
which constituted the genital lymphoid ring according to Waldeyer’s ring. In this Chapter 2, the author
investigated the gross anatomical and histological features of GOALTs in the vaginal vestibule of healthy,
non-pregnant, adult goats and pigs. Their vaginal vestibules were composed of stratified squamous, non-
keratinized epithelium, and various-sized dark-blue hematoxylin® spots were observed in whole-mount
specimens, which were diffusely distributed throughout the mucosal surfaces. These spots were histologically
identified as LTs and consisted of LNs or DLTs. Both LNs and DLTs contained B cells, T cells, macrophages,
DCs, plasma cells, and HEVs. Only the numbers of B cells were significantly higher in both the LNs and
DLTs of pigs compared with goats. Furthermore, the surface of the vaginal vestibule epithelium covering the
LTs was partially disrupted with a large intercellular space exposing abundant connective tissue fibers with
numerous lymphocytes. Thus, the author clearly demonstrated GOALTSs in the vaginal vestibule which would

be common local immunological barriers in both examined animals.

42



541
542
543
544
545
546
547
548
549
550
551
552
553
554

555

Figures

43



Table 2-1. Antibodies

Source Detection Dilution Blocking Antigen Secondary antibody
(Application) retrieval
Rabbit anti- Bethyl (Montgomery, Plasma cell 1:100 10% NGS 20mM TB (pH Goat anti-rabbit IgG antibody (SABPO(R)
IgA Alabama, USA) (SABPO(R) Kit, 9.0) 115C Kit, Nichirei)
Nichirei)

Rabbit anti- Bethyl Plasma cell 1:100 10% NGS 10mM CB (pH Goat anti-rabbit IgG antibody (SABPO
IgG (Montgomery, (SABPO(R) Kit, 6.0) 115°C, 15 kit, Nichirei)

Alabama, USA) Nichirei) min
Rabbit anti- Prointech (Rosemont, Dendritic cell 1:50 10% NGS 10mM CB (pH Goat anti-rabbit IgG antibody (SABPO

langerin

Illinois, USA)

(SABPO(R) Kit,

Nichirei)

6.0) 115°C, 15

min

kit, Nichirei)

CB: citrate buffer. TB: tris buffer. NGS: normal goat serum
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Figure 2-1. Scattered GOALTs distributed throughout the mucosa of the vaginal vestibule and EPGOs
of goat and pig

(A, B) Goat (B) and pig (B) vaginal vestibule and EPGOs after the whole-mount staining with hematoxylin,
showing navy-blue spots. White asterisks showed external urethral orifice. Red asterisks showed the
clitorisBlack arrowheads indicated navy-blue spots. Scale bars = 5 mm. (C, D) Enlarged images of the vaginal
vestibule mucosa squared areas in panels a, b. bars =2 mm. (E, F) Histology of navy-blue spot squared areas

in panel C, D. HE staining. Scale bar = 50 pm.
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Figure 2-2. Histology of GOALTs found in the goat and pig vaginal vestibule
(A) Goat LN localizes in the LP while partially disrupting the structure of the epithelium of vaginal vestibule.

(B) Pig LN localizes in the LP of vaginal vestibule, entirely neighbored with connective tissues. (C, D) Goat
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and pig DLT localizes in LP of vaginal vestibule not disrupting epithelium. Diffusely distributed lymphocytes
are shown between DLT and epithelium. Black dotted line shows the approximate boundary of GOALTs.
Yellow dotted line indicates basement membrane. HE staining. Scale bars = 100 um. (E) Appearance of the
percentage of LNs and DLTs in the examined GOALTs of the vaginal vestibule. n = 5. (F) Epithelium
thickness of vaginal vestibule. Values = mean = SE. n = 5. Significant difference between the goat and pig

was indicated by *, P < 0.05; Mann—Whitney U test.
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Figure 2-3. Immune cell characteristics composing LN in goat and pig vaginal vestibule
(A, B) CD3 for T cells of goat and pig. (C) Percentage of CD3* T cells localizing in the LN. Values = mean

* SE.n>4. (D, E) CD20 for B cells of goat and pig. (F) Percentage of CD20" B cells localizing in the LN.
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Values = mean + SE. n > 4. Significant difference between the goats and pigs was indicated by *, P < 0.05;
Mann—Whitney U test. (G, H) IBA1 for macrophages of goat and pig. (I) Percentage of IBA1" macrophages
occupying the LN. Values = mean = SE.n = 4. (J, K) PNAd for HEVs of goat and pig. (L) Number of
PNAd" HEVs in 105 pm? in LN. Values = mean £ SE.n = 4. Scale bars = 100 um.
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Figure 2-4. Immune cell characteristics composing LN in goat and pig vaginal vestibule
(A, B) CD3 for T cells of goat and pig. (C) Percentage of CD3" T cells localizing in the LN. Values = mean
+ SE.n = 4. (D, E) CD20 for B cells of goat and pig. (F) Percentage of CD20"* B cells localizing in the

LN. Values = mean + SE. n = 4. Significant difference between the goats and pigs was indicated by *, P <
50



0.05; Mann—Whitney U test. (G, H) IBA1 for macrophages of goat and pig. (I) Percentage of IBA1*
macrophages occupying the LN. Values=mean * SE.n = 4. (J, K) PNAd for HEVs of goat and pig. (L)
Number of PNAd® HEVs in 10° um2 in LN. Values=mean * SE.n = 4. Scale bars = 100 pm.
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Figure 2-5. Immune cell composition in different stages of the estrus cycle

(A) Vulvar condition during the estrus stage, showing the discharge of sticky cloudy mucous, swelling, and
redness. (B) Vulva condition during the diestrus stage. (C) Estradiol level in the blood serum of goats in
different stages of the estrus cycle. (D, E, F, G) Vaginal cytology in diestrus, proestrus, estrus, and metestrus
stages. Scale bars = 50 um. (H, I) Daily percentage of exfoliative vaginal cells of goats expected as estrus

(H) and diestrus (I) stages. (J) Daily vaginal temperature of goats. (K) Daily vaginal pH of goats. (L)
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Epithelium thickness of vaginal vestibule in goats expected as estrus and diestrus stages. Values = mean + SE.
n = 1. (M) Percentage of immune cells occupying the LN during the estrus and diestrus stages. n =1 in each
stage. (N) Percentage of immune cells occupying the DLT during the estrus and diestrus stages. n = 1 in each

stage.
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Figure 2-6. IgA*, IgG* plasma cell characteristics in GOALT of goat and pig

(A, B) IgA™ plasma cells in the LN of goat and pig. (C) Percentage of IgA* plasma cells localized the LN.
Values =mean = SE.n = 4. (D, E) IgA" plasma cells in the DLT of goat and pig. (F) Percentage of I[gA*
plasma cells localized the DLT. Values =mean = SE.n = 4. (G, H) IgG" plasma cells in the LN of goat
and pig. (I) Percentage of IgG™ plasma cells localized the LN. Values = mean £ SE.n = 4. (J, K) IgG”*
plasma cells in the DLT of goat and pig. (L) Percentage of IgG" plasma cells localized the DLT. (M, N) Goat
IgA plasma cells in the epithelium of vaginal vestibule. (O) Pig IgA plasma cells in the epithelium of vaginal
vestibule. Scale bars = 100 um. Values = mean = SE. n = 4. Dotted lines indicated the approximate
boundary between lamina propria and epithelium. Arrowheads showed IHC positive reaction. Scale bars =

100 pm.
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(A, B) Langerin for DCs of LN of goat and pig. (C, D) Langerin for DCs of DLT of goat and pig. (E, F)
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2-7. Dendritic cells characteristic in GOALT and epithelium of vag

Figure

Langerin for DCs of the epithelium of goat and pig. Black arrowheads show positive reaction for IHC. Scale

bars = 100 um.
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Whole-mount staining

SEM

Figure 2-8. Ultrastructural characteristics of epithelium covering GOALT of the goat and pig

Goat (A) and pig (B) vaginal vestibule mucosa stained in whole-mount with hematoxylin. GOALTs were
observed as hematoxylin-positive blue spots. White asterisk represents external urethral orifice. Red asterisk
represents clitoris. Scale bars = 2 mm. Goat (C) and pig (D) vaginal vestibule mucosa were examined using
SEM. The same areas as in panels A and B were examined. Dotted lines indicate GOALTs appeared on the
surface of the epithelium. Yellow asterisks represent GOALTSs opening into the vaginal vestibule lumen. Scale
bars = 100, 50 um. (E, F) Magnified areas squared in panels C and D. White arrowheads indicate infiltration
of lymphocytes from the GOALT to the lumen of the vaginal vestibule. Red arrowheads indicate erythrocyte.
Scale bars = 10 um.
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Figure 2-9. Graphical representation of GOALTS: in the vaginal vestibule and reproductive organs of
goat and pig
Vaginal vestibule is one of the compartments of the EPGO containing GOALTs. GOALTSs consist of LNs and

DLTs which localize in different parts of LP of the vaginal vestibule. LN and DLT comprised of B cells, T
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cells, macrophages, and APCs. B cells are predominantly found in both LN and DLT of pigs. Germinal center
mainly found in the center of the LN. HEVs observed among LT and neighboring connective tissues in the
LP. Basically, the epithelium structure covered GOALTSs is partly or thoroughly disrupted by the invasion of

immune cells composing LNs and DLTs.
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Chapter 3

Morphology and MALT structures in the large intestine of cotton rats
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Introduction

In first two Chapters, the author showed morphology of GOALTSs in the vaginal vestibule of ruminants
(cow and goat) and non-ruminant animals (pig) and mucosal epithelium covering GOALTs. All examined
animals showed two types of LTs; LN and DLT which consisted of B cells, T cells, macrophages, DCs, plasma
cells, and HEVs. Furthermore, the epithelium structure covering GOALT differed from other parts in vaginal
vestibule mucosa, and that was partially disrupted. Considerable differences were not observed in GOALT
and epithelium morphology among examined species, suggesting GOALTSs are normal common structures
protecting the female lower ductal organs in cows, goats, and pigs immunologically. Therefore, this Chapter
also focused focus on the MALTs in the lower ductal organs in other species, especially focusing on rodents
which are globally used as experimental animals.

As previously described in Chapter 1 and 2, the vaginal vestibule is terminal part of the female genital
organs, extends from the external urethral opening to the external vulva, combining urinary and reproductive
tracts in cows, goats, and pigs. Vaginal vestibule lies mainly behind the ischial arch, slopes ventrally vulval
opening 27?2, In rodents, especially, in female mice, the external urethral orifice does not open into the vagina,
meaning that vaginal vestibule would not be developed in these animals, because vaginal vestibule is defined
as a part between the external urethral orifice and vulva. Therefore, the vagina of female mice ends in an area
delimited by the labia of the vulva, which would be considered as a rudiment of the vaginal vestibule 'V,
Thus, vaginal morphology of rodents was obviously different from cows, goats, and pigs, which studied in
the previous Chapters.

Cotton rat is one of the valuable experimental rodent animals. Recent studies clarified several unique
morphological phenotypes in cotton rats, such as the existence of pharyngeal pouch remnant, visceral fat
tissue inflammation, abnormal adipose tissue accumulation in the pancreas without obesity, development of
chronic kidney disease, and female genital organ-related disease such as a pyometra 3°18%9)_ Sigmodon
hispidus is most commonly used as an experimental animal among the seven species of cotton rats 3. The
first research of the use of cotton rats as laboratory animals began from 1939 when it was established that
poliovirus induced paralysis in cotton rat ). It has since been shown that cotton rats can be infected with a
variety of human viruses, bacteria, and parasitic pathogens: human immunodeficiency virus '3, herpes
simplex virus type 1 7, herpes simplex virus type 2 33, adenovirus 92, measles virus'?”, respiratory

8) human metapneumovirus 3%120.39 parainfluenza virus *7, influenza A virus ),

syncytial virus
Helicobacter pylori 7®, Staphylococcus aureus '*>, Mycobacterium tuberculosis **, Borrelia burgdorferi °®,
Francisella tularensis 7, and Leishmania donovani ¥. The excessive susceptibility to efficient infection is

probably related to similarities among cotton rats and humans of their antipathogen response, which

completely differs from mice . The secondary advantage of the cotton rat is its properly described genetics
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and growing pool of reagents, for that reason offering a laboratory animal model for measles virus research
%) however; their characteristics of immune system, including MALT structure in lower ductal organs, have
not been clarified yet.

Therefore, this Chapter aimed to identify morphology of MALT located in the lower ductal organs of
cotton rat and to discuss its physiological function and pathogenesis. As a result, cotton rats did not possess
vaginal vestibule same to the other rodents, and vaginal structure differed from examined farm animals. No
LT was found in the vagina of cotton rat, but the author alternatively found and elucidated three different
types of MALTs in the large intestine as well as sex-related differences in the ascending colon morphology

in cotton rats.
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Materials and methods

Animal and sample preparation

Animal experiments were performed according to the guidelines of the Hokkaido Institute of Public
Health (Sapporo, Japan; Approval No.: K27-03). Male and female cotton rats (1-12 months old; HIS/Hiph
strain) were maintained under conventional conditions at the Hokkaido Institute of Public Health and
continuously inbred. A previous study showed four distinct life stages in cotton rats: 1-75 days; juveniles,
76-200 days; young adults, 201-300 days; adults, and 300 days onward; old adults 3!-*®. In this Chapter, for
large intestinal study, cotton rats (n = 65) were divided into six groups based on age and sex: young (1-3
months old) males (n = 21) and females (n = 12), adult (4—6 months old) males (n = 11) and females (n = 8),
and old (10-12 months old) males (n = 6) and females (n = 7).

The author compared a part of the large intestine morphology among cotton rats, mice (male, C57BL/6N,
2 months old, n = 4), and hamsters (male, SLC: Syrian, 6 months old, n = 4). The mice and hamsters were
purchased from Japan SLC (Hamamatsu, Japan). These animal experiments were approved by the
Institutional Animal Care and Use Committee of the Graduate School of Veterinary Medicine, Hokkaido
University (approval numbers 18-0052 and 20-0012). Investigators adhered to the Guide for the Care and
Use of Laboratory Animals of Hokkaido University, Faculty of Veterinary Medicine.

Cotton rats were placed under deep anesthesia using isoflurane and euthanized by cutting the abdominal
aorta. Other animals were euthanized using CO; inhalation. The whole organs of cotton rats, mice (large
intestine and female reproductive organ) and hamsters (large intestine) were fixed using 10% NBF or Bouin’s
solution, and then the gastrointestinal tract (GIT) and genital organs were collected. Body weight was
measured. The position of the internal organs in these specimens were photographed and recorded before
removing the GITs.

Next, after fixation, cotton rats (6 months, n = 4) and mice (2 months, n = 4) EPGO; clitoris and vagina

were separated from the obtained genital organs.

Morphological analyses

The lengths of the cecum and ascending colon (spiral loop like flexure, SLLF; horseshoe-like flexure,
HSLF) of the large intestine were measured on the antimesenteric border using a pliable, non-stretchable
cord. The intestinal walls were cut open longitudinally along opposite sides of the mesenteric border and
gently rinsed out. The length of the single longitudinal mucosal fold (SLMF) found in the large intestine was
measured using a pliable, non-stretchable cord. The diameter of the LN and height of the SLMF were
measured by using an liquid crystal displayed digital caliper having an accuracy of 0.001 mm, (AD-5763-

150; A&D Company, Tokyo, Japan) then LN area was calculated. The number of LNs found in the cecum
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and ascending colon were identified based on their gross anatomy. Photographs were taken as previously

described in Chapter 1.

Histological analysis
To evaluate the histology of the large intestine and EPGO each part of the large intestine was dehydrated
and embedded in paraffin. Then, 3-um paraffin sections were prepared and stained with HE. Histological

digital images were captured as previously described in Chapter 1.

Statistical analyses

Results are expressed as mean = SE. The Mann-Whitney U test was used to compare the data between
male and female cotton rats (P < 0.05). The Kruskal-Wallis test was used to compare data between the age
groups, and multiple comparisons were performed using Scheffé’s method when a significant difference was

noted (P < 0.05).
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Result

Gross anatomical structure of the EPGO of rodents

The author evaluated EPGO of cotton rat and mouse to confirm existence of GOALT. As mentioned in
previous Chapters, vaginal vestibule localizes within the canal of genital organ, elongated from the external
urethral opening until the ventral commissure of the labia; however vaginal vestibule was absent in mice and
cotton rats. Three openings were found on the exterior, caudal part of the body of examined rodents; anus,
vaginal opening, and external urethral orifice (Fig. 3-1A-D). Mouse and cotton rat vagina was ventrally
flattened, and its mucosa lined with cornified stratified squamous epithelium (Fig. 3-1B, D). Diffusely
distributed immune cells were found in under the epithelium; however, LT or immune cells aggregation was
not found. Principally, vaginal morphology of cotton rats was obviously different from cow, goat, and pig
which studied in previous Chapters. For that reason, the author studied MALTSs in large intestine because

large intestine and vaginal vestibule are both related to the lower ductal organs.

Gross anatomical features of the large intestine in cotton rats

Firstly, the author characterized the morphology of large intestine in cotton rats and compared them
between male and female. Figure 3-2A shows the running pattern of the large intestine of adult male cotton
rats (six months old) from the ventral view. The ileum was connected to the large intestine via the ileal orifice,
and the left and right sides of the large intestine from the ileal opening were the cecum and ascending colon,
respectively (Fig. 3-2A). The cecal base was mostly located in the middle of the central part of the abdomen
toward the left half, and its flexure patterns differed among individual animals. Generally, the well-developed,
sacculated, long cecum began by twisting counterclockwise and showed various pattern shapes such as
semilunar, sigmoidal, curved, comma, or round. It then became localized to the caudal part of the abdominal
cavity and finished with a spacious apex. A vermiform appendix was not observed at the end of the cecum
and its wall was thinner (data not shown) compared to other parts of the large intestine.

Opposite the ileal opening, the beginning of the ascending colon showed a large diameter, similar to the
cecum, and ran to the right half of the abdomen. It then suddenly decreased in diameter just before running
to the cranial side (Fig. 3-2A). The subsequent ascending colon showed unique and complex flexures. Briefly,
on the right half of the abdomen, several spiral loops were observed, which were tightly connected to each
other by connective tissue and mesentery (Fig. 3-2A). These SLLFs began on the right caudoventral side of
the abdomen (just after the ascending colon decreased in diameter) and ran to the caudo-dorsal side, making
double or triple loops. Then, the ascending colon ran slightly to the caudal ventral side, and diagonally in the
cranial direction. Subsequently, the ascending colon continued in to a dorsal-lying HSLF toward the right

half of the abdomen by running in the cranial, caudal, and again cranial directions. At the right dorsal cranial
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side of the abdomen, the HSLF was connected to the right colic flexure. A relatively short transverse colon
then crossed cranial dorsal to the root of the mesentery, connected to the left colic flexure, and continued
caudally to the descending colon, which has a higher fat content than the jejunum. By entering the pelvis, the
descending colon became the rectum (Fig. 3-2A). The running pattern of the large intestine found in male
cotton rats is summarized in Figure 3-2B.

The morphology of the large intestine in female cotton rats was similar to that in males (Fig. 3-2C);
however, the number of SLLFs was significantly higher in females than in males. The large intestine of male
cotton rats mostly contained two loops; however, in female rats, there were three. The running pattern of the
large intestine in female cotton rats is summarized in Figure 3-2D.

For the large intestine of the other rodents, the SLLF was identified in hamsters and found to be similar
to that in cotton rats, but not in mice. The HSLF was identified in both mice and hamsters; however, their
lengths were significantly shorter and longer, respectively, than those of the cotton rats, and the latter showed
a quadruple pattern in the HSLF (Fig. 3-3A-D). Hamsters and mice did not show sex differences in large

intestine morphology (data not shown).

Morphometry of the cecum and ascending colon in cotton rats

The author compared the body weight and cecum, SLLF, and HSLF lengths between sexes and among
the young (1-3 months old), adult (4—6 months old), and old (10-12 months old) groups (Fig. 3-4). Body
weight was significantly increased from the adult period onward in both sexes, and the body weight of males
was significantly higher than that of females in the adult and old groups (Fig. 3-4A). The length of the
measured large intestine was not related to body weight. For the cecum lengths, there were no significant
differences among the groups for both sexes; however, the female ceca were longer than those of the males,
and a significant sex-related difference was observed in the adult groups (Fig. 3-4B). In contrast, the SLLF
length differed between the sexes and groups (Fig. 3-4C). The SLLF was longer in the young group than in
the other groups, and significant differences were observed between the young and adult male groups. The
lengths of the SLLF were significantly longer in female rats than in male rats in the adult and old groups
without any age-related significant differences. The HSLF length was the highest in the old group for both
sexes, and males showed significant differences between the old group and other groups in HSLF length. The
adult group had significantly longer HSLF's in females than in males (Fig. 3-4D). Figure 3-4E shows the total
ascending colon length. There were no age-related ascending colon differences in males; however, females
had significantly longer ascending colon lengths in the adult and old groups compared to those in the young
group. Additionally, the adult group had a significantly longer ascending colon length in females than in

males.
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The author calculated the length of the small intestine and the large intestine ratio in mice, cotton rats,
and hamsters (Fig. 3-5A-D). The small intestine and large intestine ratio of the cotton rats were significantly

higher than those of hamsters, and significantly lower than those of mice (Fig. 3-5D).

Detailed morphology of the SLLF in cotton rats

Next, the author focused on the morphology of the SLLF, which had a curved, loop-like structure. Figure

3-6 show the representative adult (six months old) SLLF of both sexes from the ventral and dorsal
aspects. The males and females usually had two and three flexures, respectively, and the SLLF of the females
was longer and more complicated than that of males (Fig. 3-6A-H). Figure 3-61 summarizes the number of
flexures in the SLLF of both sexes. Almost all males had two flexures (76%—83%), whereas the adult and
old female groups had three flexures (88% and 100%, respectively), with only some of the young female
group having two flexures (33%). From the comparison of the average number of flexures in the SLLF,

females showed significantly higher values than males in all examined groups (Fig. 3-6J).

Inner features of the ascending colon in cotton rats

Figure 3-7A shows the inner features from the cecum to the ascending colon in adult males (four months
old). The SLMF originated from the ileal papilla to the beginning of the SLLF and was located along the
mesenteric border (Fig. 3-7A and B). The length of the SLMF is shown in Figure 3-7C: it significantly
increased with age in both sexes, with females having a significantly longer SLMF than males in the adult
group. The author examined the histology of the ascending colon with SLMF by dividing it into three parts
(Fig. 3-7D-F). The SLMF was lined with the large intestine epithelium and the number of goblet cells
increased from the beginning of the SLMF to the SLLF. Some areas of the SLMF possessed several LNs in
their lamina propria (Fig. 3-7D and F). Subsequently, the SLMF height was measured in three different parts
of the ascending colon; its height gradually diminished toward the distal part of the ascending colon (Figure
3-7D-F) in both sexes, and all groups had a decreased luminal diameter of ascending colon. However, there
were no sex- or age-related differences.

Additionally, the author confirmed the absence of the SLMF in hamsters (cotton rats and hamsters
belong to the same family: Cricetidae) and mice (Fig. 3-8). Hamsters and mice had a transverse mucosal fold
(semilunar shaped) that began near the cecal side of the ileal opening and continued up to the beginning of
the ascending colon, which partly separated the cecum and ascending colon while cotton rats having
longitudinal fold (Fig. 3-8 A—F). Lastly, the author established the appearance of the SLMF in neonatal (0

days old), 4-day, and two months-old cotton rats respectively (Fig. 3-8G-1).
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LT localized in the large intestine of cotton rats

Finally, the author characterized the LTs of the large intestine (Fig. 3-9) and found three types of LTs
classified by their size and shape (Fig. 3-9A). First, a large protuberant LT was located near the apex of the
cecum (Fig. 3-9A and B; large-type). Second, small protuberant LTs were found from the cecum to the
beginning of the HSLF (Fig. 3-9A and B; small-type). Third, thin, flat LTs were observed in the HSLF and
transverse colon (Fig. 3-9A and C; flat-type).

Histologically, large-type LTs showed aggregation with germinal centers in the lamina propria to the
submucosa at the apex of the cecum (Fig. 3-9D). Small-type LTs were found in the lamina propria from the
cecum to the beginning of the HSLF with a germinal center, mainly at the top of the beginning and base of
the end part of the longitudinal fold (Fig. 3-9E—QG). Flat-type LTs were observed in the lamina propria of the
HSLF and transverse colon without a germinal center (Fig. 3-9H and I). Thus, all types of LTs seemed to be
classified as LNs according to the presence of germinal center and immune cell localizations which are not
diffusely distributed.

Figure 3-9J-M shows the results of the morphometric analysis of the number and size of LNs in the
large intestine, including the cecum, SLLF, and HSLF, and their total data. For the LN number, female rats
showed a significantly higher number in adults than in old groups in the cecum, and the total number was
significantly higher in females than in male adult rats (Fig. 3-9J-M). Regarding the ratio of LN number to
large intestine unit length, female rats had significantly higher values in the old group than in the adult group
in the cecum, indicating a higher density of cecum LNs (Fig. 3-9N-Q). For this parameter, there were no
significant sex- or age-related differences. For the LN area or the ratio of LN area to large intestine unit length,
there were no significant age-related differences in each part (Fig. 3-9R-U); however, females had
significantly lower values than males in the total values of the ratio of LN area to large intestine unit length

(Fig. 3-9R-U).
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Discussion

Cow, goat, pig GOALTs in the vaginal vestibules were morphologically evaluated in Chapter 1 and 2.
The author also tried to elucidate GOALTs in EPGO of experimental rodents; however vaginal vestibule area
was not developed in examined rodents. Principal experimental rodents such as rats ¥, mice 'V , and
hamsters %% do not possess vaginal vestibule, and their external urethral orifice directly opens to the outside
locating ventrally to the anal and vaginal openings. Additionally, any LTs were not developed in the vagina
of examined cotton rats and mice. Therefore, MALT in the large intestine, localization beside the genital
organs, was evaluated for the reason, large intestine and vaginal vestibule are both related to the lower ductal
organs.

Firstly, the author clarified the morphological features of the large intestine in cotton rats. Sex
differences were found in the ascending colon, and the presence of the SLLF and HSLF was unique to cotton
rats compared to other mammals and contributed to increasing the total length of the large intestine. Similar
SLLF and HSLF structures were observed in hamsters but not in mice (Fig. 3-3). Similar to other mammals,
rodent feeding behavior, digestive tract morphology, and body weight are closely associated °V. Laboratory
mice originate from the wild Mus musculus and are usually omnivorous animals. Syrian hamsters,
Mesocricetus auratus, are also omnivorous rodents, originating from northwest Syria, especially from dry
and stony areas. Their natural diet mainly includes grains, and occasionally insects, fruit, and green plants 32,
The cotton rat is a member of the Cricetidae family, which includes hamsters. These animals are mainly
distributed in the southern United States, Mexico, Central America, Columbia, and Venezuela, in areas that
are commonly surrounded by grassy, dense forests, and marshland areas. Cotton rats are omnivorous and
their diet principally consists of plants and seeds, and they only occasionally eat invertebrates, eggs, and
small birds 2. The food habits of the animals, including laboratory rodents, would be reflected in their large
intestine morphology, especially in the ascending colon, because herbivores large intestine develop to digest
grass (high-fiber food). The ratio of the large intestine to the small intestine was larger in the hamster, cotton
rats, and mice, in that order (Fig. 3-4). These data might therefore reflect omnivory in mice, omnivory with
a tendency toward herbivory in hamsters, and intermediate diet type in cotton rats.

At the beginning of the ascending colon, the author found an SLMF possessing several protuberant or
small-sized LNs; the SLMF grew in length but not in height with the age of the animals. The presence of the
SLMF in neonatal cotton rats suggests that the mucosal fold is an innate structure and is not dependent on
feeding behavior for its development in this species. In mammals, the colon is part of the large intestine,
which contains the largest population of microorganisms in the GIT, and plays a major role in the absorption
of liquid and minerals '?V. Kararli ® found that colon anatomy significantly differed among species.

Furthermore, numerous rodents were found to have various shaped mucosal folds in the ascending colon that
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enable the formation of wrinkles, which maintain their nutrient supply system. In general, in comparison to
large animals, small herbivorous animals require a special digestive strategy in the large intestine to utilize
plant nitrogen in a short time, owing to their higher metabolic rate, restriction of passage speed, and short
digestive transit time . As studied by Sperber '” and Sakaguchi ''¥, this digestive strategy comprises a
colonic separation mechanism that separates colonic contents by digestion rate. This allows coarse particles
to be distinguished and eliminated in a short time through the digestive tract, while maintaining the
accumulation of microorganisms in the cecum. This mechanism has been established in different species of

mammals and birds 'V, including rabbits !9, marsupials 'V, Scandinavian lemmings, rats '¥)

, guinea pigs, and
chinchillas *. These findings show that the morphological and histological structures of the colonic mucosal
fold in several rodent (mouse, cotton rat, hamster) species are similar to those reported in other rodent species,
and this is consistent with what is expected in omnivores.

Adult female cotton rats showed a significantly longer ascending colon with a higher number of SLLFs
compared to males. SLMF length was also longer in adult females. However, sex-related differences were
not found in mice and hamsters. The author assume that sex differences were only identified in cotton rats
due to the genetic background, feeding behavior, and geography of the original wild individuals. These results
are a critical and valuable finding of the existence of sex-related differences in the large intestine lining. Sex-
related hormones are strongly correlated with gut biology. Androgen and estrogen receptors are expressed in
GIT cells, including the interstitial cells of the lamina propria and submucosa and epithelial cells in the gastric
glands, small intestines, and large intestine 2. Estrogen receptor B (ERP) is the dominant estrogen receptor
and is expressed in the colonic mucosal tissues of humans, especially in vascular smooth muscle and
endothelial cells 9. In humans, ERp receptors are known to regulate intestinal barrier function ’ and could
play an important role in diseases showing sex differences, such as colorectal cancer (where ERp is more
highly expressed in females than in males °) and inflammatory bowel disease . In addition, the total
excretion of bile acid in humans is lower, the digestive transition time is slower, the ability to digest neutral
detergent fiber is higher, and stool consistency is harder in females than in males °®. Here, for the first time,
the author found sex-related differences in the large intestine length and its lining in cotton rats. Data is
limited for comparing this study to; however, this species could play a crucial role in elucidating the
mechanisms behind large intestine diseases that show sex differences.

Importantly, the author found various types of LN in the cecum and ascending colon of cotton rats,
including protuberant and flat nodules. The LT, including the patch type or solitary intestinal LT (SILT), has
been well studied in the small intestine '®. For the murine large intestine, colonic patches that are developed
during the embryonic stage are positioned in the submucosa between the muscular layers and muscular

mucosa. SILT, which originates during the postpartum period, is located in the lamina propria, making direct
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contact with the intestinal epithelium, toward the intraluminal area . Therefore, flat LNs in the HSLF and
transverse colon and protuberant LNs in the cecum and SLLF might be types of colonic patch and SILT,
respectively. These localization patterns indicate the developmental differences of LNs in the large intestine.
The shape of the LNs might also be related to the hardness of feces in the large intestine. The water content
of feces gradually decreases from the beginning of the colon to the rectum; therefore, the physical pressure
of feces on the intestinal wall differs among the large intestine regions. LNs were localized to the SLMF and
an appendix was not observed; however, the author found large LNs near the apex of the cecum, surrounded
by several small LNs. Thus, these data emphasized the crucial role of the cecum and ascending colon in
mucosa-associated LT, potentially serving as a “safe house” 'Y or reservoir for commensal bacteria in case
of normal microbiome and immunological barrier function loss (the appendix in primates and rabbits).

In conclusion, cotton rats, one of the most valuable experimental rodents, did not develop the vaginal
vestibule. On the other hand, the author found that their large intestines showed a unique morphological
structure and pattern and SLMF, and various types of LNs and sex-related differences. Thus, this rodent may
serve as a principal model for elucidating species-specific digestive tract function, gastrointestinal disorders,
and their sex-related characteristics. Further studies are required to investigate the mechanisms of sex

differences in their lower ductal organs, especially focusing on mucosal immunity.
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Summary

The previous Chapters elucidated the GOALT morphology as an immune system protecting the female
lower ductal organs in cows, goats, and pigs. This Chapter also try to examine them in rodents; especially the
author examined the cotton rats which have been used for testing various diseases and mucosal vaccination
studies. Firstly, the author elucidated that cotton rats did not develop the vaginal vestibule and GOALT;
therefore, the GALT and structure of cecum and ascending colon of young (1-3-month old), adult (4—6-
month old), and old (10—12-month old) cotton rats were examined as an alternative lower ductal organs of
body. The large intestine in cotton rats is composed of the cecum, ascending colon, transverse and descending
colons, and rectum, and is similar to that of other mammals. The ascending colon begins with a double or
triple spiral SLLF and ends with a coupled HSLF. A SLMF was found at the beginning of the ascending colon
along the mesentery line and developed with age. Furthermore, the SLMF contained several lymphatic
nodules (LNs), indicating their role in digestive and immunological functions. Small and large protuberant
LNs were found in the cecum and SLLF, respectively, whereas thin and flat LNs were observed in the HSLF
and transverse colon, respectively. Regarding sex-related differences, adult females had a significantly longer
ascending colon with a higher number of SLLFs compared to males. The SLMF length and LN number were
also longer and higher, respectively, in adult females compared to adult males. Thus, this Chapter clarified
the different types of GALTs with the unique morphology of the large intestine in cotton rats, and these data
would crucial to consider the immune system of lower ductal organ and its species- and sex-related

differences in animals.
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Fig. 3-1. External part of reproductive organ structure in mouse and cotton rats.

(A) External genitalia of female adult mouse contained three separate openings at the caudal part of the body.
Dorsally, anal opening, ventrally urethral orifice, and between them located vaginal opening. Right upper
photo showed gross anatomy of reproductive organ of female adult mice. One scale of the ruler is 1 mm. (B)
Histology of mouse vagina. Arrowhead indicated cornified epithelium. HE staining. Bar = 100 um. (C)
External genitalia of female adult cotton rats. Right upper photo showed vagina after whole-mount staining
with hematoxylin. Anus, vaginal opening, urethral orifice were located caudal part of the body. One scale of
the ruler is 1 mm. (D) Histology of cotton rat vagina. Arrowhead indicated cornified epithelium. HE

staining. Bar = 100 pm.
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Figure 3-2. Gross anatomical features of the large intestine in cotton rats

(A and B) Male. Panel A shows a picture from the ventral view at 6 months old. Panel B summarizes the
morphology and running pattern of the large intestine from the ventral view. (C and D) Female. Panel C
shows a picture from the ventral view at 6 months old. Panel D summarizes the morphology and running
pattern of the large intestine from the ventral view. Thick arrows represent the direction of intestines toward
the rectum (A and C). Flat dashed lines and square dashed lines represent a spiral loop-like flexure (SLLF)

and horseshoe-like flexure (HSLF), respectively. LI: large intestine, AC: ascending colon. Ruler = 1 mm.
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Figure 3-3. Morphology of large intestines in different rodents

A and B Male mouse at 2 months. Panel (A) shows a picture from the ventral view. Panel (B) summarizes
the morphology and running pattern of the large intestine from the ventral view. (C and D) Male cotton rat
at 6 months. Panel (C) shows a picture from the ventral view. Panel (D) summarizes the morphology and
running pattern of the large intestine from the ventral view. (E and F) Male hamster at 6 months. Panel (E)
shows a picture from the ventral view. Panel (F) summarizes the morphology and running pattern of the

large intestine from the ventral view. Ruler = 1 mm.
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Figure 3-4. Body weight, and cecum and ascending colon lengths in cotton rats

(A) Body weight. Significant differences between the young and adult groups are indicated by a'. Significant
differences between the young and old groups are indicated by ¢’ (a’, ¢’ P<0.01; Kruskal-Wallis test
followed by Scheffé’s method). (B-E) Lengths of cecum (B), spiral loop-like flexure (SLLF; C), horseshoe-
like flexure (HSLF; D), and total ascending colon (E). Values = mean + standard error. n =21 (male, young
age group), n = 12 (female, young age group), n = 11 (male, adult age group), n = 8 (female, adult age group),
n = 6 (male, old age group), and n = 7 (female, old age group). Significant sex-related differences in the same
age group are indicated by * (P <0.05) or ** (P <0.01; Mann-Whitney U test). Significant differences
between the young and adult groups are indicated by a. Significant differences between the adult and old
groups are indicated by b. Significant differences between the old and young groups are indicated by ¢ (a, b,

¢ P <0.05; Kruskal-Wallis test followed by Scheffé’s method).
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Figure 3-5. Body weight, and cecum and ascending colon lengths in cotton rats

(A) Mouse at 2 months. (B) Cotton rat at 6 months. (C) Hamster at 6 months. (D) Ratio of small intestine to
large intestine length. Values are presented as mean + standard error. n =4 (each group). Significant
differences between the small intestine and large intestine are indicated by *(P <0.05) (Mann-
Whitney U test). Significant differences between the young and adult groups are indicated by a. Significant
differences between the adult and old groups are indicated by b. Significant differences between the old and

young groups are indicated by c. (P < 0.05) (Kruskal-Wallis test followed by the Scheffé’s method).
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Figure 3-6. Morphological features of the SLLF in the ascending colon of cotton rats
(A-H) Sex-related differences of the SLLF from the ventral and dorsal views. Black, red, and blue arrows

indicate the first and second and their flexures of SLLF with direction toward the rectum. Number of SLLFs
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regarding appearance (I) and mean values (J). Values = percentage (I) or mean =+ standard error (J). n =21
(male, young age group), n = 12 (female, young age group), n = 11 (male, adult age group), n = 8 (female,
adult age group), n = 6 (male, old age group), and n = 7 (female, old age group). Significant sex-related

differences in the same age group are indicated by ** (P < 0.01; Mann-Whitney U test).
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Figure 3-7. Morphological and histological features of the single SLMF in the ascending colon of cotton

rats

Morphological and histological features of the single SLMF in the ascending colon of cotton rats. (A) Inner

features of the cecum to the beginning of the SLLF. The SLMF is indicated by a dotted line. (B) Localization

of the SLMF. The SLMF is indicated by a dotted-line area. (C) SLMF length. Values are presented as the

mean + standard error. n = 21 (male, young age group), n = 12 (female, young age group), n= 11 (male, adult

age group), n = 8 (female, adult age group), n = 6 (male, old age group), and n = 7 (female, old age group).

Significant sex-related differences in the same age group are indicated by * (P < 0.05; Mann-Whitney U test).
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Significant differences between the young and adult groups are indicated by a or a’. Significant differences
between the adult and old groups are indicated by b or b’ (a, b P < 0.05; a’, b’ P < 0.01; Kruskal-Wallis test
followed by Scheffé’s method). (D—F) Histological features of SLMFs. Panels (D-F) correspond to the areas
shown with red lines indicated in panels (A, B). Beginning of the SLMF just after ileal opening (D), middle
position of the SLMF where the colon begins to decrease its diameter (E), 3 mm before disappearing SLMF
(F). Arrows and arrowheads indicate the SLMF and lymphatic nodule (LN), respectively. The lower panels
indicate the high-magnification area of the square area in the upper panels. Hematoxylin and eosin staining.
(G) SLMF height. Values are presented as the mean + standard error. n = 4 (male, young age group), n =5
(female, young age group), n = 4 (male, adult age group), n = 5 (female, adult age group), n = 4 (male, old

age group), and n = 5 (female, old age group).
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Figure 3-8. Morphological comparison of mucosal fold in the ascending colon of several rodents and

SLMF appearance at different aged cotton rats.

(A and B) Male mouse at 2 months. Panel (A) shows a picture of the inner features at the border between the
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cecum and colon. Panel (B) summarizes the morphology at the border between the cecum and colon. The
gray dotted line area indicates the simple mucosal fold. (C and D) Male cotton rat at 6 months. Panel (C)
shows a picture of the inner feature at the border between the cecum and colon. Panel (D) summarizes the
morphology at the border between the cecum and colon. The gray dotted line area indicates the simple
mucosal fold. (E and F) Male hamster at 6 months. Panel (E) shows an image of the inner feature at the border
between the cecum and colon. Panel (F) summarizes the morphology at the border between the cecum and
colon. The gray dotted line area indicates the simple mucosal fold. (G—I) Single mucosal longitudinal fold of

cotton rats at 0 day (G), 4 days (H), and 4 months (I). Hematoxylin and eosin staining.
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Figure 3-9. Morphological and histological features of LTs in the cecum and colon of cotton rats.
(A) Summarized localization and shapes of LNs found in the cecum and colon. Dotted line area indicates the
localization of the single longitudinal mucosal fold (SLMF). Ventral view. (B, C) Gross anatomical features

of LNs found in the cecum (B) or colon (C). Ruler = 1 mm. (D-I) Histological features of the LN. Panels D—
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I correspond to the areas indicated with black lines in panel A. Near the apex of cecum (D), middle position
of cecum (E), after ileal opening (F), before end of spiral loop-like flexure (SLLF) (G), horseshoe-like flexure
(HSLF) (H), and transverse colon (I). The lower panels indicate magnified images of the square areas in the
upper panels. Hematoxylin and eosin staining (J-Y) LN number (J-M), LN number in unit length (N-Q), LN
area (R-U), and LN area in unit length (V-Y). Values are presented as the mean + standard error. n = 4 (each
group). Significant sex-related differences in the same age group are indicated by *P < 0.05; Mann-Whitney
U test. Significant differences between the adult and old groups are indicated by b (Kruskal-Wallis test
followed by Scheffé’s method).
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Conclusion

Mucosal immunology is an attractive field of science due to a great potential for the development of
mucosal vaccination and immunotherapy among human and veterinary medicine because almost all
infections and environmental allergies utilize mucosa as an entry portal. Importantly, genital organs of female
mammals closely contact with the outer environment and maintains innate and adaptive immune systems by
constructing the physical epithelial barrier, the production of antimicrobial agents and inflammatory
mediators, and the various immune cells. Therefore, this thesis focused on the MALTSs formed in the lower
ductal organs of female mammals and analyzed them to understand the morphological characteristics crucial
for the correct diagnosis and effective therapy in their pathological conditions.

In Chapterl and 2, the author characterized LTs in the mucosa clitoris, vulva, and vaginal vestibule of
healthy, non-pregnant, adult cow, goat, and pig. The gross anatomical and histological features of LTs in the
mucosa of EPGOs were examined using whole-mount staining with hematoxylin, HE, IHC, IF, and SEM.
Whole-mount specimens revealed that several hematoxylin* spots were arranged in a ring in the mucosa.
Histologically, these spots contained aggregated immune cells, and the author defined them as GOALTs.
GOALTs were composed of LNs or DLTs at different depths of lamina propria. All examined LTs were
comprised of B cells, T cells, macrophages, DCs, plasma cells, and HEVs. B cells were dominant both in
LNs and DLTs of all examined species. Abundant collagenous fibers were stretched across the lamina propria
of vaginal vestibule, whereas reticular fibers were primarily observed in the DLTs rather than LNs.
Furthermore, the vaginal vestibule epithelium covering LTs was disrupted by a large intercellular space, and
immune cells directly contacted the intraluminal space through this area lacking epithelium. The author did
not find obvious differences in the morphology of GOALTs and immune cell components among examined
animal species. These data strongly suggested that GOALT is a conserved local immunological barrier and
“genital lymphoid ring” in cow, goat, and pig, which would functions as immunological gate systems as
Waldeyer’s pharyngeal ring in the head.

In addition to the above farm animals, the Chapter 3 focused on the major laboratory animal rodents
including cotton rats, mice, rats, and hamsters, but these rodents did not anatomically develop a vaginal
vestibule, and no clear GOALT was found. Therefore, the author focused on GALTs in the large intestine as
a structure which maintains the immune function of the lower ductal organs. This Chapter analyzed the GALT
in the large intestines of the cotton rat, which is useful as an experimental animal but lacks anatomical
knowledge, with their intestinal running patterns and morphological characteristics. In particular, the running
pattern of large intestines and the morphology of mucosal fold in the caecum differed between cotton rats
and other rodents. Briefly, the proximal and distal parts of ascending colon formed the SLLF and HSLF

respectively, and they were unique morphologies in the large intestines of cotton rats compared to other
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rodents in both sexes. The author also clarified morphologically different types of LTs on the mucosal surface
of the cecum and ascending colon in both sexes of cotton rats, including protuberant and flat LNs.
Furthermore, adult female cotton rats showed a significantly longer ascending colon with a higher number
of SLLFs compared to males. At the beginning of the ascending colon, author found an SLMF possessing
several protuberant or small-sized LTs; the SLMF grew in length but not in height with the age of the animals.
In summary, this Chapter has clarified the morphological characteristics of the lower ductal organs of rodents,
especially cotton rats.

The present study revealed GOALTs forming the genital lymphoid ring in the vaginal vestibule of cow,
goat, and pigs, in their adulthood. These GOALTs would be immunological barriers in the lower ductal organs
of farm animals and would have a critical role in the pathogenesis relating to female reproductive organs in
farm animals. On the other hand, in the present study, examined rodents do not develop the GOALTs due to
the absence of obvious vaginal vestibules, but the author considered that their terminal part of GITs might
maintain the immunological environment in the lower ductal organs of females, including reproductive and
digestive organs. These novel fundamental knowledge on GOALTs and GALTs would be crucial to
understand the pathology of mammalian reproductive organ- and GIT-related disorders, which contribute the
development of diagnosis and therapeutic strategies utilizing the mucosal immunity in animal and human

medicines from the viewpoint of one health concept and zoobiquity.
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Conclusion in Japanese

BRI DRI ASRSUE L T L7 v ORAFF L 270 i & v F DEFEIITICE N T,
ZNO ORMEGRZELZFIRA L 727 7 F VIECIRBEORFESHEA TW 5, R, MEMEATRER 2R
LERRCBE S 2 720 2 OREIIPIER 7 N Y Tl &2 o s iAE 2 TihE L. PR E
RIEBLEYE DEEAE 2 L CRIIRGZE 2 5 . ATl MBI o THERIEG TR S
2 REIEEEE Y v o (MALT) ICE B L. JBIE 72 i HE W 0 2h SRIN TR O F I EHE & 7 5 JEHE
FIRHR OB Hi e L, i 2 i 7z,

Bl SETIE, RO Y oL Y X, 7 X DERIE & AN TERE (A%, SMETR) ok
BRICH T2 ) o1k (LT) 28K L7z, LT OIREENRHEZ Sl O s — v~ v v MERSE
ERE FIAMEIEAOBEE, MiYIF o~~~ X2 ) v - T v Ee R 0T X BRI T
FHE L 720 ERIED R — A~ v MERICEWT, ~= b ¥ ) VICERT 2 EE O /N
LEPORRLICBIRE I, 206 13) v ZRICEE S 1z, MHERSARINT 2> & . M 3%/ NsEIE I
ZREHIE AR L T Y, FEFIE IS & EIHGREE Y v o (GOALT) 7 LEFEL -,
GOLAT (ZV v Ui (LN) & L IFHAEE Y v o5Hfk (DLT) OB EZR L. S b (2hfE
[ o R T AR I RZE L. BMIAE, THIfE. ~27 v 77— BRI, PR MR E A
BERE T E L7z, £72, IERIED GOALT Tl BE A& BEHRMED LRI ICHEEE X . MR
MERESEITX LN X 0 b DLT THET ZHHAICH 572, & HIT, GOALT E_E D IERTIERIE 1 B2 13358
SYICEE - RAN L, SIS EIEEEICHE L Tz, 215 GOALT DIEER % DREBUAIAE I
PHE R EIEE L e o 7z AEX D, GOALT Rt v o> ¥ ¥, 72 0o FHEEIRIEER. FrichE
AIECHRIET 2 RIEFIERECH ) | TEFICE T 2 7 A X4 T OGO X 51T, “BEY v
ST L UC TN ERERIRE O R g 205 L F 2 72,

FRIOEEDICA, BEH R TEAEREVERECHL2av VI v b, T X,
Ty b NLAAZX—ICEREY TR, S B H TSI ERTE S R 3, R
GOALT % Rttt 7ed o7z, 22T, KIGORERLEY vk (GALT) % TEFEIRNER O Rhf5E
fERHO MG L TEH Lc, RETIEIEREY L L CHEMZED. Z OHIENMAS TR L
Twbay b vy ORI GALT 250 ETCIEREANRE L T L 72, Fric, =2 v b v
7 v+ OfEEOERSLERRMK e X ORESMOERE & 138k o7, Mty P Iy ok
TTREIGRTEE L 7 2 v IREl 2. 2 0% EEIEBERRER Z R L. 2 idtho ki~
TR 2 ORE7Z o 72, M= v + v T v P OB e RITREE ORI IC IZFEER S 2\ (3 FER
DY VoUNHIRH DN, X HIC EATHIG O IIMEEcRE C R R Y | Ko HITREE 3
ICHRTRL, EfTBoREE BRSNS 72 VIREIMOBD L ) Dl TE o, %
7o RATAERGRCARTR I T B S L <13/ ) v oS iER 2 HB0E 3 2 Ml o fit v X iE 034 5
M. Z o FENHARE CRISE R - 72 —77, Mlise LicBEEmTRm~ORI 28 L7, UL,

88



ARECTITEEH, Fricay b v 7y b o TEERIEEZR OTZREERR B Z IS A L 72,

KL TIE, BEDO Y v, ¥ ¥ T XORRFIEL T L. U v Sf2iln% B3 5 GOALT @
JEREZ B & H1C L 72, GOALT 2 415 TR 75 AEEENY) 0 N ERE RIEAR 1C 35 1T 5 SoEsf i le & 7x
D, MEMEAGERRBLER BRI B W CEHEREH AR T FE RO N, T AENTICHE L 72 Bk

H IZPA R IERTE 2 K ¥ . GOALT # FE X ¥ 70> 5 72705, T o OO ML E &K 134 0Hds
LWL % & O Mo FEE RIS O fE A BRI O MR IcEB S 2 TR 2 F A2, T D
GOALT X GALT D#77- = HBEMAI X, ATldR 72 O I L aR O IR REFE ARy 2 BRfiR 3~ 5 1T
HETHY, BT MBI SRR GIE 2 L 72 2WE 7 o ISR BEE DFIFEICERN T 2,
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