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Preface

Histology is the science of tissues and as such histology studies cells and tissues of organs
using a variety of techniques. Histology goes back more than 200 years when the French
surgeon Bichat used the term “tissues,” followed by the introduction of the term “histology”
by Karl Meyer in the early nineteenth century. Among the early histologists were Camillo
Golgi and Santiago Ramon y Cajal who presented the wonders of cellular building blocks to
the world and started to elaborate the structure of cell and tissue specimens, specifically
nerve cells. From their time to today’s most sophisticated analysis of cell structure and func-
tion, microscopes and imaging techniques have undergone an exciting evolution that allows
us to understand microscopic details and cellular function at the molecular level. Histologi-
cal techniques are used in different disciplines: research, teaching, and clinical applications.
This book explores the research currently being carried out at the molecular, subcellular,
and cellular levels, both in normal and pathological processes, from genetic mechanisms to
intra- and intercellular signaling. This book includes cutting-edge research reviews and de-
scriptions of technological advances to modify bodily cells and tissues. Targeted at students
and researchers in biological, medical, and related disciplines, this book will provide an
overview of the work being done in this field, and will highlight any gaps and areas that
would benefit from further exploration.

The book contains eight chapters in four sections and presents reviews in different areas of
histology written by experts in their respective fields. Basic histology, cell biology, histopa-
thology, and histological techniques are featured prominently as a recurring theme through-
out several chapters. This book will be a most valuable resource for histologists, cell
biologists, pathologists, and other scientists alike. In addition, it will contribute to the train-
ing of current and future biomedical scientists who find histology and its associated disci-
plines as fascinating as many generations before them.

Chapter 1 introduces the topic of this book by discussing histological processing and prepa-
ration of tissues. Thereby, the chapter familiarizes the reader with histological microtechni-
ques, including tissue acquisition, fixation, dehydration, clearing, infiltration, embedding,
microtomy, section acquisition, and staining.

In Chapter 2, authors discuss the histological, cellular, and molecular mechanisms that gov-
ern early epithelium development in the thymus. The authors emphasize the resemblance of
the thymus with the process of branching morphogenesis and tubulogenesis that occurs in
other epithelial organs such as those derived from the gut such as the mammary gland, sali-
vary glands, lungs, kidneys, and pancreas. These organs repeatedly fold to reach an enlarged
area, which is necessary to perform their major functions, namely, gas exchange, excretion,
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nutrient transport, and others. It is epithelial-mesenchyme interactions that determine the
tissue patterning through specific combinations of common molecular signaling pathways.

Chapter 3 reviews the umbilical cord as one of the most important anatomical structures in
the development of animals due to its participation in the exchange of nutrients and protec-
tion of structural vessels. The author describes research on histological characteristics of the
constituents of the umbilical cord to improve our understanding of the main histological
differences found among mammals. The chapter is of benefit not only to veterinary medi-
cine but also to all pathologists and surgeons studying reproduction.

Chapter 4 addresses the secretion of one of our bodily fluids, saliva, by the salivary glands
in the oral cavity. The authors review the tubuloacinar structure of salivary glands and the
acini as their functional units. The authors explore the duct system of salivary glands and
compare the three major salivary glands, namely, the parotid, submandibular, and sublin-
gual gland. In addition, the authors describe various minor salivary glands. A discussion of
the functional role of saliva for oral and general health is included in the chapter.

In Chapter 5, authors address a major health problem, namely, that a bacterium, Helicobacter
pylori, leads to the most common chronic bacterial infections in the world. About half of the
world’s population is infected with the bacterium. The bacteria move into the digestive tract
where they can cause ulcers in the lining of the stomach or upper part of the small intestine
or even cause stomach cancer. In the clinic, correct diagnosis and effective treatment of H.
pylori gastric infection are essential in controlling this infection. The authors review available
diagnostic methods, the eradication therapy of H. pylori infection, antibiotic resistance, and
antimicrobial susceptibility tests. The authors describe a prospective study to analyze pa-
tients with H. pylori gastric infection with positive histology and positive culture versus pos-
itive histology and negative culture.

In Chapter 6, authors explore remodeling of the periodontal ligament (PDL). The authors
describe remodeling of the PDL with bone marrow-derived cells (BMCs) through BMC mi-
gration into the PDL using a green fluorescent protein (GFP) bone marrow-transplanted
model mouse. The authors review how BMCs have the ability to migrate and differentiate
into tissues and organs in the body. The authors include immunohistochemical data for the
GFP-positive cells in the PDL.

In Chapter 7, author combines histology, morphology, and pathology to explore an abnormal-
ity of the lateral meniscus of the knee, the discoid meniscus. The author focuses on the micro-
structure of the discoid meniscus with respect to content and arrangement of collagen fibers.
The cartilage portion of the meniscus is different in shape, thickness, and collagen proportion.
Even though this abnormality was first described over 130 years ago, the origin is still un-
known. Given that the discoid meniscus is typically asymptomatic, little is known about its
epidemiology. This chapter helps to understand its histological and cell biological basis.

In Chapter 8, authors review histological research techniques, specifically mass spectrome-
try. It is used for the identification of biomarkers using pathologic samples such as blood
and urine analyses. It has limited use for tissue analysis. The authors describe several recent
technological developments such as matrix-assisted laser desorption/ionization, which has
been applied to mass spectrometry analysis for the identification of diagnostic markers and
pharmacological monitoring for drug delivery systems. In this chapter, the authors intro-
duce mass spectrometry imaging using formaldehyde-fixed paraffin-embedded tissues. As
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the authors point out, these new strategies and analytical methods are useful for the study
of drug pharmacokinetics, metabolism, discovery of biomarkers, and treatment-specific ef-
fects on the proteome.

We are grateful to IntechOpen for initiating this book project and for asking us to serve as its
editors. Many thanks go to Dajana Pemac at IntechOpen for moving the book project ahead
in a timely fashion. Thanks are due to all contributors of this book for taking the time to
write a chapter proposal, compose their chapter, and make my requested revisions to it.
Hopefully, all contributors will continue their histological research with many intellectual
challenges and exciting new directions. We would like to thank our son, Torben Heinbockel,
for his patience and understanding over the past several months when we were working on
this book project. Finally, V.S. would like to thank posthumously both her mother, a bio-
chemist, and her father, a pathologist, Janus and Martin Shields, respectively, for introduc-
ing her to the world of biology and science in general. Her father was instrumental,
especially, for introducing her to the field of histology and ultrastructure. T.H. is grateful to
his parents, Erich and Renate Heinbockel, for their continuous support and interest in his
work over many years.

Thomas Heinbockel, PhD

Professor
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Howard University College of Medicine
Washington, DC, USA

Vonnie D.C. Shields, PhD

Acting Dean and Professor of Biology
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Chapter 1

Introductory Chapter: Histological Microtechniques

Vonnie D.C. Shields and Thomas Heinbockel

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.82017

1. Introduction

1.1. Background and overall preparation of tissues for microscopic examination

Histology is the branch of anatomy that focuses on the study of tissues of animals and plants.
The term tissue refers typically to a collection of cells. In humans, organs comprise two or
more tissue types, including epithelial, connective tissue, nervous, and muscular. The word
“histology” stems from the Greek word “histos,” meaning web or tissue, and “logia,” mean-
ing branch of learning. In brief, histological processing involves obtaining fresh tissue, pre-
serving it (i.e., fixing it) in order to allow it to remain in as life-like a state as possible, cutting
it into very thin sections (3-8 microns), mounting it on glass microscopic slides, and then
staining the sections so that they can be observed under a microscope to identify different
histological components within the tissue.

2. Techniques

2.1. Preparing the tissue

For tissue removal, it is necessary to gather first the informed consent of the patient, as tissue
taken from a live individual for diagnosis or treatment requires his/her consent. In other
words, the patient must know at the time he/she consents, the purpose of tissue removal
(e.g., diagnosis, research purposes, etc.) [1]. Similarly, harvesting tissue from an animal
requires approval of the procedure by the institutional review board (Institutional Animal
Care and Use Committee, IACUC) [2, 3]. An important first step in the histological pro-
cess is tissue acquisition. This step can be achieved by means of traditional tissue dissection
or endoscopic ultrasound (EUS)-guided fine needle aspiration [4]. If the former dissection

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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method is chosen, it is important to ensure that sharp dissecting tools are used to minimize
crushing the tissue while cutting for removal. The tissue should be kept moist (e.g., 0.85%
saline, isotonic) while dissecting and trimming. The tissue should be trimmed 1-2 c¢m in
width/length (but should not be more than 5 mm thick). There should be at least one to two
cut sides for easy penetration of the fixative. It is important, at this stage, to determine the
desired orientation of the tissue and that all tissue components are represented during this
trimming stage, if possible [5].

2.2. Fixation

It is important to maintain cells in as life-like a state as possible and to prevent post-mortem
changes as a result of putrefaction (destruction of tissue by bacteria or fungi) and autolysis
(destruction of tissue by its own enzymes). In the latter case, as cells die, they release enzymes
from their lysosomes and other intracellular organelles, which start to hydrolyze (i.e., break
down or decompose by reacting with water) components of the tissue, such as proteins and
nucleic acids with the help of proteases and nucleases, respectively. Cases of autolysis are
most severe in tissues rich in enzymes (e.g., liver, brain, kidney, etc.) and are less rapid in
tissues such as elastic fibers and collagen. Therefore, it is critical that fixation be carried out as
soon as possible after removal of the tissues to prevent autolysis and putrefaction, as well as to
prevent the tissue from undergoing osmotic shock, distortion, and shrinkage. Unfortunately,
fixatives may, unintentionally, introduce artifacts which can interfere with interpretation of
cellular ultrastructure [6-10].

As fixation is typically the first step to prepare the tissue for microscopic, or other, analysis,
the choice of fixative and fixation protocol is very important. The fixative acts to denature
proteins by (i) coagulation (of secondary and tertiary protein structures to form insoluble
gels), (ii) forming additive compounds (cross-linking end-groups of amino acids), or (iii)
a combination of coagulative and additive processes. In addition, fixatives (iv) promote
the attachment of dyes to particular cell components by opening up protein side groups
to which dyes may attach, (v) remove bound water to increase tissue refractive index to
improve optical differentiation, and (vi) alter the refractive index of tissues to improve
contrast for viewing without staining. Prolonged fixation may result in the chemical
masking of specific protein targets and prevention of antibody binding during immuno-
histochemistry protocols. In such cases, alternative fixation methods may be incorporated
depending on the biological material. Therefore, there is no universal fixative which will
serve all requirements. Each fixative has specific properties and disadvantages. There is
no single fixative, or combination of fixatives, that has/have the ability to preserve and
allow the demonstration of every tissue component. Some fixatives have only special and
limited applications, while mixtures of two or more reagents may be necessary to employ
the special properties of each. So, it is important to identify specifically which histological
structures one is trying to demonstrate, as well as the effects of short-term and long-term
storage of the tissues [6-10].

When tissue is fixed, it is important to keep the sample size small, if possible (i.e., 2-3 mm?),
as increased thickness will retard fixative penetration. The volume of the fixative should be
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20-25 times the volume of the tissue. The peritoneum or capsule around the tissue should be
removed or pierced. The blood and mucus should be rinsed off with saline. The tissues should
be cut with a new, sharp razor blade/scalpel, rather than scissors, as the latter could result in
squeezing of the tissue, causing damage. Some tissues/organs (e.g., lung, eye, etc.) will require
special handling to ensure that the fixative reaches all internal components. Care should be
given to ensure that the specimen has one or more cut sides to guarantee good penetration
of the fixative. Sometimes, an agitating instrument can be employed to ensure that the fixa-
tive reaches all surfaces. At no time should the tissue be allowed to dry out. Each fixative
will have its own fixation time and post fixation treatment for best preservation of cellular
detail. Typical fixatives, depending on the type of tissue and microscopy technique intended,
may include, formalin, Zenker’s fixative, Bouin’s fixative, Helly’s fixative, Carnoy’s fixative,
glutaraldehyde, osmium tetroxide, chromic acid, potassium dichromate, acetic acid, alcohols
(ethanol, methanol), mercuric chloride, and acetone [5-10].

2.3. Microwave irradiation

Microwave fixation has been found to be useful in increasing the molecular kinetics giving
rise to accelerated chemical reactions (i.e., faster fixation time, accelerated cross-linking of
proteins). [11]. While conventional formalin-fixed, paraffin-embedded tissue offers superior
cellular morphology and long-term storage, microwave-assisted tissue fixation with phos-
phate-buffered saline [12] of normal saline [13] offers the removal of the use of noxious and
potentially toxic formalin fixation and a decrease in the turnaround time. In addition, staining
of the microwave-fixed tissues was found to be sharper and brighter in most of the tissues
than those obtained after conventional fixation [12, 14]. Interestingly, cold microwave irradia-
tion procedures can offer rapid fixation and staining of tissues for electron microscopy and
ultrastructural analysis [15].

2.4. Classification of fixatives

Fixatives can be classified on the basis of three main criteria: (i) action on proteins; (ii) types of
fixative solution; and (iii) use [6-10, 16, 17].

i. Action on proteins
Fixatives can have two main actions on proteins. They can be coagulant or non-coagu-
lant fixatives. Coagulant fixatives affect proteins in such a way that a coagulum (clot)
forms (e.g., white of an egg when cooked). In contrast, non-coagulant fixatives result in
a smoother “gel” formation. Cytoplasm is converted typically into an insoluble gel. In
addition, while organelles are preserved, there is typically poor tissue penetration and
artifacts are more likely to occur.

ii. Types of fixative solution
There are two main types of fixatives: primary and compound. Primary fixatives consist
of a single fixative in solution (e.g., may be in absolute form, such as absolute ethanol or
10% formalin). Compound fixatives consist of two or more fixatives in solution, such as
Zenker’s, Helly’s, and Bouin's fixatives.
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iii.

Their use and mechanism of action

The intention of microanatomical fixatives is to preserve components of organs, tissues,
or cells in spatial relation to each other. These fixatives are largely coagulant in nature
(cell organelles are destroyed, typically), and used for light microscopy (e.g., neutral buff-
ered formalin or NBF, Zenker’s, Bouin’s, and 10% formal saline). Cytological fixatives,
on the other hand, preserve cellular structures or inclusions (e.g., mitochondria), often
at the expense of even penetration and allow the tissues to be cut relatively easily. They
are non-coagulant in nature and are used typically for electron microscopy. They can be
further subdivided into nuclear (e.g., Carnoy’s) and cytoplasmic (e.g., Helly’s and 10%
formal saline).

2.5. Types of fixatives

1.

Aldehydes include formaldehyde (formalin, when in its liquid form), paraformaldehyde,
and glutaraldehyde. Tissues are fixed through cross-linking agents that react with proteins
and nucleic acids in the cell (particularly lysine residues). Formaldehyde is a good choice
for immunohistochemical studies, while formalin (10% neutral buffered formalin or NBF)
is standard. The buffer prevents acidity in the tissues. Formaldehyde offers low levels of
shrinkage and good preservation of cellular detail. This fixative is used routinely for surgi-
cal pathology and autopsy tissues requiring hematoxylin and eosin (H and E) staining
[6-10, 16, 17]. Since formalin is toxic, carcinogenic, and a poor preserver of nucleic acids,
there have been attempts to find a more suitable substitute; however, this has proved dif-
ficult [18].

Glutaraldehyde causes deformation of the alpha-helix structure in proteins, so it should
not be used for immunohistochemistry staining. While it fixes very quickly, which makes
it an excellent choice for electron microscopic studies, it provides poor penetration. It gives
very good overall cytoplasmic and nuclear detail and is prepared as a buffered solution
(e.g., 2% buffered glutaraldehyde). This fixative works best when it is cold and buffered
and not more than 3 months old [6-10, 16, 17].

Oxidizing agents include permanganate fixatives, such as potassium permanganate,
dichromate fixatives (potassium dichromate), osmium tetroxide, and chromic acid. While
these fixatives cross-link proteins, they cause extensive denaturation [6-10, 16, 17].

Alcohols, including methanol and ethanol, and protein denaturants (acetic acid) are
not used routinely as they cause brittleness and hardness to tissues. They are useful for
cytologic smears, as they act quickly and provide good nuclear detail. Alcohols are used
primarily for cytologic smears. They are fast acting, cheap, and preserve cells through a
process of dehydration and precipitation of proteins. Methanol has been shown to be effec-
tive during immunostaining [6-10, 16, 17, 19].

Mercurials fix tissues by an unknown mechanism. They contain mercuric chloride which
is a known component in fixatives such as B-5 and Zenker’s. These fixatives offer poor
penetration and tissue hardness, but are fast and provide excellent nuclear detail, such
as for visualization of hematopoietic and reticuloendothelial tissues (i.e., lymph nodes,
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spleen, thymus, and bone marrow). These fixatives must be disposed of carefully. Mercury
deposits must be removed (dezenkerized) prior to staining, otherwise black deposits will
occur in tissue sections [6-10, 16, 17].

6. Picrates include fixatives with picric acid, such as Bouin’s solution. These fixatives have
unknown modes of action. The most common is Bouin’s alcoholic fixative. This fixative
provides good nuclear detail and does not cause much hardness. It is recommended for
fixation of testis, gastrointestinal tract, and endocrine tissues. This fixative has an explosion
hazard in dry form, so it must be kept submerged in alcohol at all times [6-10, 16, 17].

7. Other factors affecting fixation

ii.

iii.

iv.

vi.

Buffering: Fixation is best performed at close to neutral pH (pH 6-8; formalin is
buffered with phosphate at pH 7). Common buffers include: phosphate, bicarbonate,
cacodylate, and veronal [6-10, 16, 17].

Penetration: Each fixative has its own penetration rate in tissues. While formalin
and alcohol penetration are superior, glutaraldehyde is the worst. Mercurial fixa-
tives are in between. The thinner the sections are cut, the better the penetration
[6-10, 16, 17].

Volume: The volume of the fixative should be in at least a ratio of 10:1. Fixation can
be enhanced if the fixative solution is changed at regular intervals and the specimen
is agitated [6-10, 16, 17].

Temperature: If the temperature at which fixation is carried out is increased, it will
yield an increased speed of fixation. Of course, too much heating of the fixative can
result in cooking or creating tissue artifacts [6-10, 16, 17].

Concentration: The concentration of the fixative should be as low as possible, because
too high a concentration may adversely affect the tissue and provide artifacts (forma-
lin is best at 10%, while glutaraldehyde is best at 0.25-4%) [6-10, 16, 17].

Time interval: The faster the fresh tissue can be acquired and fixed, the better, as to
minimize cellular organelle degradation and nuclear shrinkage, resulting in artifacts.
The tissue should always be kept moist with saline [6-10, 16, 17].

2.6. Decalcifying agents

Some animal tissues contain deposits of calcium salts which may interfere with sectioning,
resulting in torn sections and damaged blades. Calcium compounds must be chemically
removed (usually with an acid) before typical histological techniques can be used for the
study of softer components. Tissues requiring decalcification include bone, teeth, and calci-
fied cartilage [17, 20-22]. Pathological states include arteriosclerosis, tuberculosis, and several
tumor types. Such tissues should be fixed prior to decalcification and washed for 12 hours
in running water between fixation and decalcification. While decalcification agents remove
typically calcium salts and do not interfere with staining reactions, they can cause minimal
distortion to cells and connective tissue. The decalcifying agent should have a volume of
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30-50 times that of the tissue and occasional agitation may be required to expedite this pro-
cess. Heating should not be employed. The process is complete typically when bubbling has
ceased. Over decalcification can cause a severe reduction (of what) in subsequent sectioning
of the tissue. Some typical decalcifying agents include, nitric acid, Gooding and Stewart’s
fluid, Rapid Bone Decalcifier (RDO), and chelating agents. More recently, new methods have
been discovered to allow hard tissues to be decalcified faster [23].

2.7. Dehydration

After fixation, and to begin the dehydration step (i.e., removal of water), tissues are placed
in progressively increasing concentrations of a dehydrating agent (e.g., 70, 85, 95, and 100%)
which is typically ethanol. Methanol, isopropanol, and acetone are alternative options,
depending on the tissue being processed. It is important to include two absolute alcohol
(i.e., 100%) steps to ensure that all remaining water has been removed. The dehydration
step is critical, as water is immiscible with most embedding media (i.e., paraffin wax).
Therefore, the tissue must be exchanged between polar (e.g., water) and non-polar (e.g.,
organic reagents, such as xylene) agents. If the tissue is incompletely dehydrated, it is not
possible to “clear” the tissue. When it is exposed to a subsequent clearing agent (e.g., xylene)
the tissue remains opaque and appears milky. This will necessitate re-dehydration of the tis-
sue. Dehydration will also remove some of the lipoidal material in the tissue. If the lipids are
supposed to be visible, it will be necessary to use an appropriate fixative that will preserve
the lipids prior to the dehydration step (e.g., osmium tetroxide) [7-10, 16, 17, 21, 22].

2.8. Clearing

The term “clearing” is related to the appearance of the tissue after it has been treated with a
dehydrating agent. Many agents have a similar refractive index to that of the tissue, render-
ing the tissue “clear” or translucent. In this step, the dehydrating agent must be removed
from the tissue and replaced with a solvent of wax. A clearing agent should be used when
the dehydrating agent (e.g., ethanol) is not miscible with the impregnating medium/
embedding agent (i.e., paraffin wax). It is a wax solvent and must be miscible with both
the dehydrating and embedding agents. The selection of a suitable clearing agent should
be based on the speed and ease of removal from the embedding media (i.e., the lower the
boiling point the more rapid the removal), interaction with the tissue, flammability, toxic-
ity, and cost. The clearing step can be more effective with the use of a vacuum system and
should be carried out in a fume hood. Typical clearing agents include xylene, chloroform,
toluene, benzene, dioxane, carbon tetrachloride, cedarwood oil, isoamyl acetate, methyl
benzoate, methyl salicylate, and clove oil. Due to the potential hazards of some of these
chemicals, others have been proposed, such as some vegetable oils, terpenes, and alkanes.
Some histological protocols have the potential option of processing the tissue without the
use of a clearing agent (e.g., xylene) as a safe alternative to exposure to the hazardous
effects of these chemicals. One such protocol includes the use of isopropanol as a safer
alternative [7-10, 16, 17, 21, 22, 24-30].
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2.9. Infiltration/impregnation

The role of the infiltration agent is to remove the clearing agent from the tissue and to com-
pletely permeate the tissue with paraffin wax. This will allow the tissue to harden and produce
a wax block from which thin histological sections can be cut. Ideally, the consistency of any
solidified embedding medium should be the same as the specimen it encloses. Unfortunately,
this rarely happens due to the wide variation in consistency of tissue and the large variety in
embedding media. Paraffin wax is commonly used and heated to a temperature that is 2-3°C
above its melting point. Any higher temperature will result in tissue hardening. The paraffin
wax should be 20-25 times the volume of the tissue. Generally, the tissues are transferred
directly from the clearing agent to pure paraffin, but sometimes with fragile specimens, it
is necessary to use graded mixtures of clearing agent and paraffin. The duration and num-
ber of changes of paraffin necessary for impregnation vary with the size and consistency of
the tissue. As exposure of the tissue to paraffin increases, it is more likely that shrinkage
and hardening will occur. Complete infiltration is only possible after complete dehydration
and complete clearing. The selection of paraffin depends on the nature of the tissue to be
embedded and thickness of section required. A high melting point of the wax (e.g., 55-60°C)
increases the hardness and decreases the thickness to which the tissue may be sectioned (e.g.,
45-50°C is considered soft). Paraffin wax can be purchased in the form of tablets, pellets, or
granules. Numerous substances can be added to the molten paraffin to modify its consis-
tency and melting point. Typically, the process of infiltration occurs with the use of a tissue
processing machine, although this can be carried out using a heated container maintained
2-3°C above the melting point of wax. If residual clearing agents remain in tissue or improper
processing of the tissue has occurred, this will lead to difficulties with sectioning. Evaporation
of the clearing agent, infiltration with paraffin wax, and removal of any air bubbles trapped
in the specimen will be more completely alleviated if clearing and infiltration procedures are
carried out at reduced pressure (under vacuum) [7-10, 16, 17, 21, 22, 24-28].

2.10. Embedding

After the infiltration process has been completed, it is necessary to obtain a solid block con-
taining the tissue. To accomplish this, it is necessary to first coat a stainless steel histological
base mold of suitable size to fit the tissue with glycerol or “mold release” to prevent adherence
of the wax block containing the tissue to the metal mold upon solidification. Pre-warming of
the metal block is advised to prevent premature solidification of the wax block. In addition,
using warmed forceps to help press the tissue against the base of the metal mold, in addition
to reducing the chance of premature solidification, helps with this process. Prior to begin-
ning the infiltration process, an embedding cassette should be placed on top of the mold
and labeled with the name of the tissue, fixative, and date. If an embedding unit (machine)
is being used, the combined unit should be dispensed two-thirds full with molten paraffin.
The specimen should be oriented in the metal mold to ensure that the tissue will be cut in
the correct plane of section. Alternatively, the mold can be filled slightly and the tissue can
then be placed in the mold and positioned in the desired orientation at the base of the mold.



10 Histology

The combined unit should then be set out on the cooling tray of the embedding unit (machine)
and not disturbed until the wax has cooled and solidified completely. After sufficient time,
the cassette and mold should be separated and the paraffin block should be placed in the
microtome in preparation for sectioning. If the tissue has been thoroughly fixed, dehydrated,
cleared, and infiltrated, tissues embedded in paraffin wax provide good cutting qualities. On
average, paraffin blocks remain durable and retain their good cutting qualities and staining
characteristics indefinitely [7-10, 16, 17, 21, 22, 24-28].

2.10.1 Embedding media

The most common infiltrating agent and embedding medium is paraffin wax. Ester wax offers
a lower melting point than paraffin wax and tends to be harder when solid, allowing this
medium to be suitable for cutting thinner (i.e., 2-3 pm) sections with minimal tissue shrinkage.

When water-soluble waxes (i.e., polyethylene glycol waxes) are used, tissues are transferred
directly from aqueous fixatives to wax for infiltration without dehydration or clearing. This
results in less tissue shrinkage, but sectioning is more difficult than with paraffin wax. Tissue
blocks must be kept in a dry atmosphere. If cellulose nitrate (i.e., celloidin/low-viscosity
nitrocellulose) is chosen as an embedding medium, tissues must be dehydrated and embed-
ded with solutions of cellulose nitrate dissolved in an alcohol/ether mixture. The solvent is
allowed to evaporate to produce a tissue block of required consistency. No heat is applied
using this method. This medium is used typically for large pieces of, for example, bone and
brain tissues. Synthetic resins are used for preparing sections most typically for electron
microscopy and light microscopy (0.5-2 pm sections), such as for undecalcified bone. Freeze-
drying protocols can be applied when special staining techniques are used [7-10, 16, 17, 21,
22, 24-28].

3.Microtomy

Microtomes are used to cut the tissue into thin sections for microscopic viewing. The type of
specimen will determine the type of microtome to be used. Rotary microtomes are the most
common microtomy instrument. The feed mechanism is achieved by turning a wheel at one
side of the machine. While the knife is fixed and is secured in a knife holder, the object moves
against the cutting surface of the knife, according to the thickness of section required. The
knife holder allows the knife to be set at an oblique angle to the specimen. One complete
rotation of the operating wheel is equivalent to one complete cycle. The downward motion
of the knife reflects the cutting stroke, while the upward stroke reflects the return stroke and
activation of the advance mechanism. The feed mechanism is activated by turning a wheel
located on the side or top of the microtome. The tissue block is passed across the knife at every
stroke to produce a section. Microtomes have a feed mechanism to advance the specimen (or
knife) to a predetermined thickness for sectioning (i.e., typically 5-10 pm) and can produce
serial sections [7-10, 16, 17, 21, 22, 24-28].
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3.1. Cryostat

A cryostat or freezing microtome is used for obtaining thin sections of unfixed tissues. It
can be used, additionally, for observing fatty tissues. The microtome is maintained at —15 to
—20°C in a refrigerated chamber. The cabinet is designed to operate at =5 to —30°C. The tissue
block can be mounted in a high-viscosity water-soluble gel, such as 1% glucose, gelatin, or cel-
lulose on the platform and must be frozen immediately. An anti-roll plate is used to keep sec-
tions flat on the knife blade for direct mounting onto the slide. Sections are cut one at a time.
When a section is cut, the anti-roll plate is lifted and a section is picked up from the surface of
the knife and placed onto a slide using a camel hair brush. Sections are fixed in 5% acetic acid
in absolute alcohol and then subsequently stained (e.g., with hematoxylin and eosin). Frozen
sectioning is typically used for rapid preparation and diagnosis by a pathologist [7-10, 21, 22].

3.2. Microtome knives

There are many different types of microtome knives (e.g., stainless steel, carbide, diamond,
glass, or disposable blades). Wedge-shaped stainless steel knives are used for most paraffin-
embedded specimens. They must be kept clean and well-oiled or lubricated. The knife’s edge
should be cleaned with a clearing agent with a soft, moistened cloth in a fume hood. As an
alternative to wedge-shaped stainless steel knives, disposable blades provide an excellent
cutting edge for paraffin sectioning and are available in different sizes and thicknesses. Glass,
sapphire, and diamond knives are used for specimens embedded in hard resin plastic (e.g.,
epoxy, glycolmethacrylate). Diamond and sapphire knives tend to function better than glass
knives, but are much more expensive. If a wedge-shaped stainless steel knife is used, it must
be free of nicks and sharpened with a carborundum stone (manual sharpening) or by an auto-
matic knife sharpener (with a glass wheel and with an abrasive). A process called stropping
produces a finely polished, smooth, and even knife edge. The knife is secured at the desired
angle place by adjusting holder screws [7-10, 16, 17, 21, 22, 24-28].

3.3. Section thickness and rough cutting

A thickness of 6 pm is standard for histological tissue sections. For highly cellular tissues (e.g.,
lymph nodes), 4 pm is used most often. For thicker sections, 10 pm is used. For neurological
tissues and myelinated nerves, 620 and15-20 pm is used, respectively. The tissue block will
be examined to establish how it needs to be oriented in the block holder. Excess paraffin
should be trimmed away from each side of the tissue block to create a trapezoid shape. The
longer edge should be parallel with the knife edge. The tissue block should be roughly cut by
advancing the block manually and sectioning until the entire surface of the tissue is exposed
[7-10, 16, 17, 21, 22, 24-28].

3.4. Section adhesives, sectioning tissues, and sealing of blocks

Section adhesives, such as gelatin, casein glue, starch, and albumin, can be used to aid in
adhering sections to the slide prior to further processing, such as staining. Gelatin can be
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added to the water bath. The use of adhesives in the water bath promotes bacterial and fun-
gal growth. Daily cleaning of the water bath with sodium hypochlorite solution (e.g., Clorox
soap) is necessary to prevent contamination. Alternatively, a thin coat of albumin can be
applied directly to the slide by dipping it into the solution or using your fifth finger (i.e., most
ulnar and smallest finger). This latter process is referred to as “subbing.” A newer idea is to
use “plus” (+) slides. Treatment of the slide with a reactive silicon or polylysine compound
chemically changes the glass, such that it bears abundant amino groups, which ionize to pro-
vide a positively charged surface. Sections which contain a preponderance of anionic groups,
such as carboxyls and sulfate-esters adhere strongly to this modified glass. When creating a
ribbon (what is a ribbon), i.e., a series of adjacent tissue sections, the hand wheel should be
turned at a slow and even speed. Rotating the wheel too rapidly will cause sections of unequal
thickness. The floatation bath should be heated to a few degrees below the melting point of
the paraffin wax. Tap, deionized, or distilled water can be used. The ribbon should be gradu-
ally lowered onto the flotation bath to eliminate wrinkles and entrapped air. Air bubbles may
be removed with a camel’s hair brush or by submerging a slide under the ribbon. If the sec-
tions are wrinkling, a 70% alcohol solution can be added to the water bath prior to section
collection. If necessary, sections may be separated, depending on their sizes, and each can be
placed on a clean, pre-marked glass slide. Individual sections or tissue ribbons may be picked
up by submerging a clean glass slide into the water bath at a ~45° angle, directly beneath the
location of the section or ribbon. The slide should be lifted out of the water slowly to ensure
that the sections lay on the slide. The slides should be drained vertically on a paper towel
for several minutes before placing them onto a warming table (37-40°C). The slides should
remain on the warming table, overnight, for 20-30 minutes at approximately 58°C or a few
degrees below the melting point of the paraffin wax. Failure to drain the slides will create air
bubbles under the tissue and decrease the section’s adhesion to the slide. Air bubbles produce
section unevenness and staining artifacts, making the final preparation difficult to examine
with the microscope. Once the desired sections have been cut, the block can be removed from
the block holder and sealed with molten paraffin wax to ensure that the tissue will not dry out
and become brittle (blocks can last for weeks, months, or years) [7-10, 16, 17, 21, 22, 24-28].

3.5. Problems encountered with sectioning tissue blocks

Histologists are confronted often with difficult tissue blocks that will not section easily. This
may be the result of, for example, brittle or shrunken tissue, improperly infiltrated tissues, or
sections with, for example, holes or scratches in them. If the tissue block appears to be brittle,
a 10% diluted ammonium hydroxide solution may be applied (via soaking) to soften the tissue
to prevent cracking and to more easily facilitate sectioning. If sections have holes in them, this
can be indicative of incompletely infiltrated tissue. This may be alleviated by placing the tissue
block back in the heated wax bath to melt it and then proceed to re-embed the block. If artifac-
tual scratches or tears occur across the tissue sections, this may be indicative of flaws or dirt
on the cutting edge of the knife and may be alleviated by repositioning or replacing the blade.
Alternatively, other problems can occur if the tissue block appears to be too soft or too hard. If
too soft, a remedy may be to place the block tissue side down on several sheets of Kimwipes
or paper towel in the freezer (—15°C) or a refrigerator (0-4°C) (chilling times may vary), prior
to sectioning. This technique will help to harden the wax so that it better matches the hardness
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of the infiltrated tissue and will result in more successful tissue sectioning. If too hard, a piece
of wet cotton/Kimwipe may be placed in lukewarm water and then placed over the surface of
the block (times may vary). This will allow the tissue to expand/swell and soften as it absorbs
water. It should be noted, however, that with either too soft or too hard tissue blocks, these
solutions are temporary and may allow only a few successful sections to be cut [31, 32].

4. Staining

Staining of tissue slides is carried out by reversing the embedding process in order to remove
the paraffin wax from the tissue to allow water-soluble dyes to penetrate the sections. This
process is referred to as “deparaffinization.” The tissue slides must be exposed to a clearing
agent and subsequently taken through a descending alcohol series to water (also referred
to as “bringing your slides to water”). Choosing the appropriate dye for a particular tissue
slide is related to its ability to color otherwise transparent tissue sections and various cellular
components of the tissue. The term “routine staining” includes the hematoxylin and eosin
(i.e., H and E) stain. This stain is used routinely as it provides the pathologist or researcher
with a detailed view of the tissue, clearly staining, for example, the cytoplasm, nucleus, and
organelles. The term “special stains” refers to a large number of staining techniques, other
than H and E, that allow the visualization of particular tissue structures, elements, or micro-
organisms that cannot be identified with H and E staining [6-10, 17, 21, 22, 24-28, 31-35].
Examples include, Masson’s trichrome (e.g., skin; identification of collagenous connective tis-
sue), GMS silver stain (e.g., lung; identification of Pneumocystis or Aspergillus spp.), Periodic
acid-Schiff (e.g., kidney; identification of high proportion of carbohydrates, such as glycogen,
glycoproteins, and proteoglycans), Perl’s Prussian blue iron (e.g., liver; identification of ferric
(Fe*) iron in tissue preparations or blood and bone marrow smears), Ziehl-Neelsen (acid-fast
bacillus) (e.g., lung; identification of acid fast bacilli), Alcian blue (e.g., intestine; identification
of acid mucopolysaccharide and acidic mucins), Alcian blue and PAS (intestine; combination
of staining properties of both Alcian blue and Periodic acid-Schiff for identification of simi-
lar tissue components), Gomori trichrome (blue or green) (e.g., submucosa, identification of
muscle fibers, collagen, and nuclei) [36].
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Abstract

Numerous epithelia undergo tubulogenesis and branching morphogenesis during their
development (i.e., lung, salivary gland, pancreas) in order to establish sufficient available
surface for their proper functioning. The thymus is a primary lymphoid organ consti-
tuted by pharyngeal-derived epithelium necessary to produce immunocompetent lym-
phocytes whose mechanisms of development are not fully known. In the current chapter,
we review histological, cellular, and molecular mechanisms governing early thymic
epithelium development emphasizing its resemblance with the process of branching
morphogenesis and tubulogenesis occurring in other epithelial organs in which epithe-
lial-mesenchyme interactions determine the tissue patterning through specific combina-
tions of common molecular signaling pathways.

Keywords: branching morphogenesis, epithelium, tubulogenesis, thymus, thymic
epithelium

1. Introduction

Many epithelia, particularly those derived from the gut, organize tubular structures (i.e., mammary
gland, salivary glands, lungs, kidneys, pancreas) that repeatedly fold to reach an enlarged area
necessary to perform their major functions (i.e., gas exchange, excretion, nutrient transport, etc.).
Whereas a branching morphogenesis pattern of development is well established in the case
of the respiratory system or in the exocrine glands, it appears to be less evident for other
endoderm-derived organs, such as the endocrine glands or the lymphoid organs.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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In the present chapter, we will examine prior studies supporting the claim that the develop-
ment of other branching organs as lung, salivary gland, pancreas, or kidney, despite their
morphological and functional differences, follows common patterning programs under the
control of epithelium-underlying mesenchyme interactions governed by a few families of
molecules (FGF/FGFR, Wnt, BMP/TGEp, Shh), and that the thymus, an epithelial primary
lymphoid organ derived from the ventral endoderm of the third pharyngeal pouch, despite
following the same pattern, constitutes a special case. Remarkably, its functions are not
related to those of other epithelia of similar origin but rather to the establishment of a 3D
epithelial network necessary for the functional maturation of thymocytes. Before acquiring
their specific features, distinct epithelial organs, therefore, follow a common complex pattern
of development which includes different processes. After a first step of specification from the
original embryonic layer, they undergo a process of tubulogenesis consisting of outgrowth
and extension of the epithelial primordium forming a tubular structure. A complex program
of branching morphogenesis helps to increase the functional area of the organ. Finally, ter-
minal epithelial differentiation prepares the primordium to become a functional organ.

2. The early development of endodermal epithelial organs

2.1. Specification and primordium development

The process of development followed by these epithelial tissues is well exemplified by the
early development of salivary glands. The primordium of submandibular glands raises from
an evaginated thickening of ectoderm-derived oral epithelium into the neural crest-derived
mesenchyme at the base of tongue [1]. The evaginated epithelium proliferates forming an
epithelial “stalk” and a terminal bud. The stalk will evolve into excretory duct cells, and the
buds will establish the named “pseudoglandular” area by repeated elongation and branching
morphogenesis, which will finally differentiate into functional acini (Figure 1) [2].

In mice, mammary placodes are visible at E11-E12 and become buds at E13 when surrounded
by several layers of mesenchyme. Signals from the mesenchyme of cardia and septum trans-
versum determine the hepatic fate in the foregut endoderm, [3] inducing expression of the
transcription factor Hhex, but not Pdx1, whereas the Hhex-Pdx1+ foregut endoderm will dif-
ferentiate into the extrahepatic bile ducts and the ventral pancreas [4]. Apart from this ventral
area, the embryonic pancreas in vertebrates forms from a dorsal protrusion of the primitive
gut epithelium, which express Mnx1 [5]. These two pancreatic buds grow, branch, and fuse
to form a multilayered epithelium (E9.0 to E11.5), which forms the definitive pancreas. This
stratified epithelium consists of two domains: an outer layer of semipolarized “cap” cells,
which express only basal markers, and an inner “body” of nonpolarized cells [6, 7] (Figure 1).

At E9.0-E9.5, Nkx2-1, a transcription factor specific of the lung, is determined on the ventral
side of the anterior foregut by Wnt ligands expressed in the surrounding ventral mesoderm
that activates the canonical Wnt pathway in the epithelium. One day later, Nkx2-1+ cells
extend ventrally forming a primitive trachea and two lung buds, whereas Sox 2 expression
restricted on the distal foregut endoderm will determine the esophagus. Next, the trachea
and the esophagus become fully separated [8] (Figure 1). Thus, absence of Wnt signaling
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Figure 1. Different models of branching morphogenesis occurring during development of lung (branching of
tubes), salivary gland (branching of an unpolarized primordium and later de novo lumen formation), and pancreas
(polarization and remodeling of an unpolarized mass resulting in more synchronous branching, lumen formation, and
differentiation). Modified from [5, 6, 140].
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courses with lack of Nkx2-1 expression, absence of tracheal morphogenesis, and lung agen-
esis [9]. BMP expression in the ventral mesoderm is necessary to establish a proper location
of the lung along the proximal distal axis of the foregut [8]. Also, FGF molecules expressed in
the ventral mesoderm reinforce early lung specification of the foregut endoderm [8]. Murine
embryos deficient in either FGF10 or FGFR2b exhibit a stopped salivary gland development at
the initial bud stage [10], and conditioned deletion of FGF8 in the ectoderm results in arrest of
salivary gland development [11]. The process could be more complex because specific overex-
pression of FGF7 in the salivary gland epithelium produces small glands that exhibit delayed
differentiation [12], and elimination of FGF signaling antagonists, Sprouty 1 and 2, impairs
salivary epithelium development [13]. Indeed, multiple branching organs undergo agenesis
after deletion of either FGF10 or its receptor FGFR2b [10].

2.2. Tubulogenesis

Both mono- and pluristratified epithelia have the capacity to fold and form tubes [14]. Distinct
mechanisms of cellular binding have been reported, including the orientation of cells via cell-
to-cell and cell-ECM interactions, the establishment of apical-basal polarity, changes in the
cellular shape and migration capacities, and formation and expansion of the luminal spaces,
which eventually fuse establishing a unique cavity [14, 15].

Although some tubules show lumens surrounded by a single cell, they normally consist of
multicellular lumens sealed by cell junctions. In addition, tubules may branch (see later) and/
or differentiate into end buds or cap-like structures, as acini (pancreas, mammary, and salivary
glands) or alveoli (lung) [16] (Figure 1). Further variability in the process of tubulogenesis is
provided by the distinct mechanisms used for the formation of lumens. Budding, wrapping,
entrapment, cavitation, and hollowing have been described in organs, which undergo tubulo-
genesis during their development. Budding or wrapping occur in polarized epithelia, as is the
case of the lung, whereas the formation of tubules by entrapment, cavitation, or hollowing is
performed by nonpolarized cells [16]. In the entrapment, migrating cells trap an extracellular
space and form a lumen [17]. By contrast, the formation of lumens by cavitation, reported in
mammary and salivary glands, implies programmed cell death to create a cell-free space [18],
whereas in the hollowing, the luminal space is organized de novo via exocytosis of intracel-
lular vesicles [19]. The salivary glands, the liver, or the pancreas undergo polarization from
unpolarized primordia (Figure 1). In the pancreas, E10.5-11.5 individual cells within the inner
body of pancreatic buds acquire apico-basal polarity and rearrange to form microlumina by
fusion of apical membrane-containing vesicles with the cell membrane. During this process,
the asynchronous apical constriction of individual polarized cells generates rosettes with a
central lumen that later expand and eventually fuse to generate an immature, highly inter-
connected tubular plexus, consisting of stratified epithelial cells surrounded by an epithelial
periphery [7]. Their reorganization will form the ductal system and primordial endocrine
islets and the acinar exocrine cells, respectively (Figure 1) [5, 6].

In the salivary gland, lumen formation takes place and evolves along the forming branched
structure, following branching progression. Initially, epithelial cell polarization results in
multiple microlumens that fuse to form a contiguous lumen [20] (Figure 1). The signaling
events controlling microlumen fusion to establish a common single lumen are just beginning
to emerge [15].
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As above indicated, the establishment of cell polarity, in which cues provided by neighboring
cells and ECM play major roles, has particular relevance for epithelial tubulogenesis. These
cues activate signaling pathways, particularly those mediated by Wnt ligands and their recep-
tors [15], which modify the cytoskeleton, cell contractibility, and trafficking, as well as the
transcription program. Wnt ligands and receptors arrange in the epithelial cells in a polarized
manner. Wnt5a and 3a are released specifically throughout the basolateral cell surface, where
their specific receptors, Fz2, LRP6, and Rer2 are expressed [21]. In the embryonic midgut,
Wntba is produced by mesenchyme cells under the basement membrane and it activates
Wntba receptor (Fz2, Rer2) on the basolateral domains of epithelial cells, resulting in Rac-
dependent adhesion, establishment of apical/basal polarization, formation of cell junctions,
and organization of intracellular molecule trafficking necessary to establish different apical
and basal domains.

The developing submandibular gland expresses numerous Wnt ligands and receptors, as well
as antagonists in both epithelium and mesenchyme and are accurately regulated spatially
and temporally [13]. Wnt signaling promotes duct development by coordinating canonical
and noncanonical pathways. Canonical activation through Wnt/p-catenin signaling inhibits
end bud formation, whereas Wnt 5b activates the noncanonical Wnt pathway to determine
duct formation with the concourse of the transcription factor, TFCP2L1. Inhibition of end
bud formation is a consequence of the absence of Wnt distally, regulated by FGF signaling
that represses Wnt5b expression and upregulates the Wnt inhibitor, SFRP1, (secreted related
frizzled protein 1), which sequesters Wnt proteins [22].

Likewise, retinoid acid produced by foregut mesenchyme before lung specification [23] sig-
nals through retinoid acid receptor B in the mesoderm to regulate FGF expression [24]. Shh
signaling in the mesoderm is also a regulator of the initial lung bud outgrowth [25].

Distinct members of the EGF family (EGF, TGFa) and their receptors (EGFR 1, 2, 3) as well
as heparin-binding EGF (HBEGF) and neuregulin are differentially expressed in the salivary
glandular epithelium and mesenchyme, and the activation of EGF receptors modulates ductal
morphogenesis by governing progenitor cell differentiation and expansion [26].

Hedgehog proteins, mainly Shh and their receptors Patchedl and Smoothed, also participate
in the organization of a salivary duct and a preacinar end bud (prostate, sebaceous glands,
mammary glands, lung) [11], but its effects on these organs are indirect because Hh signals in
the mesenchyme, whereas in the salivary gland, the action is directly exerted on duct epithe-
lium [26]. On the other hand, overexpression of Gli-1, one effector of Hh pathway in keratin+
epithelial cells, results in large lumens, duct expansion, and loss of acini [27]. Again, Hh and
FGF8 appear to cooperate in these processes. FGF is a Gli3-mediated target of Hh signaling
pathway. Both FGF8 and Shh positively upregulate each other [28], and the former rescues
defects in salivary gland development produced by cyclopamine, a blocker of Hh signaling
[11]. Shh could collaborate with other molecules, such as ectodysplasin [29] or TGFf [30] in
the formation of the salivary gland duct, but results are contradictory.

2.3. Branching morphogenesis

Branching morphogenesis constitutes a developmental program that induces the building
of an arborized network, in which new tubules arise from the pre-existing ones by repeated
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rounds of sprouting [15]. Two morphological models can be distinguished: de novo branching
from the surface of a primordial epithelium or the lateral side of a pre-existing branch (bud-
ding) and the splitting of a pre-existing branch tip into several tips (clefting) [31]. Moreover,
branching morphogenesis can be stereotypic as occurs in the kidney branches [32] or sto-
chastic, without a defined pattern, as reported in mammary gland or salivary gland [31]. At
the cellular level, new branch formation can be driven by collective cell migration, patterned
cell proliferation and differential growth, coordinated cell deformation or epithelial folding,
and/or cell arrangement and matrix-driven branching [31]. Budding in blood vessels and
Drosophila trachea follows an invasive form of collective cell migration, whereas in mamma-
lian epithelial organs (i.e., mammary gland) budding appears to be powered by a noninvasive
form of collective cell migration along with cell proliferation [33].

Cell proliferation is related to organ growth, and differential cell proliferation may be related
to branched budding [31]. Blocking cell proliferation abolishes budding in cultured mouse
lung [34] and mammary gland [33], whereas clefting in salivary gland still proceeds [35]
mediated by cytoskeleton and ECM remodeling [36]. Clefting at the branch tip in lung and
kidney requires proliferation to enlarge the tip, which deforms and splits [37]. In kidney,
other factors contribute because less mesenchyme cells correlate with less branching [38],
and studies on the 3D morphology of fetal organs demonstrate that the local geometry of the
epithelial buds determine the pattern of branching [32].

In lung, branching involve cytoskeleton-mediated constriction of the apical surface of cells
[39], with the concourse of Rho GTPases and the involvement of Wnt-dependent planar cell
polarity pathway [15].

ECM elements also play an important role in branching morphogenesis. Thus, fibronectin
accumulates at branch point constriction and its block inhibits cleft formation [40]. In addi-
tion, the loss of f1 integrin that interacts with fibronectin blocks the branching morphogenesis
inducing a multilayered epithelium [41]. Degradation of collagen 1 and collagen 3 reduces
cleft formation and, therefore, branching [42], and the blockade of laminin al or y1 inhibits
branching in culture [43], whereas laminin a5—/— embryos show reduced branching [44].

In many organs, branching occurs through repetitive clefting and elongation of epithelial end
buds at distal ends, but whereas in some of them, such as the pancreas, lumen formation
occurs concomitantly with branching [7]; in others (i.e., salivary glands), there is a substantive
delay between the two processes [45] (Figure 1). In pancreas, lumen formation gives rise to
a plexus and, at the same time, the epithelial bud is progressively transformed into a lobu-
lated surface of multiple minor protruding tips interrupted by epithelial ridges. Progressive
remodeling of the pancreatic plexus in an outside-in continuous manner, eventually leading
to a single-layered epithelial network surrounding a single lumen [6, 46] (Figure 1).

In the same manner as previous stages of epithelium development, branching morphogen-
esis is controlled through epithelial-mesenchyme interactions mediated by a network of
signaling pathways that includes largely Wnt, FGF, Shh, and TGFB/BMP. Mammary glands
undergo several processes of branching morphogenesis, associated with their physiologi-
cal cycle, under control of Wnt signaling [15]. In virgin glands, Wnt2, Wnt5a, and Wnt7b
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are strongly expressed but downregulated in pregnancy [47] and overexpression of Wnt 4
increases branching while lacking results in delayed ductal branching [48].

Both canonical and noncanonical Wnt signaling pathways are necessary for lung branching
morphogenesis. Reduced canonical Wnt/p-catenin signaling in the pulmonary epithelium
causes enlarged bronchioles and reduced epithelial branches and alveoli [49], and conditional
deletion of p-catenin or overexpression of Wnt inhibitor Dickkopf 1 severely impairs branch-
ing morphogenesis [49, 50] by regulating FGFR2 and BMP4 effects on lung epithelium [50].
BMP4 seems to limit FGF10-mediated lung epithelial outgrowth [51]. Wnt5a appears to be a
key for determining the effects of noncanonical Wnt pathway in lung branching morphogene-
sis. Wntba—/— mice exhibit increased formation of peripheral airways [52]. In this case, effects
of Wntb5a are mediated through Shh: Wnt5a regulates Shh expression in the lung epithelium
and, in turn, Shh regulates FGF10 signaling in the mesenchyme [52].

Several members of the FGF family and their receptors are expressed in the renal stroma
whereas FGF stimulation induces the appearance of branched tubular structures [53], and the
lack of FGFR2b generates significantly smaller kidneys with reduced branches [54].

FGFR1 and FGFR2 are expressed in pubertal and adult mammary glands, and the specific
deletion of FGFR1 in keratin 14+ cells produces a transitional delay of the gland develop-
ment with reduced ductal outgrowth and branch points [55], whereas the deletion of FGFR2
produces an incomplete branching [56]. In addition, FGF10 directs the early stages of epithe-
lial migration and branching, whereas FGF2 is responsible for epithelial expansion and duct
elongation [57].

FGF/FGEFR signaling is also a key for generating new branches in the developing lung [58].
FGFR2b, which binds four ligands (FGF1, FGF3, FGF7, and FGF10) detected on mesenchymal
cells [58] is largely expressed in the airway epithelium, and FGF signaling in lung is associ-
ated with Shh pathway [59]. Activation of FGFR2b on epithelial cells by FGF10 secreted by
mesenchyme cells induces Shh expression that creates a negative feedback loop by regulating
FGF10 levels [60].

Recently, results on the effects of TGFP1 have been contradictory. TCFf1 that accumulates
in mesenchyme inhibits the branching by inducing components of ECM [61], but its in vivo
elimination does not result in altered branching, perhaps due to the existence of other similar
factors as TGFp2 and TGEp3 [62].

2.4. Cell differentiation

At the end of the development, specialized epithelial cell types appear and gradually mature.
In the case of salivary glands, final differentiation of end buds into secretory acini is followed
by further growth and functional differentiation [26] (Figure 1).

Complex signaling established between lung epithelium, mesenchyme, ECM and vasculature
is essential for normal alveolar space organization. Between E16.5 and 3-5PN, lungs develop
at the distal end of branches saccules that finally form alveoli (3-14PN in mice) establish-
ing a proximal-distal polarity in the just formed branches (Figure 1). Thus, whereas Sox-2
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expressing endoderm progenitors that differentiate into ciliated cells, secretory cells and basal
cells concentrate in the proximal zone, pluripotent Sox9/Id2+ progenitor cells that will form
types 1 and 2 alveolar cells do so in the distal zone [63].

Pancreatic progenitors simultaneously proliferate and differentiate into the endocrine, ductal
and acinar cell lineages. In the E9.5, early primordium, multipotent, unipotent endocrine, and
duct-endocrine bipotent precursor cells are present, while a wave of acinar precursor differ-
entiation takes place at the peripheral portion around E11.5-12 as branching morphogenesis
initiates and tip differentiation is induced [46] (Figure 1). Mesenchymal factors and ECM
components increase acinar/tip formation, whereas the interconnection between epithelium
and endothelial cells favors trunk development [46].

In both organs, lung and pancreas, notch signaling plays an essential role in the differentiation
of distinct cell types. Its chemical inhibition in lung causes expansion of distal progenitor cells
and decreased numbers of proximal precursors [64]. On the other hand, during development,
increased notch signaling correlates with preferential production of secretory cells versus cili-
ated and neuroendocrine cells [65]. In addition, activation of Notch in keratin 5+ basal cells
promotes secretory cell fate whereas its inhibition favors the differentiation toward ciliated
cells [66]. In pancreas, Notch activity regulates tip-trunk patterning. Inducing trunk forma-
tion via Nkx6.1 activation and blocking tip fate through Ptfla repression [6] and regulates the
differentiation of Ngn3/Pdx1-positive endocrine progenitors versus Sox9/ Hnflb-expressing
ductal cells from trunk bipotent precursors. The specification, differentiation, and mainte-
nance of acini from tips are regulated mainly by Ptfla [6, 67].

After branching morphogenesis, there are changes in the epithelial cells and cap mesenchyme
cells of the developing kidney [32]. Remarkably, Wnt ligands are asymmetrically distributed
in the epithelial branches. Wnt 9d is extensively expressed in the ureteric epithelium but
downregulated in the tips where Wnt 11 is expressed. Also, Six 2-expressing cells show zona-
tion in the cap mesenchyme: a slow dividing Six 2" cell population occurs in the periphery of
cap, whereas fast cycling Six 2 cells are intimately associated with the pretubular aggregate
that will govern the nephron formation [32]. Moreover, at the beginning of branching morpho-
genesis, four Six 2+ cap cells exist for every one of the epithelial tip cells, but during branching,
the ratio falls to 2:1 and continues to decrease until the end of nephron formation [32].

3. The development of the thyroid

The condition of endocrine tissues is special because they do not show a ductal system, and the
secretion is closely associated with the vascular system. Thyroid fate is induced in the anterior
endoderm by the concerted action of FGF2 and BMP4 [68], probably derived from cardiogenic
mesoderm [69]. A thyroid initial bud is generated in the midline of the pharyngeal floor under
control of Tbx1/FGF8 dependent signals [70]; later it detaches from endoderm, cells prolifer-
ate and the primordium bifurcates and grows laterally to generate a bilobulated organ with
two lateral thyroid bodies formed by fusion with the paired ultimobranchial bodies (UBB),
which provide C cell precursors to the embryonic thyroid [71].
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Afterward, at a prefolicular growth stage, the thyroid grows by branching morphogenesis
of epithelial cords radiating from the UBB remnant, reminding the pseudoglandular stage
of salivary gland before duct generation [72]. Finally, cells polarize locally forming cystic
lumens leading to cords of back-to-back connected follicles. This folliculogenesis occurs
synchronously, not in a proximal/distal direction and is related to Sox9 expression, which is
firstly expressed in some cells in the placode and finally accumulates in the distal portions as
in other branching organs, remaining in mature follicular cells [72].

Therefore, thyroid development is equivalent to that of an exocrine gland (i.e., salivary gland)
in which the ductal system is not fully differentiated but is regressed, and the endocrine por-
tion detached. An initially forming continuous branching structure polarizes locally leading
to isolated cystic lumens and to the generation of isolated follicles [72].

4. The early development of the thymus: phases and involved
molecules

Similarly, the thymus follows a pattern of development whose stages resemble the speci-
fication, tubulogenesis, and branching morphogenesis previously described. Remarkably,
they appear to be regulated by many molecular families reported to be involved in the early
development of other branching epithelial organs. Although the thymus development has
been profusely studied [73-75], few studies have highlighted its resemblance with a process
of tubulogenesis and branching morphogenesis the way we do in this review. As known, thy-
mus development occurs in two steps: an early organogenesis, independent of the transcrip-
tion factor Foxnl, in which the pharyngeal endoderm is specified to thymus fate and a later
organogenesis in which thymic epithelium differentiates and is organized under the control
of Foxn1 and the lymphoid progenitor cells that seed the thymic epithelial primordium [76].

4.1. Early thymus development

The first step for the thymic rudiment formation is the segmentation of the posterior phar-
ynx that culminates with the specification of endodermal cells into thymic epithelial cells
(TECs) [75]. At these early stages, an inner sheet of endodermal tissue of the third pharyn-
geal pouch and an outer layer of ectodermal cells of the third branchial cleft contact and
fuse [77]. Although pioneer morphological studies pointed out that the thymic epithelium
derived from these two embrionary layers [78, 79], further experiments in birds and mice
demonstrated that all TECs have an endodermal origin [80, 81]. Moreover, clonal analysis
determined the existence of a bipotent common thymic epithelial progenitor cell capable of
giving rise to both cortical (c) and medullary (m) TECs [82]. In fact, many of ectodermal cells
die in the contact limits with the endoderm and they could just be inductors of thymus tissue
or even not contribute to the thymus rudiment [80].

Thymic rudiment appears at E10-11 in mice constituting a simple epithelial structure sur-
rounded by mesenchyme largely derived from the neural crests (NC). Earlier (E9.5), the
endoderm evagination has formed a common primordium that expresses Glial cells missing

27



28 Histology

homolog 2 (Gem?2), the earliest marker of parathyroid, in the anterodorsal domain. In the
ventral domain, Foxnl expression will be detected at E11 [80, 83]. From E 11.5, the common
primordium initiates the detachment from the lateral surface of the pharynx through apop-
tosis [80]. Presumably, NC-derived mesenchyme cells are actively involved in this process
because Splotch mutants that lack NC cells show delayed or no pharyngeal detachment of
parathyroid/thymus rudiment [84, 85]. Nevertheless, other molecules are also concerned
because mutants deficient in either Shh, Pax 9, or Frs 2a also maintain the pharynx connection
[86-88]. At E12, the rudiment is totally separated from the pharynx and begins to individual-
ize into two different organs. Then, the lateral thymic lobes descend caudally and medially
until the midline, above the heart and behind the sternum. NC-derived mesenchyme as well
as BMP4, Ephrin B2, and Hoxa3 are involved in the migration of thymic lobes [84, 85, 89].

In the branchial arches, the mesenchyme derives from both mesoderm and neural crests [90],
although presumably the role of NC-derived cells is more important [91]. NC-derived mesen-
chyme contributes to organize the outer connective tissue capsule and interlobular septae of
developing thymus [92], but their relevance decreases in the adult thymus where mesenchyme
could derive from mesoderm [91]. Accordingly, NC-derived mesenchyme is not required for
the initial specification of endoderm but, as in other branching suffering epithelial organ, it is
important for thymus development participating in the determination of the third pharyngeal
pouches, the establishment of the limits between thymus and parathyroid domains, and the
signaling necessary for the separation from common rudiment of the pharyngeal endoderm
and later of the parathyroid and thymic lobes [85]. Finally, NC-derived cells are involved in
the migration of thymic lobes into the thoracic cavity [93].

4.2. Molecules involved in early thymic development

Itis difficult to establish the temporal sequence of functioning of distinct molecules, particularly
because any defect in the formation and/or organization of pharyngeal pouches or arches will
finally affect the thymus development, even though this development is not regulated directly
by it. Furthermore, several molecules act at different stages of the thymus development even
exerting opposite effects. Two main systems seem to govern the early thymus development: the
one constituted by Hoxa3 and Pax1/9, together with other related molecules, Eya 1 and Six1/4
[73], and Tbx1. Tbx1 is related to human defects in chromosome 22q11.2, responsible of three
phenotypes: Di George syndrome (DGS), velocardiofacial syndrome, (SCFS) and conotrun-
cal anomaly face syndrome [94]. Both systems target morphogens of the families FGF, BMP/
TGEFp, Shh, and Wnt, which in turn regulate transcription factor activity making it difficult
to establish a conclusive picture. As in other branching organs, many of these molecules are
regulated by retinoid acid that would diffuse from adjacent NC-derived mesenchyme specify-
ing pharyngeal endoderm [95]. In support of this, treatment with retinoid acid antagonists or
mutant deficient in retinoid acid signaling courses with thymus agenesis [95, 96].

4.2.1. The Tbx1 complex

Tbx1 is expressed in the third pharyngeal pouch endoderm and surrounding mesenchyme,
and its lack produces thymic hypoplasia and defects in other derivatives of third and fourth
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pharyngeal pouches [97]. Apart from retinoid acid, Pbx1, which acts in cooperation with sev-
eral Hox proteins, regulates Tbx1 expression [98]. Also, BMPs appear to affect Tbx1 indirectly.
Mice deficient in Chordin, a BMP antagonist, shows reduced Tbx1 expression in both pha-
ryngeal endoderm and head mesenchyme [99]. In addition, FGF8 expression disappears in
the pharyngeal endoderm of these mice, suggesting a relationship between Tbx1 and FGF8.
Indeed, the FGF family is a target of Tbx1. The expression of Tbxland FGF8 overlap within
the secondary heart field [100] and Tbx1-deficient mice exhibit reduced FGF8 expression in the
pharyngeal endoderm but not in tissue where Tbx1 is not expressed [101]. The lack of FGF8
courses with failure of mesoderm to migrate at the primitive steak and then absence of embry-
onic endoderm tissue [102]). Therefore, Tbx1 acts downstream of Chordin/BMPs but upstream
of FGF8. Thus, specific deletion of FGF8 in Tbx1-expressing cells phenocopies the DG and VCF
syndromes [103]. Presumably, FGF8 models pharyngeal arches and pouch-derived structures,
additionally affecting survival of pouch endoderm and NC cell migration [104].

Consequently, Tbx1 homozygous mutants show thymus aplasia [94] but indeed, the lack of
Tbx1 results in absence of pharyngeal pouches. As a result, the thymus absence seems to be
rather a consequence of this defective pouch formation. More recent studies demonstrate that
ectopic Tbx1 expression in the ventral third pharyngeal pouch, the domain in which thymic
primordium will be formed, suppresses Foxn1 expression and inhibits TEC proliferation and
differentiation but does not reverse thymus fate [105]. Moreover, Tbx1 is downregulated in the
ventral domain of wt third pharyngeal pouch [98, 101] and ectopic activation of Shh signaling
in the third pharyngeal pouch endoderm (see later) induces Tbx1 expression that results in
Foxnl blockade [105]. All these results suggest that actually Tbx1 negatively regulates TEC
growth and differentiation and its disappearance from third pharyngeal pouch endoderm is
a requisite for proper thymic organization.

4.2.2. The Eya/Hoxa/Pax complexes

There are nine Pax (Paired box) proteins in mammals, subdivided in four groups. Pax 1 and
Pax 9, belonging to the same group, and Pax 3 are necessary for early thymus development
[88, 106]. In addition, Pax function is closely related to that of Hoxa3, Eyal, and Tbx1, sug-
gesting that they share common signaling pathways or follow parallel, complementary routes
[107, 108].

Pax 3 specifies third pharyngeal pouch endoderm to TEC fate [109]. Pax3—/— mice (Splotch
mutants), that have severe deficiency of NC cells, organize the thymus and the parathyroid
normally but from E11.5 onward a change in the limits of parathyroid/thymus domains pro-
duces an enlarged thymus and a small parathyroid. In addition, the common rudiment does
not detach from the pharynx [85].

Pax1 appears firstly in the foregut endoderm (E 8.5) and 2 days later in the endoderm of the
third pharyngeal pouch remaining in the developing thymus. In the adult thymus, Pax1+
cells are restricted to a small group of cTECs [106]. Pax9 expression follows the same pattern
but is also detected in NC-derived mesenchyme [110]. Pax1 mutants exhibit smaller thymic
than those of wt mice and contain large cysts accumulating DP thymocytes [106], whereas
Pax 9—/— embryos do not fold away from foregut and the thymus rudiment does not move
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vetrocaudally remaining in the larynx. Although the primordium is colonized by lymphoid
progenitors, it shows decreased proportions of proliferating cells and increased apoptosis
finally resulting, as Pax1-deficient thymi, in small thymi [111].

The control exerted by Pax1, perhaps also by Pax 9, and Hoxa3 on early thymus development
presumably follows a common pathway [107, 108]. Hoxa 3 is expressed in both endoderm
of third pharyngeal pouch and NC-derived mesenchyme [107]. When this expression is
downregulated in E10.5-11 Hoxa3—/— mice, the formation of parathyroid/thymus rudiment
is blocked, increases the proportion of apoptotic endodermal cells and there is reduced pro-
liferation of mesenchyme cells [112]. More importantly, the expression of both Pax1 and Pax9
decreases in the third pharyngeal pouch of E10,5 Hoxa3-deficient embryos [107], suggesting
that Pax 1/9 act downstream of Hoxa3 but all three molecules have synergistic and dose-
dependent effects on early thymus maturation [88, 113, 114]. Thus, Hoxa3+/— Pax1+/— double
heterozygous mice have a similar phenotype as Pax1—/— mutants, but Hoxa3+/— Pax1—-/-
hypoplastic thymi exhibit a more severe phenotype than Pax1—/— [114].

Eyal is involved in the regulation of genes controlling cell growth, activating the repressor
Six (Sine oculis). The expression of Eyal, Six, and Pax genes colocalizes in the NC cells and
the pharyngeal endoderm [115]. In the absence of Eyal, the third pharyngeal pouch does
not detach from the pharyngeal endoderm, and consequently, the thymic primordium is not
formed. Foxnl, Pax1, and Pax3 are not expressed in the thymic area, but Hoxa3, Pax1, and
Pax3 appear in the E10.5 pouch endoderm [115]. On the other hand, endodermal Six expres-
sion is Eyal dependent, and loss of Six1 in Eyal—/— embryos contributes to the induced thy-
mic defects [116]. Accordingly, Six1 acts downstream of Eyal, whereas Hoxa3, Pax1, and Pax3
do it upstream or independently of Eya 1 [117].

4.2.3. FGF family

FGF is an extensive family of molecules that influences cell survival, proliferation, and
differentiation of many epithelial organs, as repeatedly mentioned in this review. FGFS8 is
expressed in the pouch epithelium, whereas FGF10 is produced by underlying NC-derived
mesenchyme both being involved in the maturation of endoderm [104]. After pouch forma-
tion, FGF7 and again FGF10, activate FGFR2iiib receptor on fetal TECs for inducing their
proliferation. Accordingly, deficient mice either in the receptor or FGF10 show severe thymic
hypoplasia and reduced TEC proliferation [118-120]. Likewise, removal of surrounding mes-
enchyme from E12 fetal thymus inhibits the growth but not the differentiation of epithelial
cells [119, 121]. Other studies demonstrate that FGF7 produced by thymic blood vessels also
promotes expansion but not differentiation of TECs [118].

4.2.4. Shh

Shh is a promoting factor for parathyroid development via Tbx1 [122], whereas negatively
regulating the growth of thymus domain. Consequently, Shh functions as an antagonist of
BMP4 signaling [87]. Shh is expressed early in the posterior endoderm of second pouch and
then in the third arch endoderm, acting upstream of Tbx1 [123] and affecting the patterning
of pharyngeal pouches [77].
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4.2.5. BMP family

Particularly relevant is the role played by BMPs and Wnt molecules in the early thymic devel-
opment, as direct controllers of Foxn1 expression, the key transcription factor mandatory for
the late embryogenesis of thymus [124]. In addition, both signaling pathways constitute the
major means for NC-derived mesenchyme to signal thymic epithelial rudiment [93, 124, 125].
Possibly, FGF8 produced by the primordial endoderm signals to the adjacent mesenchyme
inducing BMP4 expression [126]. BMP4 and its antagonist Noggin govern the parathyroid/
thymus individualization and the Foxnl-dependent TEC maturation. In general, BMP4 is
essential for the early stages of thymus development prior to the onset of Foxnl expression
[93]. BMP4 is expressed in the ventral domain of the pouch and Noggin in the dorsal area
colocalizing with Gem?2 in the parathyroid domain [83]. Furthermore, BMP4 seems to be also
involved in the full parathyroid/thymus separation, as BMP4 deletion delays the process [93].
Inhibition of BMP signaling provokes decline of Foxnl expression in the zebrafish thymic
primordium [83, 125], and BMP4 signaling promotes Foxnl expression in early chicken thy-
mus [126], as well as in mouse FTOCs [127]. Loss of BMP4 from pharyngeal endoderm and
underlying mesenchyme prior to the onset of Foxnl expression does not affect patterning,
separation from the pharynx, or initial organ formation, although it alters some important
morphogenetic processes such as lumen closure, organ separation and migration, initial lym-
phoid seeding, and formation of mesenchyme thymic capsule [93]. The sequence established
between BMP and Foxn1 is the following: FGF8-mediated mesenchymal BMP signaling initi-
ates the expression of both Foxnl and BMP4 in the endodermal cells [126]. Then, endodermal
BMP4 expression targets a regulatory feedback loop [128] for maintaining BMP4 and Foxnl
expression in the future thymic epithelium rather to directly affect Foxn1 [129]. In these condi-
tions, if BMP signaling is blocked, the expression of both molecules ceases and nonfunctional
Foxn1-TECs would remain in the thymus. If this occurs during concrete periods of midgesta-
tion, thymopoiesis will irreversibly fail [129]. Therefore, the balance between BMP4 and its
inhibitors (i.e., Noggin) becomes critical for a proper maturation of thymic epithelium.

4.2.6. Wnt family

Wnt family members are extensively expressed in developing and adult thymi in both TECs
and fibroblasts [130], whereas their receptors are only detected on TECs [124]. Particularly,
the noncanonical Wnt4 and Wntbb, but also the canonical Wnt10b, coexpress with Foxn1 in
third pharyngeal pouch and later in E13 and adult thymus [131] and are involved in its control
[124]. Thus, overexpression of Dkk1, a Wnt4 inhibitor, in TECs induces thymic atrophy with
reduced epithelial progenitors and TEC proliferation and appearance of TEC proliferation
[132]. However, recent results indicate that a proper thymus development can only occur when
p-catenin-dependent Wnt signaling is low or lacking [133]. Thus, p-catenin-deficient thymi
exhibit Foxnl expression, and stabilized p-catenin overexpression shows decreased rather
than increased Foxnl transcripts [133, 134]. Therefore, these results suggest that p-catenin is
dispensable for Foxn1 expression in fetal TECs. Remarkably, during branching morphogenesis
of lung and lacrimal glands, Wnt overexpression, stimulated Wnt signaling and conditional
overexpression of p-catenin all result in decreased branching morphogenesis [135]. However,
it is important to remark that sustained Wnt signaling promotes the production of secreted

31



32

Histology

Wnt antagonisms [136] that block thymocyte development in FTOCs [137]. On the other hand,
other signaling pathways involved in TEC differentiation, such as those mediated by BMPs,
modulate the effects produced by Wnt4 overexpression [133].

5. After acquisition of thymus fate, thymic primordium undergoes
tubulogenesis and branching morphogenesis

E11.5 thymic primordium consists of a bi/pluristratified epithelium polarized with respect
to a ramified central lumen resulting from the evagination of pharyngeal epithelium where
K5+ Cld 3/4+ cells line the lumen [138, 139]. In the following days, the thymus grows and the
K5+ Cld 3/4 + cell cords increase their total length and branching degree. At the same time,
external clefts determine an incipient lobulation that became clearly evident by day E14.5.
Beyond E12.5, the initial lumen is almost totally closed although a central lumen is still visible
at E12,5 and to some extent at E13,5 [139]. Secondary forming lumens can be observed in the
K5 + Cld 3/4+ branching cell cords up to E13.5 (Figure 2) [139]. Thus, in these initial steps of
thymus development, its histological organization is quite similar to that of organs undergo-
ing branching morphogenesis in which the lumen formation and elongation take place within
a proliferating bud (Figure 2) [20, 140]. These results indicate that between E11.5 and E13.5, a
primary lumen connects with secondary and growing order lumens through branched micro-
lumens or polarized canals, giving rise to a continuous formed or forming luminal structure
that grows hierarchically (Figure 2). Therefore, in the thymus, clefting/branching and lumen
formation seems to be more synchronic and not as regionally separated as in the salivary
gland, similar to the pancreas condition (Figure 2).

However, in the thymus, a definitive duct is not developed, nor is terminal end buds, acini or
other differentiated distal secreting structures, but instead the thymus remains as a concen-
tric structure in which the central Cld + K5+ cells will differentiate into the thymic medulla
[138, 139]. This central medulla does not apparently present lumen and is surrounded by
the thymic cortex differentiated from Cld 3/4- cells (Figure 2) [139]. On the other hand, the
fact that the branching pattern of the K5 + Cld 3/4+ cell cords appears to be similar between
different mice [139] and that rat adult thymic medulla has also been described as a 4-5 order
ramified structure in which the ratio of branches sizes is mathematically constant [141], sug-
gesting that thymus development follows a programmed branching pattern.

If, as above indicated, the branching morphogenesis of the developing thymus has some
particular features, as the lack of a definitive duct or terminal end buds or acini, the early
lymphoid seeding introduces in the thymus development other important differences with
respect to other epithelial organs inducing the specific three-dimensional network formed by
dendritic-shaped TECs. Thymocyte precursors enter the thymus at around E11.5 through the
surrounding mesenchyme [142], and at E12.5 CD45", lymphoid progenitors appear associated
with nonpolarized TECs that express little or no K5 [139]. This 3D arrangement of thymic epi-
thelium is, to some extent, precluded in the absence of thymocytes [143] in which the presence
of medullary luminal or cystic structures becomes more evident, presumably representing a
default pathway of epithelial differentiation when thymocytes are missing [143].
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Figure 2. Thymus development follows a branching morphogenesis process similar to those of salivary gland and
pancreas (see Figure 1).

On the other hand, in the absence of Foxnl, the existence of a tubular-branched structure in
which both ductal and acinar components can be distinguished [144] and that cannot be colo-
nized by lymphoid progenitors [76] is clearly evident. This is the situation of Nude (Foxnl—/-)
thymi, in which the transcription factor Foxnl central for thymic epithelial differentiation,
lacks. The earliest stages of Foxnl—/— thymus development appear to occur in the same way
as those of wt thymus, and the expression of claudin 3/4 and wt thymus takes place in similar
ways [145], suggesting that wt thymus organogenesis might be considered as a modification of
the tubulogenesis and epithelial branching morphogenesis, which occur in the nude thymus
(Figure 2). Thus, FoxN1 expression would preclude lumen formation and generate concen-
tric layers of distinct TEC subsets (Mufioz et al., 2018 submitted). Moreover, the conditioned
removal of FoxN1 in K14+ epithelial cells results in the progressive polarization of medullary
cells, Cld3/4 expression, and lumen formation [146]. Other defects affect mainly thymic branch-
ing morphogenesis without importantly altering thymic-specific differentiation. Transgenic
expression of Noggin under the control of a FoxN1 promoter leads to a hypoplastic spheric
thymus always containing big cystic structures [125]. These structural alterations seem to be
the result of a branching defect in consonance with the known role of BMP signaling in regulat-
ing branching morphogenesis of different organs [26] and to affect Foxn1 expression [147].
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Abstract

The histology is one of the most important disciplines for studying of organic tissues such
as the placenta, umbilical cord and related structures which has been poorly studied in
mammals, mainly in domestic animals. The umbilical cord, connection between fetus and
mother, is one of the most important anatomical structures related to the development of
the animal during their stage of formation due to its participation as responsible of the
exchange of nutrients and protection of the structural vessels. There are several researches
which have described anatomic, histological, immunohistochemical characteristics of the
main constituents of the umbilical cord in wild and domestic animals due to its impor-
tance in the maintaining of the fetus during their development. The present chapter
recompiles and describes the majority of researches about histological characteristics of
the constituents of the umbilical cord included images and graphics that improve the
understanding about the histological main differences found among mammals and also,
this review aims to be a great helpful for the pathologist, surgeons and staff dedicated to
reproduction and research about stem cells, this last considered one of the fields of special
interest since some years ago in veterinary medicine.

Keywords: allantoic duct, histology, umbilical artery, umbilical cord, umbilical vein,
mammals

1. Introduction

When an animal is born, it is necessary that several changes in the fetal circulation appear such
as fast closure of some anatomical communication channels by coordinated mechanisms
which arrows to autonomic life. The umbilical orifice permits the passage of the umbilical
cord, being this characteristic a natural defect [1].

The majority of mammals have an umbilical cord and eventually an umbilicus, but sea shell-
fish, the whole animals, looks like an umbilicus [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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The umbilical cord was originated from the embryonic stem which connects the bladder of
both yolk sac and amniotic. This is discarded after birth in all species of mammals [2]. The
umbilical cord forms a connection between placenta and the fetus. This structure is responsible
for exchange of nutrients during the gestation. The main characteristic that umbilical cord
shows is a specific gross morphology of vein and arteries surrounded of mucous connective
tissue. It is known that fetus-mother nutrients exchange is very delicate and difficult to
maintain; however, many morphological and functional alterations may produce changes in
this mechanism of exchange easily.

In relation to the hematopoietic cells, these have been widely studied functionally, molecularly
and structurally, but there are few studies about ultrastructural characterization [3]. The use of
stem cells obtained from umbilical cord have originated a lot of expectative for use it in cell
therapy and regeneration of organs [4]. Furthermore, it is known that the umbilical cord cells
have been studied only in preclinical approaches [5].

The scarcity of bibliographic information about studies of optical microscopy of the umbilical
cord in mammals and lack researches about these topics in mammalian species have motivated
to execution of this type of reviews that reveal main characteristics in relation to the histology
of umbilical cord and comparative aspects between different species of mammals of interest.

2. Umbilical cord

2.1. Structure

The umbilical cord is a structure discarded after the birth and the transplant of their cells may
present less risks of causing reactions, resulting immune reactions, resulting in minimum for
the recipient of its cells [4]. This structure has amniotic and allantoic segments. The amniotic
segment of the umbilical cord contains two arteries and a vein that arborize into the amnion.
These segments continue as multiple vessels in the allantoic segment of the cord with mainly
two arteries and two veins with branches (Figure 1) [6]. The urachus courses within the cord
from the fetus and empties into the allantoic cavity [6].

The umbilical cord is a unique mammalian fetal attachment and was attached to the center of
the placental disk [7, 8]. This structure plays an important role in the transport of maternal
nutrients for developing of fetus during gestation [1]. The umbilical cord shows distinct types
of composition with respect to the number of blood vessels. There are many morphological
changes that appear at the birth into local anatomical structures around the umbilical cord
form a complex device to help the organism to severe relation with the placenta. The relation
between anatomical structures that form the umbilical cord arrows the morphological support
as basis of contraction to eliminate remnants that was inside the abdominal cavity [1, 6].

As has already been mentioned, this structure has a main function of making the connection
between the fetus and placenta, ensuring its viability mainly during the later stages of preg-
nancy [9]. In relation to the umbilical vessels, these are not supplied by vasa vasorum and thus
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Figure 1. Photograph of umbilical cord of alpaca (Vicugna pacos) showing two umbilical veins (V) and umbilical arteries
(a). Next to the umbilical arteries is located allantoid duct (AD). (adapted from barrios-Arpi et al. 2017. Histological
characterization of umbilical cord in alpaca (Vicugna pacos).

depend on their oxygen supply making them more vulnerable to changes originated by
hemodynamic disorders and similar conditions [10].

This structure is coated by amniotic epithelium (simple squamous epithelium) and the con-
junctive layer is adhered closely to the fundamental substance of the umbilical cord majority
known as fetal mesenchyme, which is constituted of mesenchymal connective tissue with
stellate cells and amorphous ground substance which contains abundant glycogen. This gelat-
inous composition also called Wharton's jelly or mucous connective tissue has been of great
interest and potential impact due to research about tissue repair and differentiation [10].
However, many of the investigations have not been able to continue due to the lack of an
animal model that can be used in the preclinical studies [11]. This mucous connective tissue
(Wharton’s jelly) is an active metabolically tissue involved in fluid exchange between umbilical
vessels and amniotic fluid [12].

In the majority of domestic species, two arteries and two veins wound spirally being immersed
in a mucous connective tissue appears [13, 14]; however, it is known that in some species,
appear the formation of anastomosis of arteries in middle third and proximal to the maternal
part of the placenta appears [15].

There are important changes evidenced in the structure of umbilical cord in different animal
species. It is indicated that from the beginning, vessels of umbilical cord are represented by
two umbilical veins and arteries in species such as bovines and small ruminants [16], zebu-
crossed bovines [17], buffaloes [18-20], pigs [21], African lions and gazelles [22], and Bactrian
camels and dromedaries [23, 24] (Figure 2); however, it is known that in some species the
disintegration of right umbilical vein appears without have a strong explanation about this
feature [25] (Figure 3). Among these species are carnivores, horses, guinea pigs, nutrias,
chinchillas, cavies and rock cavies [26-32].

Finally, as the stages of gestation, the tunica adventitia is becoming thicker in relationship to
the tunica intima in both arteries and veins [23].
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Figure 2. Schematic representation of structure of umbilical cord in cattle, sheep, goat, buffalo, alpaca, canine and feline
showing two arteries and two veins. Furthermore, this figure shows the localization of allantoic duct and their relation
with blood vessels.

Figure 3. Schematic representation of structure of umbilical cord in horses, pigs and humans showing two arteries and
only one vein. Furthermore, this figure shows the localization of allantoic duct and their relation with blood vessels.

2.2. Umbilical artery

At parturition the umbilical arteries retract into the abdomen and close by smooth muscle
contraction. This process appears in response to the increased partial pressure of oxygen in the
blood [33].
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There are some characteristics that differ between lumens of umbilical arteries in different
mammalian species. In the majority of mammals, umbilical arteries show a very large lumen
and irregular shape. In some species such as buffaloes, bovines and zebu cows, the umbilical
arteries show a lumen of star-shaped lumen [17, 18, 34-36]; however, in species as South
American Camelids, the animals present a lumen of slightly star-shaped [37]. In mammals,
the umbilical artery is constituted by tunicas intima, media and external/adventitia (Figure 4).

2.2.1. Intima

The intima layer consists of elongated endothelium to the long axis of the blood vessel. The
endothelium of tunica intima corresponds to the thinnest layer comprised of simple squamous

Figure 4. Umbilical artery, light microscopy, H-E stain. The tunica intima is constituted by endothelium and a small
endothelial space. The tunica media is formed mainly by smooth muscle and has double size of tunica adventitia. The
abundant collagen and elastic fibers of the tunica adventitia contrasts with muscular tissue and collagen fibers of the
tunica media. 40 x.
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epithelium. Most animals, the internal elastic lamina is discontinuous and thin [17, 18, 32-38]
with exception of humans and camels which the umbilical arteries possess no internal elastic
lamina [10, 23]. In some species as alpacas is possible to observe a very small sub endothelial
space which consisted of muscular fibers (non-differentiated muscular cells) cross and cut
diagonally (circular disposition), and connective tissue fibers [37] (Figure 5).

2.2.2. Media

The media layer is located below to the sub endothelial space and the thickness of this layer is
double the size of the external/adventitia. The tunica media is constituted by a double layered
muscular of smooth muscle bundles, characterized for inner circular muscular layer (collagen
and reticular fibers) and outer longitudinal layer (Figure 6). Another characteristic of the
media layer is absence of elastic lamina, a presence of reticular fibers and both collagen and
elastic fibers and presence of capillaries [10, 17, 32-38].

2.2.3. Adventitia

The tunica adventitia is the most outer layer that forms the umbilical cord wall in all mammals.
The tunica adventitia consists of collagen, smooth muscle and elastic fibers. This layer is
constituted by smooth muscular fibers which invade part of tunica media and muscle fibers
cross-sectional [10, 17, 18, 32, 34-36, 38].

Unlike other mammals, in alpacas, the inner layer is not well defined [37]. In alpacas, the
concentration of collagen fibers is increased towards longitudinally oriented muscular fibers
and towards periphery. The elastic fibers are abundant between the tunicas media and

J

Figure 5. Umbilical artery, light microscopy, H-E stain. The tunica intima is comprised of a simple squamous epithelium
(E) and a small endothelial space (SE) characterized by elastic and reticular fibers. Note that the internal elastic lamina is
not well-defined. TM: Tunica muscular. 400 x.
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adventitia. Finally, the tunica adventitia is constituted by small blood vessels denominated
Vasa vasorum, non-myelinated nerves cross-sectional and clearly separated from mucous con-
nective tissue (Figure 7) [10, 17, 18, 32, 34-38].

2.3. Umbilical vein

At parturition the umbilical vein and urachus remain outside the abdomen. In relation to the
vein, this structure closes soon by smooth muscle contraction and the urachus shrinks and
dries within a day [1].

Figure 6. Umbilical artery, light microscopy, van Gieson stain. The tunica media is constituted by a double layered muscular
of smooth muscle bundles, characterized for inner circular (IC) and outer longitudinal muscular (OL) layers. 100 x.

Figure 7. Umbilical artery, light microscopy, Masson’s trichrome stain. The tunica adventitia/external is the most external
layer of umbilical cord and is constituted by small blood vessels denominated Vasa vasorum (short arrows). AD: Allantoic
duct. 100 x.
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Similar to the umbilical artery, there are some characteristics that differ between lumen of
umbilical arteries in different mammalian species. In some mammals such as buffaloes, carni-
vores, horses, guinea pigs, nutrias, chinchillas, cavies and rock cavies, umbilical vein shows a
lumen in elliptic shape with wall thinner than umbilical artery [26-32]; however, in species as
South American Camelids and horses, the umbilical vein displays a lumen obliterated into star-
shaped [29, 37, 38]. In mammals, umbilical vein is constituted of tunicas intima, media and
external/adventitia (Figure 8).

2.3.1. Intima

The tunica intima consists of endothelium but lack of external elastic lamina with less organi-
zation line compared to the umbilical artery. However, in general, endothelium showed similar
characteristics as observed in the umbilical artery.

There are several studies that confirm this conformation of the tunica intima which is thin and
lack internal elastic lamina [10, 17, 23, 34-38]. Similar to alpacas, is possible to observe a small

Figure 8. Umbilical vein, light microscopy, H-E stain. The tunica intima is constituted by endothelium and a very small
endothelial space. The tunica media is formed mainly by smooth muscle and has a thickness similar to the tunica
adventitia. The abundant collagen and elastic fibers of the tunica adventitia is slightly invaded by muscular tissue and
collagen fibers of the tunica media. 40 x.
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sub endothelial space which consist of muscular fibers (non-differentiated muscular cells)
cross and cut diagonally (circular disposition), and connective tissue fibers [37] (Figure 9).

2.3.2. Media

The media layer is located below to the sub endothelial space and the thickness of this layer is
variable in relation to the external/adventitia in different mammalian species. Most animals
display a tunica media which is smaller than tunica adventitia including species such as
buffaloes, carnivores, horses, guinea pigs, nutrias, chinchillas, cavies and rock cavies [26-32].
Additionally, the South American camelids present a tunica media which is larger in dimen-
sion than the tunica adventitia [37], however, the cause of this morphologic evidence is not
known.

This tunica is constituted by a double layered muscular of smooth muscle bundles, character-
ized for inner circular muscular layer (collagen and reticular fibers) and outer longitudinal
layer (Figure 10). The tunica media comprises the inner circular and outer longitudinal mus-
cular layers, with an absence of outer elastic lamina and presence of reticular fibers. Also, it
presented a small amount of collagen and elastic fibers [10, 17, 23, 34-38]. Furthermore, in
alpacas is known that smooth, cross-sectional muscle fibers invade part of the tunic adventitia
consisting in muscular fibers cross-transverse, abundant collagen fibers, collagen and muscu-
lar fibers arranged longitudinally [37].

Figure 9. Umbilical vein, light microscopy, H-E stain. The tunica intima is comprised of a simple squamous epithelium
(E) and a small endothelial space (SE). TM: Tunica muscular. 400 x.
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Figure 10. Umbilical vein, light microscopy, H-E stain. The tunica media is constituted by abundant muscular fibers
separated by elastic and fibrous tissue. 400 x.

2.3.3. Adventitia

In the majority of mammalian species, the tunica adventitia is larger than the tunica media [26—
32] and this layer consists of collagen and elastic fibers, and small blood vessels called Vasa
vasorum (Figure 11). Additionally, the tunica adventitia is slightly smaller than the tunica
media in alpacas [37]. Generally, this tunica not is clearly separated of the mucous connective
tissue also called Wharton’s Jelly, however, is species as alpacas, it is possible observe a clear
separation among both structures [37]. This tunica displays variations in their thickness where
most mammalian species present a great number of transversal nerves in all thickness fibers
[10, 17, 23, 34-38].

Figure 11. Umbilical vein, light microscopy, Masson’s trichrome stain. The tunica adventitia/external is constituted by
small blood vessels denominated Vasa vasorum. Note the presence abundant collagen and elastic fibers. 400 x.



Histology of Umbilical Cord in Mammals
http://dx.doi.org/10.5772/intechopen.80766

2.4. Mucous connective tissue (Wharton jelly)

The mucous connective tissue surrounding the umbilical artery is almost the same in thickness
and share histological features with that of umbilical vein region except that smaller blood
vessels and blood capillaries are more numerous towards periphery (Figure 12). Moreover,
small nerve bundles cut in different profiles (and some structures resembling to ganglion) have
been also observed towards periphery of the mucous connective tissue [10, 17, 18, 32, 34-38].

In alpacas has been observed some larger cells that had triangular or star-shaped with less
basophilic nuclei and strongly eosinophilic cytoplasm, probably mesenchymal stem cells. A
few round cells with differently stained nuclei were also observed which showed similar
features to lymphoid cells [37].

2.5. Allantoic duct

The allantoic duct present irregular lumen and is comprised by simple cuboidal to columnar
epithelium [10, 17, 18, 32, 34-38]. In alpacas has been recognized some characteristics such as
the less basophilic nuclei of varying shapes that are oriented in mid portion of the epithelium,
and eosinophilic dense and finely granular cytoplasm [37].

Most animals display the outer layer consisting of band of smooth muscle bundles arranged in
different directions; oblique, circular and longitudinal [10, 17, 18, 32, 34-38].

In alpacas, this structure presents abundant fine blood vessels between arterioles, venules and
capillaries which have been reduced to adjacent portion of the mucous connective tissue
(Figure 13) [37].

Umbilical cord is covered by simple squamous epithelium in all mammalian species [10, 17, 18,
32, 34-38].

Figure 12. Mucous connective tissue, light microscopy, Masson'’s trichrome stain. In the most periphery part is observed
great number of blood vessels that alternate with abundant reticular, elastic and collagen fibers. 400 x.

57



58 Histology

Figure 13. Allantoic duct, light microscopy, Masson’s trichrome stain. Note the irregular shape lumen with plane
epithelium and presence of abundant small blood vessels located near to this structure immersed in abundant connective
tissue. 100 x.

Conclusions

Histology plays an important role in the characterization of umbilical cord in mammals. There
are many structures which enable to be recognized through of this method and furthermore,
allow compares and differentiate among different animal species. According with the presence
of certain structures and characteristics that comprise the wall of arteries and veins is possible a
well-characterized description of the umbilical cord in mammals.
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Abstract

Saliva is a fluid secreted by the salivary glands that keeps the oral cavity moist and also
coats the teeth along with mucosa. The salivary gland possesses tubuloacinar units, and
these are merocrine. The functional unit of the salivary glands is the terminal secretory
piece called acini with a roughly spherical or tubular shape. It also consists of branched
ducts for the passage of the saliva and also plays an important role in the production and
modification of saliva. Each type of duct is lined by different types of epithelia, on the
basis of its location. Myoepithelial cells are contractile cells with respect to intercalated
and secretory endpieces. Parotid, submandibular, and sublingual glands are the major
salivary glands. The minor salivary glands are labial and buccal gland, glossopalatine
gland, and palatine and lingual glands. Saliva plays an important role in mastication,
speech, protection, deglutition, digestion, excretion, tissue repair, etc. Secretion stimu-
lated in response to sympathetic stimulation will differ in protein and electrolyte from
that due to parasympathetic stimulation. The concentration of saliva depends only on
the rate of flow and not on the nature of stimulus. Saliva guides the clinician toward the
optimal mode of treatment and guides the patient toward ultimate prognosis.

Keywords: saliva, serous gland, mucous gland, myoepithelial cells, acini, striated duct

1. Introduction

The human salivary glands are a group of compound exocrine glands that produce saliva,
an important fluid required for lubrication, immunity, mastication, deglutition, taste,
speech, etc. The salivary glands consist of a series of branched ducts which terminate in a
spherical or tubular endpieces or acini; a correlation can be made to a bunch of grapes, with
the stems analogous to the ducts and the grapes indicating the secretory endpieces. Serous
and mucous cells (Figure 1) are the two main types of secretory cells present in salivary

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Serous acinus

Mucous acinus

Figure 1. Structural organization of salivary gland [3].

gland and divided into two main groups. The major salivary glands include the paired
parotid, submandibular, and sublingual glands. Additionally, the mucosa of the upper
aerodigestive tract is lined by hundreds of small, minor salivary glands. The connective
tissue forms a capsule around the gland and extends into it, dividing groups of secretory
units and ducts into lobes and lobules. Blood vessels, lymphatic vessels and nerves that
supply the gland, are present within the capsule [1].

The salivary glands are compound glands as they have more than one tubule entering the
main duct, and the architectural arrangement is tubuloacinar, where acini are secretory units.
These secretory units are merocrine as they release only the secretion of the cell from the
secreting units. Myoepithelial cells are contractile cells associated with the secretory end-
pieces and intercalated ducts of the salivary gland [2].

2. Classification, structure, and anatomy of salivary glands

* On the basis of size and location, salivary glands are classified as [1, 2]:

a. Major salivary glands

o Parotid
o Submandibular

o Sublingual
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b. Minor salivary glands
o Labial and buccal
o Glossopalatine
o Palatine
o Lingual
i. Anterior lingual gland (glands of Blandin and Nuhn)
ii. Posterior lingual serous gland (von Ebner’s glands)
iii. Posterior lingual mucous gland

¢ On the basis of secretion [3], they are classified as:

o Serous

o Mucous

2.1. Major salivary glands

These are the largest, bilaterally paired, and situated extraorally, but their secretion reaches
the oral cavity by variable long ducts.

2.1.1. Parotid gland

The parotid gland is the largest of all the salivary glands and weighs about 15-30 g. It is
located below the external acoustic meatus between the ramus of the mandible and the ster-
nocleidomastoid. It is divided by facial nerve into a superficial and deep lobe. The superficial
lobe, overlying the lateral surface of the masseter, is defined as the part of the gland lateral to
the facial nerve. The deep lobe is medial to the facial nerve and located between the mastoid
process of the temporal bone and the ramus of the mandible. An accessory parotid gland
may also be present lying anteriorly over the masseter muscle between the parotid duct and
zygomatic arch [4].

The parotid duct, also known as Stensen’s duct, secretes serous saliva and opens into the
vestibule of the mouth (gingiva-buccal vestibule) opposite the crown of the upper second
molar tooth [2].

2.1.2. Submandibular gland

It is the second largest salivary gland, also known as submaxillary salivary gland, weighs
about 7-16 g and is almost the size of a walnut. It is situated in the submandibular triangle,
which has a superior boundary formed by the inferior edge of the mandible and inferior
boundaries formed by the anterior and posterior bellies of the digastric muscle. The gland
is approximately J-shaped being indented by the posterior border of the mylohyoid which
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divides into a larger part superficial to the muscle and a smaller part lying deep to the muscle
[4]. The submandibular gland duct, also known as Wharton’s duct, is thin-walled, about 5 cm
long, and runs forward above the mylohyoid muscle lying just below the mucosa of the floor of
the mouth in its terminal portion. The duct opens on the floor of the mouth, on the summit of
the sublingual papilla also called the caruncula sublingualis, lateral to the lingual frenulum [2].

2.1.3. Sublingual gland

It is the smallest of all the three major salivary glands that is almond shaped and weighs about
3—4 g. The gland lies above the mylohyoid, below the mucosa of the floor of the mouth, medial
to the sublingual fossa of the mandible, and lateral to the genioglossus [4]. It comprises of
one main gland duct with various small ducts. The main duct, Bartholin’s duct, opens with
or near the submandibular duct. Several smaller ducts, duct of Rivinus, open independently
along the sublingual fold [2].

2.2. Minor salivary glands

The minor salivary glands are placed below the epithelium in almost all parts of the oral cav-
ity. These glands comprise numerous small groups of secretory units opening via short ducts
directly into the mouth. They lack a distinct capsule, instead mixing with the connective tissue
of the submucosa or muscle fibers of the tongue or cheeks [2].

2.2.1. Labial and buccal glands

These glands are present on the lips and cheeks and comprise of mucous tubules with serous
demilunes [1, 2].

2.2.2. Glossopalatine glands

These are located to the region of the isthmus in the glossopalatine fold but may extend from
the posterior extension of the sublingual gland to the glands of the soft palate [1, 2].

2.2.3. Palatine glands

These are located in the glandular aggregates present in the lamina propria of the posterolat-
eral aspect of the hard palate and in the submucosa of the soft palate and uvula [1, 2].

2.2.4. Lingual glands

The glands of the tongue can be divided into various groups [1, 2]. The anterior lingual glands
(glands of Blandin and Nuhn) are present near the apex of the tongue. The ducts open on the
ventral surface of the tongue near the lingual frenulum. The posterior lingual mucous glands
are present lateral and posterior to vallate papillae and in association with lingual tonsil. The
ducts of these glands open on the dorsal surface of the tongue. The posterior lingual serous
glands (von Ebner’s glands) are located between the muscle fibers of the tongue below the
vallate papillae, and the ducts open into the trough of circumvallate papillae and at the rudi-
mentary folate papillae on the sides of the tongue.
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3. Development of the salivary glands

The development of the glandular tissue involves the interaction of the epithelium with the
underlying mesenchyme to form the functional part of the tissue [5, 6]. These epithelial-
mesenchymal interactions are also known as secondary induction in which the mesenchyme
is in close proximity with the epithelium and is required for the normal development of the
epithelium. For example, epithelial-mesenchymal interactions regulate both the initiation and
growth of the glandular tissue and the eventual cytodifferentiation of cells within the salivary
glands. The mesenchyme, therefore, is required for normal development as well as formation
of the supporting part of the adult gland.

All salivary glands follow a similar development pattern. The functional glandular tissue
(parenchyma) develops as an epithelial outgrowth (glandular bud) of the buccal epithe-
lium that invades the underlying mesenchyme. The connective tissue stroma (capsule and
septa) and blood vessels form from the mesenchyme. The mesenchyme is composed of cells
derived from neural crest and is important for the normal differentiation of the salivary
glands.

As the bud formation begins during development, the portion of the bud closest to the sto-
modeum eventually differentiates into the main excretory duct of the gland, while the most
distal portion of the bud forms the secretory endpieces or acini. The origin of the epithelial
buds is believed to be ectodermal in the parotid and minor salivary glands but endodermal
in origin in the submandibular and sublingual glands. The parotid gland originates near the
corners of the primitive oral cavity by the sixth week of prenatal life. The submandibular
glands arise from the floor of the mouth at the end of the sixth or the beginning of the seventh
week in utero. The sublingual gland forms lateral to the submandibular primordium at about
eighth week. All the minor salivary glands bud from buccal epithelium but start after their
12th prenatal week.

Stages of development [5, 6]

I. Bud formation, i.e., induction of oral epithelium by underlying mesenchyme: The
mesenchyme underlying the oral epithelium induces the proliferation in the epithelium
which results in tissue thickening and bud formation.

II. Formation and growth of epithelial cord: A solid cord of cells forms from the epithelial
bud through cell proliferation. Condensation and proliferation occur in the surrounding
mesenchyme which is closely associated with the epithelial cord. The basal lamina plays
a role in influencing morphogenesis and differentiation of the salivary glands through-
out the development.

ITII. Initiation of branching in terminal parts of epithelial cord and continuation of glan-
dular differentiation: The epithelial cord proliferates rapidly and branches into terminal
bulbs.

IV. Dichotomous branching of epithelial cord and lobule formation: The branching con-
tinues at the terminal portion of the cord forming an extension treelike system of bulbs.
As branching occurs, the connective tissue differentiates around the branches, eventually
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producing extensive lobulation. The glandular capsule forms from mesenchyme and sur-
rounds the entire glandular parenchyma.

V. Canalization of presumptive ducts: Canalization of the epithelial cord, with the forma-
tion of a hollow tube or duct, usually occurs by the sixth month in all the major salivary
glands.

The two main theories to explain the mechanism of canalization are:

¢ Different rates of cell proliferation between the outer and inner layers of the epithelial cord.

¢ Fluid secretion by the duct cells which increases the hydrostatic pressure and produces
a lumen within the cord. Further branching of the duct and structure and growth of
the connective tissue septa continues at this stage of development.

VI. Cytodifferentiation: The final stage of salivary gland development is the histodiffer-
entiation of the functional acini and intercalated ducts. Myoepithelial cells arise from
the epithelial stem cells in the terminal tubules and develop in concert with acinar
cytodifferentiation.

Parasympathetic nerves play an important role in epithelial tubulogenesis in the developing
salivary gland which involve epithelial-mesenchymal interaction. The neurotransmitter, i.e.,
vasoactive intestinal peptide (VIP) and its receptor VIPR1, regulates various steps like epithe-
lial proliferation, duct elongation, and lumen formation through cAMP or protein kinase A
(PKA) pathway, thus linking epithelial tubulogenesis with parasympathetic neuronal func-
tion. Neurotrophic factor neurturin (NRTN), secreted by the buds, binds its receptor GFR
alpha 2 and promotes functional nerve outgrowths to ensure parallel development of nerves
and epithelium. Cystic fibrosis transmembrane conductance regulator (CFTR) causes lumen
expansion during development [7].

4. Structure

4.1. Terminal secretory units

The functional unit of a salivary gland is the terminal secretory unit called acini [1, 2]. Regardless
of size and location, the terminal secretory unit is made up of epithelial secretory cells, namely,
serous and mucous acini. The serous and mucous cells along with myoepithelial cells are
arranged in an acinus or acini with a roughly spherical or tubular shape and a central lumen.

Serous cells: They are pyramidal in shape with a broad base on the basement membrane, and
the apex faces the lumen. The serous cells have a spherical nucleus placed at the basal region
of the cell along with numerous secretory granules in which macromolecule components of
saliva are stored and are present in the apical cytoplasm. The granules are zymogen granules
and are formed by glycosylated proteins which are released into a vacuole. The serous cells
show acid phosphates, esterases, glucuronidase, glucosidase, and galactoside activity. The
central lumen usually has fingerlike extensions located between adjacent cells called intercel-
lular canaliculi that increase the size of the luminal surface of the cells [2].
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Mucous cells: The secretory endpieces that are composed of mucous cells typically have
a tubular configuration; when cut in cross section, these tubules appear as round profiles
with mucous cells surrounding central lumen of larger size than that of serous endpieces.
The nucleus is oval or flattened in shape and located above the basal plasma membrane.
Sometimes, mucous cells have bonnet- or crescent-shaped appearance, which is made up of
serous cells and are also known as demilunes first described by Giuseppe Oronzo Giannuzzi
in 1865. The presence of demilunes is not clearly known, but these demilunes occur as a result
of artifact during tissue preparation. Nowadays, recent studies like rapid freezing, freeze
substitution, and three-dimensional reconstruction techniques have shown that serous cells
align with mucous cells to surround a common lumen. The mucous cells show accumulation
of large amounts of secretory product that pushes the nucleus and endoplasmic reticulum
against the basal cell membrane.

The mucous secretion differs from secretion of serous in two important aspects:

* The secretion of mucous cells has little or no enzymatic activity and is responsible mainly
for lubrication and protection of the oral tissues.

* The ratio of carbohydrates to protein is greater, and large amount of sialic acid and occa-
sionally sulfated sugars are present [2].

In routine histological sections, the secretion of mucous cell appears unstained, and they are
strongly stained when special stains like PAS, alcian blue, mucicarmine, etc. are used [1].

4.2. Myoepithelial cells

These are the contractile cells associated with secretory endpiece and intercalated duct of the
salivary glands. These cells are present between the basal lamina and the secretory or duct
cells and are joined to the cells by desmosomes. They appear similar to smooth muscle but are
derived from the epithelium. They are also known as basket cells or octopus sitting on a rock.
The myoepithelial cells located around the secretory endpieces have stellate-shaped, numer-
ous branching processes with a flattened nucleus and scanty perinuclear cytoplasm, but the
cells associated with intercalated ducts have more fusiform shape and are elongated with
fewer processes. These cells accelerate the initial flow of saliva from the acini, reduce luminal
volume, support the underlying parenchyma, reduce the back permeation of fluid, and also
help to maintain the patency. They maintain the cell polarity and structural organization of
cells. They secrete various tumor suppressor proteins such as protease inhibitors and antian-
giogenesis factors which provide a barrier against invasive epithelial neoplasm.

4.3. Ducts

It consists of hollow tubes that connect initially with the acinus, i.e., secretory endpieces, and
extends to the oral cavity. It is not a pipeline or conduit for the passageway for the saliva, but
it actively participates in the production and modification of saliva.

On the basis of location, ducts are of two types:

e Intralobular ducts: Those ducts which are within the lobule. The intercalated and striated
ducts are intralobular ducts.
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¢ Interlobular ducts: Those ducts which lie within the connective tissue within the lobules of
the gland. The excretory ducts are interlobular ducts.

4.3.1. Intercalated duct

These are lined by single layer of cuboidal epithelium and are surrounded by myoepithelial
cell bodies, and their processes typically are found along the basal surface of the duct. Under
the light microscope, the intercalated ducts are difficult to identify as they are compressed
between the secretory units. Under the electron microscope, the intercalated ducts have cen-
trally placed nuclei and a small amount of cytoplasm containing some rough endoplasmic
reticulum and a small Golgi complex. A few secretory granules may be found in the apical
cytoplasm, especially in the cells located near the endpieces. The apical cell surface has a
few short microvilli projecting into the lumen, and lateral surfaces are joined by junctional
complexes. The macromolecule components, i.e., lysozyme and lactoferrin, are stored in the
secretory granules of the intercalated duct and contribute to the saliva.

4.3.2. Striated ducts

The striated ducts receive the primary saliva from the intercalated ducts which constitute the
largest portion of the duct system and are lined by columnar cells with a centrally placed large,
spherical nucleus and pale, acidophilic cytoplasm. Under the electron microscope, the basal
cytoplasm of the striated duct cells is partitioned by deep infoldings of the plasma membrane
producing numerous sheetlike folds that extend beyond the lateral boundaries of the cell and
interdigitate with similar folds of adjacent cells. Between the membrane infoldings, a large
amount of radially oriented mitochondria are located in the portion of the cytoplasm. The
combination of infoldings and mitochondria accounts for the striations seen in the light micro-
scope. These ducts are involved in active transport and are considered as site of electrolyte
reabsorption especially of sodium and chloride and secretion of potassium and bicarbonate.
They also synthesize and secrete glycoproteins such as kallikrein and epidermal growth factor.

4.3.3. Excretory ducts

These ducts are located in the connective tissue septa between the lobules of the gland and
are larger in diameter than striated duct. These ducts are lined by pseudostratified epithelium
with columnar cells extending from the basal lamina to the ductal lumen and small basal
cells that sit on the basal lamina. As the smaller ducts join to form large excretory ducts, the
number of basal cell increases, and scattered mucous (goblet) cells may be present. The main
excretory duct may become stratified near the oral opening. Tuft or brush cells with long stiff
microvilli and apical vesicles are seen and are considered as receptor cells as they show nerve
endings adjacent to the basal portion of the cell. Dendritic cells are also seen and play an
important role in immune surveillance.

4.4. Connective tissue elements

The cells that are found in the connective tissue of the salivary glands are similar to those
in other connective tissues of the body and include fibroblasts, macrophages, mast cells,
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occasional leukocytes, fat cells, and plasma cells. Collagen and reticular fibers are also embed-
ded in a ground substance which is composed of proteoglycans and glycoproteins. It consists
of a surrounding capsule that delineates the gland from the adjacent structures. Blood ves-
sels and nerves are also present that supply the parenchymal components, i.e., glandular
components and excretory ducts. The plasma cells present in the connective tissue produce
immunoglobulins that are secreted into saliva by transcytosis.

5. Histology
5.1. Major salivary glands

* Parotid glands: The parotid gland is a purely serous gland, and all the acinar cells are simi-
lar in structure to the serous cells (Figures 2 and 3). Under the electron microscope, serous
granules may have a dense central core, and the intercalated ducts are long branching
along with pale-staining striated ducts, are numerous, and stand out evidently against the
more densely stained acini. The connective tissue septa contain numerous fat cells which
increase in number with age and leave an empty space in histologic sections.

* Submandibular glands: The submandibular gland is a mixed gland with both serous and
mucous secretory units, but the serous units predominate. The mucous terminal portions
are capped by demilunes of serous cells. Under the electron microscope, the intercalated
ducts appear shorter in submandibular gland than those of the parotid, whereas the stri-
ated ducts are usually longer.

* Sublingual glands: The sublingual gland is also a mixed gland, but the mucous secre-
tory units predominate. The mucous cells are present in tubular pattern along with serous

Interiobular excretory

Serous acini
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Connective tissue septa

Figure 2. Histology of serous gland [3].
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Figure 3. Histology of mixed gland [3].

demilunes and may be present at the blind ends of the tubules. The intercalated and stri-
ated ducts are poorly developed, and mucous tubules open directly into ducts lined with
cuboidal or columnar cells without typical basal striations.

5.2. Minor salivary glands

¢ Labial and buccal glands: The glands of the lips and cheeks are a mixed gland consisting
of mucous tubules with serous demilunes. The intercalated ducts appear variable in length,
and the intralobular ducts possess only a few cells with basal striations.

* Glossopalatine glands: The glands present in the region of isthmus in the glossopalatine
fold are purely mucous gland.

* Palatine glands: Palatine glands are a purely mucous gland, and the excretory ducts may
have an irregular contour with large distensions as they course through the lamina propria.

* Lingual glands: In anterior lingual glands, the anterior portion of the glands is chiefly
mucous in nature, whereas the posterior portions are mixed. The posterior lingual glands
are purely mucous glands, but von Ebner’s glands are purely serous gland.

6. Formation, secretion, and function of saliva

The oral cavity is kept moist by a film of fluid called saliva, which constantly coats its inner
surfaces and occupies the space between the lining oral mucosa and the teeth [1, 2, 8-11]. It
is a complex fluid, produced by the salivary gland, whose important role is maintaining the
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well-being of mouth. The whole saliva that bathes the oral cavity is primarily a mixture of secre-
tions from the paired major (parotid, submandibular, sublingual) glands and the numerous
minor (labial, buccal, palatine, and lingual) glands. The formation of saliva occurs in two stages:

1. Formation of macromolecular components: The structure of acinar cells consists of abun-
dant RER, prominent Golgi complexes, and numerous secretory vesicles. Synthesis of
secretory proteins begins with gene transcription and manufacture of mRNA to carry the
sequence information from the nucleus to ribosome in the cytoplasm. Protein synthesized
in the RER is settled to the Golgi complexes in transport vesicles. After fusion of their unit
membrane with surface cell membrane, they rupture and they are released to the external
environment. Rupture and rearrangement of the lipid layer of both permit the continuity
of the granule membrane and cell membrane.

2. Formation of fluid components: After appropriate stimulation it is thought that the free
Ca™ is released from storage site within the endoplasmic reticulum. Free cytoplasmic Ca*
concentration can increase five- to tenfold in a second after such a stimulation which brings
out significant compensatory changes that include the opening of the two membrane ion
channels for passage of K* and Cl~. When K* is released from the cell, a compensatory
uptake of Na" and CI~ occurs. The CI~ exits the cell between the channels at luminal sur-
face, and Na* enters the lumen through the paracellular pathway. The result of these ionic
relocations is a flux of water into the lumen via the osmotic coupling of NaCl and H,O.

The functions of saliva are:

¢ Protection: The protective functions of saliva is expressed as:
a. Lubricant
b. Mechanical washing

* Buffering: This occurs in two ways:

a. Many bacteria need a specific pH for growth; saliva prevents potential pathogens from
colonizing in the mouth by denying them optimal environmental conditions.

b. Plaque microorganisms can produce acids from sugars, which if not rapidly buffered
and cleared by saliva can demineralize enamel.

* Digestion: It provides taste acuity, neutralizes esophageal contents, and forms the food
bolus.

¢ Taste: It dissolves substances to be carried to taste buds and also contains a protein, called
gustin, which is necessary for growth and maturation of taste buds.

* Antimicrobial action: This occurs in various ways as:
a. Lactoferrin binds free iron and in doing so deprives bacteria of its essential element.

b. Lysozyme hydrolyzes the cell wall.
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c. Histatin proteins with antibacterial property.
d. Immunoglobulin, i.e., secretory IgA, clumps or agglutinates microorganisms.

* Maintenance of tooth integrity: Saliva is saturated with calcium and phosphate ions, and
interaction with saliva results in postoperative maturation through diffusion of such ions.
This maturation increases surface hardness, decreases permeability, and increases the
resistance of enamel to caries.

* Tissue repair: The rate of wound contraction is significantly increased in saliva due to the
presence of peptides and proteins present in saliva.

7. Clinical considerations

a. Radiation caries: Radiation caries is a rampant form of dental decay that may occur in
individuals who receive a course of radiotherapy that include exposure of salivary glands
[1,2,11].

¢ Etiology

Carious lesions are produced due to the exposure of salivary glands and reduced flow of
saliva, decreased pH, decreased buffering capacity, and increased viscosity.

* Signs

Superficial lesions attack the buccal, occlusal, incisal, and lingual surfaces. It includes
cementum and dentin in cervical lesions. Lesions progress around the teeth circumfer-
entially and resulting in loss of the crown.

b. Sjogren’s syndrome: It consists of keratoconjunctivitis, xerostomia, and rheumatoid
arthritis. The cause of the disease can be genetic, autoimmunological, etc.

* Features include dry mouth and dry eyes due to hypofunction of lacrimal and salivary
glands. Most patients are treated symptomatically; ocular lubricants and salivary sub-
stitutes are given.

c. Xerostomia (dry mouth): It is defined as a subjective complaint of dry mouth that may
result from a decrease in the production of saliva. It is not a disease but a symptom caused
by many factors.
¢ Etiology

o Sjogren’s syndrome
o Therapeutic radiation of head and neck
o Surgical removal of salivary glands

o Diabetes mellitus
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o Acute viral infections involving salivary glands result in temporary xerostomia

o Anxiety, mental stress, and depression may temporarily decrease salivary flow

* Symptoms
o Oral dryness (most common)
o Halitosis
o Burning sensation
o Loss of sense of taste or bizarre taste
o Difficulty in swallowing
o Tongue tends to stick to the palate
o Decreased retention of denture

* Signs

o Saliva pool disappears

o Mucosa becomes dry

o Tongue shows glossitis and fissured with papilla atrophy
o Angular cheilitis

o Rampant caries at the cervical or cusp tip

o Periodontitis

o Candidiasis

8. Conclusion

Salivary glands are compound, exocrine, and tubuloacinar in nature secreting saliva which
keeps the oral cavity moist. The secretory units are acini, and saliva reached the oral cavity
through ducts. Saliva is of great importance to diagnostic and prognostic pathology.
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Abstract

Helicobacter pylori (H. pylori) is one of the most common chronic bacterial infections in the
world, and it is currently estimated that approximately half of the world’s population is
infected with the bacterium. The correct diagnosis and effective treatment of H. pylori gastric
infection are essential in controlling this condition. The available diagnostic methods have
advantages and limitations related to factors such as age of patients, technical difficulty level,
costs and extensive accessibility in hospitals. The eradication therapy of H. pylori infection is
still a challenge for gastroenterologists. One of the main causes of failure in H. pylori eradica-
tion is antibiotic resistance. Biopsy cultures are the most widely used methods among the
antimicrobial susceptibility tests. In case of a negative culture, H. pylori can be clearly rec-
ognised in histological sections. The sensitivity and specificity of histology for the diagnosis
depend on clinical settings, density of colonisation and the experience of the histopathologist.
A prospective study was performed in order to analyse patients with H. pylori gastric infection
with positive histology and positive culture versus positive histology and negative culture.

Keywords: Helicobacter pylori culture, histology, children

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative spiral-shaped bacterium which colonises the
gastrointestinal tract of nearly half of the world’s population, causing local inflammation in

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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the stomach and duodenum and inducing a systemic humoral immune response [1]. H. pylori
survival in the acidic gastric environment is mediated by mechanisms such as activity of the
urease enzyme, which catalyses and hydrolyses urea to form carbon dioxide and ammonia,
producing a neutral environment that is essential for its survival. The primary routes of trans-
mission are considered to be faecal-oral and oral-oral, but some indirect evidences report that
the infection can also be acquired by drinking water and by other environmental sources [2, 3].

H. pylori represents a key factor in the aetiology of various gastrointestinal diseases, rang-
ing from asymptomatic chronic active gastritis to peptic ulceration, gastric adenocarcinoma
and gastric mucosa-associated lymphoid tissue (MALT) lymphoma. Other diseases caused
by the pathogen are iron deficiency anaemia, chronic idiopathic thrombocytopenic purpura
and growth retardation. H. pylori was classified as a class I human carcinogen by the World
Health Organization in 1994.

Numerous diagnostic tests are available for detecting H. pylori infection: invasive techniques,
which means endoscopy with biopsies for a rapid urease test (RUT), histology and culture
and noninvasive techniques, such as serology, ®C-Urea breath test (*C-UBT) and stool anti-
gen test. There is no single method to detect H. pylori infection reliably and accurately. The
choice of the diagnostic method depends on patients” age and complaints, technical difficulty
level, costs and extensive accessibility in hospitals.

Two tests are recommended to define H. pylori status in children: bacterial culture of gastric
biopsy and histology [4]. Bacterial culture of gastric biopsy has 100% specificity, but its sensitiv-
ity is low. H. pylori can be cultured from gastric biopsies, although this method often presents
some difficulties. H. pylori soon loses viability when exposed to the environment, and biopsies
should be cultured quickly. If it is not possible, a transport media may be used. Histology
provides an excellent diagnostic accuracy, allowing for the detection of the bacteria as well as
for the grading of gastritis. The sensitivity and specificity of histology for the diagnosis depend
on clinical settings, density of colonisation and experience of the histopathologist [5].

The aims of our study were to assess the histological findings and to compare them with the
results of bacterial cultures, obtained through gastric biopsy, in children with H. pylori gastritis.
We also wanted to find out the possible factors that may influence bacterial culture outcomes.

2. Materials and methods

2.1. Patients

This was a prospective, single-centre study (in Maria Sklodowska Curie Children’s Emergency
Hospital Bucharest, Romania) that evaluated consecutive children referred by their physi-
cians for an upper endoscopy because of dyspepsia. They were all screened for H. pylori and
presented a positive stool antigen test.

Excluding criteria were the use of proton pump inhibitors or H2-receptor antagonists and
antibiotics as well as non-steroidal anti-inflammatory drugs or steroidal treatment 2 weeks
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before the beginning of the study, previous intestinal surgery (except for polypectomy and
appendectomy), concomitant severe disease (heart, lungs, kidney and endocrine diseases)
and smoking or alcohol consumption among adolescents.

The study was approved by the ethics committee.

2.2. Endoscopy

All patients underwent endoscopy with biopsy specimens for histology (one for the antrum,
one for the corpus). One sample from the antrum was used for rapid urease test. Two addi-
tional biopsies were taken from the antrum for bacterial culture. The samples were placed
into separate vials, previously identified, containing the appropriate medium for each test.
The first sample was used for bacterial culture.

This procedure was performed in patients with a minimum of 10 hours of fasting, under
general anaesthesia or conscious sedation. Vital signs were continuously monitored for the
entire procedure.

Written informed consent was obtained from the parent or guardian of each child included
in the study.

2.3. Bacterial culture

The biopsy specimens collected for bacterial culture were transported in commercial selec-
tive transport H. pylori medium, Portagerm pylori (BioMérieux SA, Marcy 1'Etoile, France),
and were inoculated after a few hours onto selective medium pylori agar (BioMérieux Italia).
The plates were incubated under microaerobic condition at 37° for 72 hours. Once incubated,
the colonies resembling H. pylori were identified by Gram stain and by oxidase, catalase and
urease tests. Suspensions from the primary plates were prepared in sterile solution to perform
an E-test on pylori agar. An agar plate was streaked in three directions with a swab dipped
into each bacterial suspension to produce a lawn of growth; an E-test strip (E-test; AB Biodisk,
Solna, Sweden) was placed each onto separate plates, which was immediately incubated in
a microaerobic atmosphere at 37° for 72 hours. Isolated strains were tested for amoxicillin,
clarithromycin, metronidazole and levofloxacin resistance following the recommendations of
the European Committee on Antimicrobial Susceptibility Testing.

2.4. Histology

A biopsy of the gastric body and antrum was fixed in a solution of formaldehyde 10%.
Subsequently, the gastric mucosa samples were processed, following the usual steps of dehy-
dration and paraffin embedding.

Two stains were used for histological study: haematoxylin-eosin and Giemsa. Haematoxylin-eosin
stain was used to evaluate inflammatory cells and H. pylori (Figure 1). Giemsa stain was needed
when haematoxylin-eosin stain failed to identify the bacterium (Figure 2). Giemsa stain is the pre-
ferred stain for detecting H. pylori because of its technical simplicity, high sensitivity and low cost.
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Figure 1. Helicobacter pylori in histological section of the gastric mucosa stained with haematoxylin-eosin. This figure
represents a 200x histological section of haematoxylin-eosin-stained gastric mucosa. It is seen with diffuse inflammatory
lymphoplasmacytic infiltrate (black arrows) and vascular congestion (red arrows). Helicobacter pylori is found at the
surface of the gastric mucosa within the layer of mucus (yellow arrows).

Figure 2. Helicobacter pylori in histological section of the gastric mucosa stained with Giemsa. This is a 400x histological
section of Giemsa-stained gastric mucosa biopsy. There can be seen colonisation with Helicobacter pylori (white arrows)
of the gastric glands, represented by small curved structures.

Gastritis was graded according to the Sydney system [6] that assesses the severity of inflam-
mation, the level of activity (the degree of polymorph neutrophil inflammation) and the pres-
ence of atrophy and of intestinal metaplasia on a scale from 0 to 3.

In accordance with the Sydney system, the density of H. pylori infection was also graded
semiquantitatively on a scale from 0 to 3 (mild, moderate and marked).

H. pylori was recognised in the histological section appearing as a short-curved or spiral bacil-
lus resting on the epithelial surface or in the mucus layer.

2.5. Statistical analysis

The data was collected and analysed with Microsoft Excel 2013 and PSPP version 1.0.1.
Continuous variables with a normal distribution were expressed as a mean with standard
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deviation (SD). Differences and relationships between variables were analysed using Fisher’s
exact for low expected frequencies. A p < 0.05 was considered statistically significant for all
the analysed parameters.

We calculated the sensitivity and specificity for H. pylori culture and histology. Sensitivity and
specificity may be defined, respectively, as the probability of having a positive test in a person
with the disease (sensitivity) and the probability of having a negative test in a person without
the disease (specificity).

3. Results

In the study, the culture findings and histological examination findings were accepted as
“gold standard”. The detection of H. pylori in at least one of the two tests was accepted as
H. pylori positivity. Negative results in both culture and histology were accepted as H. pylori
negativity.

Of the 38 patients who underwent upper endoscopy with biopsies by protocol (Figure 3), nine
were excluded because of negative results in both culture and histology.

Twenty-nine cases (76.31%) were included in the final analysis, nineteen females (65.51%) and
ten males (34.49%). The ages were between 3 years and 7 months and 17 years and 8 months
(mean age 13, 5 + 4.53 years).

The results for the diagnosis of H. pylori infection for each of the tests revealed that the haema-
toxylin-eosin and Giemsa stains of the antrum and body were the test that identified a higher
number of H. pylori infection than the H. pylori culture.

Indeed, the histological examination of samples was able to identify the presence of H. pylori
in 28 patients (96.55%), while the culture resulted to be positive in only six cases (21.42%).

We did not analyse separately the presence of the H. pylori in the antral mucosa compared
with the gastric body mucosa; the result was recorded positive, if the bacterium was isolated
in any of the histological examinations.

The histology also showed that 14/28 (50%) patients had mild H. pylori density, 11 (38.29%)
had moderate density and 3 (10.71%) had marked density.

In one case, the culture was positive, but the bacterium was not identified through the histo-
logical exam. Among the other five cases with positive culture, two were associated with a
mild score of H. pylori density, the other two with a moderate score and one with a marked
score (Table 1).

We analysed the correlation between densities of H. pylori in histological exam and positive
H. pylori culture: 14.28% (2/14) of patients with mild H. pylori density, 18.18% (2/11) of those
with moderate density and 33.33% (1/3) of those with marked density had positive results
in bacterial culture. There was not a statistically significant correlation between the degree
of H. pylori density observed at histology and the positive result of bacterial culture (p =0.7).
The limited number of patients with positive bacterial culture may have influenced these
results.
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38 patients enrolled

29 patients studied 9 patients excluded

. pylori negative histology

H. pylori negative culture

28 patients 1 patient

H. pylori positive H. pylori negative
histology histology

5 patients H. pylori positive culture

=1 L. pylori positive
culture

23 patients

H. pylori negative
culture

Figure 3. Flow chart of the study.

Helicobacter pylori density Patients (n) Helicobacter pylori culture Patients (n)
Mild 14 Positive 2

Negative 12
Moderate 11 Positive 2

Negative 9
Severe 3 Positive 2

Negative 1

Table 1. Correlations of Helicobacter pylori density and Helicobacter pylori culture.
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We used haematoxylin-eosin as the main staining method, while Giemsa stain was reserved
for a few cases, not identified through haematoxylin-eosin staining, in which the suspect of
infection was high.

We also tried to find out if there existed a relationship between the activity of gastritis and the
density of H. pylori in the histological exam. Most of the patients with mild H. pylori density
presented a mild gastritis activity (50%), while the other half showed a similar frequency of
moderate gastritis activity (28.57%) and of no activity (21.43%); among patients with moderate
H. pylori density, 54.54% had moderate activity, 36.36% a mild one and only 9.0% of them pre-
sented a marked gastritis activity. Those with marked bacterial density at histology displayed
an identical frequency of absent, mild and moderate gastritis activity (33.33%). According to
our results, there were not statistically significant differences between the groups that allow
concluding that the severity of gastritis activity is related to H. pylori density at histology
(p=0.3) (Table 2).

The relationship between the degree of inflammation and H. pylori density was examined as
well. Mild density was mostly associated with moderate (50.0%) and mild (42.80%) inflamma-
tion, while severe inflammation was demonstrated in only one case (7.20%). In patients with
moderate H. pylori density, a moderate inflammatory process was identified in most of the
cases (63.64%), together with a mild inflammation (36.36%), whereas nobody presented with
a severe one. In children with marked density, mild inflammation was predominant (66.67%),
followed by a moderate one in 33.33% of patients, while none of them was severely affected.
Our findings do not show the evidence of a significant correlation between inflammation and
H. pylori density at histology (p =0.7) (Table 3).

The specificity for H. pylori culture in our study was 90.90%, but the sensitivity was low,
20.68%. The specificity for histology was 90.90%, and the sensitivity was 96.55%.

Without activity Mild activity =~ Moderate activity =~ Marked activity

n (%) n (%) n (%) n (%)
Mild H. pylori density 3(21.43%) 7(50%) 4(28.57%) 0
Moderate H. pylori density 0 4 (36.36%) 6 (54.54%) 1(9.0%)
Marked H. pylori density 1 (33.33%) 1(33.33%) 1(33.33%) 0

Table 2. Correlations of activity of Helicobacter pylori gastritis and Helicobacter pylori density.

Mild inflammation Moderate inflammation Marked inflammation
n (%) n (%) n (%)

Mild H. pylori density 6 (42.80%) 7 (50.0%) 1 (7.20%)

Moderate H. pylori density 4 (36.36%) 7 (63.64%) 0

Marked H. pylori density 2 (66.67%) 1 (33.3%) 0

Table 3. Correlations of inflammation of Helicobacter pylori gastritis and Helicobacter pylori density.
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4. Discussions

The enthusiasm beginning with the isolation of H. pylori from gastric biopsies by Warren
and Marshall in 1982 has increasingly continued after the important role of this agent in the
aetiology of gastric cancer has been established; consequently, the interest for H. pylori has
increased. The association of gastric cancer, one of the most frequent causes of death world-
wide, with a treatable aetiological factor has led to a profound impact on researchers [7, 8].

H. pylori infection is generally acquired in childhood, and it persists throughout life.
Spontaneous resolution is rare, and a targeted therapy is needed [9].

The correct diagnosis and effective treatment of H. pylori gastric infection are essential. The
recent guidelines for the management of H. pylori in children and adolescents recommend the
initial diagnosis of H. pylori infection to be performed using invasive gastric biopsy methods
including the following: obtaining a positive bacterial culture or demonstrating H. pylori gas-
tritis on histopathology; using the updated Sydney classification, with at least one other posi-
tive test such as RUT or molecular-based assays where available; and including polymerase
chain reaction or fluorescent in situ hybridisation. The initial diagnosis of H. pylori infection
should not be based on noninvasive tests (i.e. *C-UBT and H. pylori stool antigen test) or other
noninvasive methods. A positive noninvasive test, however, supports the diagnosis in cases
in which positive histology is the only available invasive test [4].

76.31% of patients enrolled in the study were positive for H. pylori infection. The diagnosis
was made in 96.55% by histology. In 17.25% of cases, both histology and bacterial culture
were positive.

The H. pylori culture was positive in only six cases (21.42%). Our results are less significant
if compared to other published data in which higher percentages of positive cultures were
obtained, except one. Kaya et al. reported the sensitivity for H. pylori culture as 22.5%, and the
specificity as 97.1% [10].

The specificity for H. pylori culture, in our study, was 90.90%, but the sensitivity was low,
20.68%.

A recent Israeli study, conducted in the paediatric population, reported 57.8% of positive H.
pylori culture in 154 children with positive RUT [3]. In another study conducted on children and
adolescents, the sensitivity for H. pylori culture was 79.3%, and the specificity was 100% [11].

The sensitivity of culture method to detect H. pylori, in adult population, ranges from 62.7%
to 96.3% in the studies performed [8, 10, 12].

Although the culture method is accepted as a “gold standard” for the diagnosis, it is difficult
to use alone as a routine diagnostic method. As the sensitivity of culture method is low, H.
pylori positivity can be detected in case of growth. The absence of growth does not indicate
H. pylori negativity.

Despite its long use, culture remains a challenge because of the fastidious nature of the bac-
terium, with particular growth requirements regarding environment and atmosphere [13].
Altering pH, the proton pump inhibitors (PPIs) indirectly interfere with H. pylori distribution
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in the stomach. The antrum has been found to be the most affected part of the stomach by
PPIs as H. pylori almost disappears from this niche. To avoid false-negative results, it is recom-
mended not to consume these drugs 2 weeks prior to endoscopy [14, 15].

In our study, exclusion criteria were of inhibitory proton pump or H2-receptor antagonists
and antibiotics 2 weeks before the beginning of the study, similarly with another study and
recommendations [15].

The recent Maastricht V/Florence Consensus Report recommends discontinuation of antibiot-
ics 4 weeks before the study to allow an increase of detectable bacterial load [2].

The number of biopsies necessary to diagnose H. pylori infection is a subject of controversy. A
single biopsy specimen taken from the antrum (2 cm from the pylorus) gives good sensitivity,
but it is not sufficient for a reliable diagnosis. Indeed, H. pylori may have a patch distribution,
and the more biopsy specimens analysed, the higher the chance of detecting the organism.
There are some rare cases where the infection lies only in the corpus, but usually, H. pylori
is present in all sites. After consumption of antisecretory drugs, as pointed out before, the
corpus may be the only site that remains positive [15].

We took two biopsies from the antrum for H. pylori culture, and maybe this could be adjusted
by obtaining another one/two samples from the gastric body as well in order to try to improve
the culture success rate, but this option is difficult to apply in children.

The usual recommendation derived from the Sydney system is to obtain two biopsy speci-
mens from the antrum and two specimens from the corpus. Bacteria are usually present at
both sites even if the lesions occur essentially in the antrum. When topographic studies of H.
pylori distribution and gastritis were performed, the best site suitable from diagnosis was the
lesser curvature of the midantrum, while for the corpus, there was a discrepancy between
greater and lesser curvatures [15, 16]. Others showed that two antral biopsies only were suf-
ficient to detect H. pylori [17].

We took the biopsy specimens for culture before specimens for histology, and we used an
appropriate commercially transport medium, according to the recommendations.

We analysed the correlation between densities of H. pylori in histological exam and positive
H. pylori culture: in 14.28% the H. pylori culture was positive in mild H. pylori density in his-
tology, 18.18% in moderate H. pylori density and 33.33% in marked H. pylori score. We have
not had a significant statistics correlation between densities of H. pylori in histological exam
and positive H. pylori culture (p = 0.7). Similar results were reported by other authors [8].

We analysed the correlation between gastritis activity and density of H. pylori in histological
exam, and we have not had a significant statistics correlation (p = 0.30).

The results of this study are in agreement with published work, suggesting that a strain of
the organism may be a more important factor than the density of infection in determining the
gastric inflammatory response to H. pylori [18].

In our study, we had four children with bleeding, and all of them had negative H. pylori
culture.
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Peptic ulcer bleeding and atrophic gastritis decreased the accuracy of H. pylori diagnostic test.
The histology was found to be a reliable test in the presence of bleeding [19].

When atrophic changes occur in the gastric mucosa, a high percentage of endoscopic biopsy
samples become negative at bacterial histology [20, 21]. During atrophy progression the den-
sity of H. pylori in the stomach mucosa decreases and may disappear completely during the
late stages of atrophy [22]. This may explain the lower sensitivity of biopsy-based tests in
the presence of atrophy: RUT, histology and culture. UBT and antigen stool detection can
also give false-negative results in this situation. Serology is the only diagnostic method not
influenced by a lower density of microorganism, being reliable even in advanced gastric body
atrophy. Maastricht guidelines updates have reserved serology for special situations, includ-
ing extensive atrophy of the stomach mucosa, in conditions in which the other tests may be
negative because of low bacterial density.

In childhood, advanced gastric atrophy is rare. We found only one case with atrophy, but the
H. pylori culture was positive. It was an adolescent, 17 years and 8 months old, with a long
history of illness (2 years) and with previous treatment failure. We could not find, in this case,
antibiotic resistance to amoxicillin, clarithromycin, metronidazole and levofloxacin, and we
suppose that the noncompliance to therapy is the cause of failure for bacterial eradication.
Successful eradication is important to prevent the development of antibiotic resistance, as well
as to reduce the number of treatments and procedures. Among children receiving the triple
standard therapy regimen, eradication rate is declining [23]. In part, this decrease can be attrib-
uted to increased antibiotic resistance. Other reasons for treatment failure are, among others,
host genetic factors, H. pylori virulent factors, inadequate compliance to therapy or insufficient
duration of therapy and, not in the last row, smoking and household crowding [23].

The sensitivity of histology in our study was 96.55%, while the specificity was 90.90%.

The sensibility and specificity of haematoxylin and eosin stain have been reported as 69-93%
and 87-90%, respectively. The specificity can be improved to 90-100% by using special stains
such as Giemsa stain, Warthin-Starry silver stain, Genta stain and immunohistochemical stain
[15, 20, 21]. Immunohistochemical stain has a particular advantage in patients partially treated
for H. pylori gastritis, a setting can result in atypical (including coccoid) forms, which may
mimic bacteria or cell debris on haematoxylin and eosin preparation. The major advantages
of immunohistochemical stain include shorter screening time and high specificity because it
can exclude other similar-shaped organisms [15, 21].

In our study, we analysed the sensibility and specificity of histology in H. pylori infection, not
focusing on the ones specific for the different types of stain. We used in all cases haematoxy-
lin-eosin stain and in a few cases Giemsa stain.

5. Conclusions

Histology is an excellent method for detecting H. pylori infection. Haematoxylin-eosin, with
or without Giemsa stains, is usually adequate. It is difficult to use culture method alone as
routine diagnostic method. In our study, the specificity of histology in identifying H. pylori
infection was 90.90%, and its sensitivity was 96.55%. Bacterial culture had the same specificity
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as histology (90.90%), while its sensitivity was 20.68%. We did not find out a statistically sig-
nificant positive correlation between H. pylori density observed at the histological exam and
positive bacterial culture. This result may have been influenced by the limited number of
patients and by the few cases with positive bacterial culture. Larger studies are needed in
order to obtain relevant conclusions.
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Abstract

In general, remodeling phenomenon of the periodontal ligament (PDL) is occurring in
all times. Thus, in the chapter, the word “maintenance” was used, and the chapter title
is “Maintenance of Periodontal Ligament Homeostasis.” Our experimental data on the
remodeling of the PDL with cell acceleration at the furcation area in this experimental
model are recovered using the cells in situ and the bone marrow-derived cells (BMCs).
BMC migration into the PDL tissues using green fluorescent protein (GFP) bone marrow-
transplanted model mouse was examined. BMCs have abilities of cell migration and
differentiation into tissues/organs in the body. The immunohistochemistry revealed
that GFP-positive cells were detected in the PDL. GFP-positive cells were also positive
to CD31, CD68, and Runx2 suggesting that fibroblasts differentiated into osteoclasts
and tissue macrophages. In this way, Notch signaling involvement considered in our
tentative examinations revealed that the experimentally induced periodontal polyp was
examined; the cytological dynamics of the cells in granulation tissue are mainly from
migration of undifferentiated mesenchymal cells of the bone marrow and differentiate
into the tissue-specified cells. Furthermore, the data suggest that cell differentiation is
due to Notch signaling.

Keywords: periodontal ligament (PDL), homeostasis, cell migration, bone marrow-
derived cells, notch signaling
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1. Introduction

In general, “homeostasis” of the periodontal ligament tissues (PDL) is occurring in any times,
due to the mechanical stress to the tissue including the physiological and pathological occlusal
stress and/or orthodontic mechanical stress, and so on. Thus, in the above sentences, the word
“homeostasis” was used in the chapter. From a view point of developmental biology, there
are well-known facts that the main component of PDL fibroblasts is from neural crest-derived
neuroectodermal cells. From the point of the fact, at the period of the maintenance of the PDL,
there are numerous cell proliferations that occurred in the regional tissues. It is a very impor-
tant problem. Thus, at first, we introduce the chosed GFP bone marrowtransplanted model
mouse (Tsujigiwa’s model [1, 2]) shown in Figure 1 (GFP mouse model: upper).

I used the ddY mouse as an experimental animal and chosed a histopathology in a peri-
odontal ligament of the mouse that received mechanical stress by Waldo methods. The
immunohistochemistry manifestation situation of heat shock protein 27 (HSP27) and phos-
phorylated HSP27 (p-HSP27) was investigated until that and at most 24 hours later. A
periodontal ligament fibroblast was both low in HSP27 and p-HSP27 in the control group.
But HSP27 was manifested 10 minutes later after a PDL fibroblast caused mechanical load-
ing on the tension side of experimental group. The strongest appearance was detected
9 hours later after mechanical load was led. p-HSP27 was also weaker than HSP27, but it
was manifested in a time-depending way. These results suggest that HSP27 and p-HSP27
are manifested by activation of a PDL fibroblast on the tension side for maintenance of the
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Figure 1. GFP-transplanted model mouse schematic diagram.
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homeostasis of the periodontal ligament. Therefore, the facts suggest that these proteins
will act on this as molecular chaperone for activation of an osteoblast and maintenance
later.

We have investigated using the GFP mouse, the cell dynamics of the periodontal ligament in
the past decade. The following experiments have been carried out: (1) Orthodontic mechanical
stress causing injury of the periodontal ligament tissues. (2) Occlusal trauma of the periodon-
tal ligament. In the examinations, histopathological changes were observed at the course of
the experiments. Furthermore, we used the GFP bone marrow-transplanted mouse for exami-
nation of the cell supplying source to the regional periodontal ligament tissues from bone
marrow-derived cells (BMDCs). (3) Experimentally induced periodontal polyp-contained
cells are mainly from migration of undifferentiated mesenchymal cells of the bone marrow
and differentiate into the tissue-specified cells. (4) Furthermore, the cell differentiation is
due to the expression of Notch signaling. The result also suggests that the PDL fibroblasts
in granulation tissue are differentiated in the periodontal ligament-specified cells from bone
marrow-derived mesenchymal cells.

2. GFP-BMDCs into the PDL-received orthodontic mechanical stress

The periodontal ligament (PDL) is usually remodeling at physiological in condition. Further-
more, orthodontic treatment results to mechanical stress inducing reorganization of PDL colla-
gen bundles. The examination results in “movement of an orthodontics tooth.” The mechanical
stress communicated to PDL causes a reaction of organization and causes “movement of a
tooth.” This reaction of PDL is the one for maintenance of a homeostasis. A histology-like reply
and production of the copying factor which controls a cell differentiation and various morpho-
genesis phenomena are studied more widely in recent years [3, 4]. It becomes clear that it's able
to bring manifestation of a remodeling of a periodontal tissue and the activated molecule which
replies to various mechanical stress and inflammation to maintain a homeostasis [5-10]. Our
experimental method was based on our previous reports [4, 5]. The Waldo method of inducing
mechanical stress load in mouse periodontal tissues was followed. Under general anesthesia,
the mouse was inserted between the maxillary molars to induce persistent mechanical stress. A
separator was inserted between M1 and M2 of the right maxillary molars to ensure the mechani-
cal stress due to pressure over a period of time. After each experimental time, the periodontal
tissues of the left maxillary molar region (untreated side) were used as controls. In this experi-
ment, the distal buccal root of the maxillary first molar was the observation part. The schematic
diagram, macro-view, and histology are shown in Figure 2.

Therefore, we focused on the expression of various HSPs that maintain homeostasis during
injury. HSPs are one of the factors recognized that is transiently enhanced by heat shock [11].
It is also called stress protein because it is not only enhanced by heat shock but also by isch-
emia; other pathological changes such as infections and inflammation and radiation; physical
stress such as light; stress from enzymes, heavy metal ion, arsenic, arsenic acid, methanol,
and active oxygen; and stress from chemical and various amino acid derivatives [12, 13].
When the chromosomes of the salivary gland of Drosophila were at high temperatures, HSP
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Figure 2. Experimental schema (a), macro-view (b, c), and histology (d). Quotation alteration of literature #5.

strongly expressed [14]. After that, the isolation of synthesized HSP by a SDS-polyacrylamide
gel electrophoresis first by Drosophila. Some of the main protein which was also led by heat
shock method of treatment in non-salivary glandular system was regarded as HSP together.
A puff of the mRNA history of HSP was copied. After that a high study is reporting that the
colon bacillus kept during the environment, leaven, and a gene of other mammalian cells are
able to receive a heat stress and preserve a gene more than they are concerned with HSP [14].
The representation of these HSPs is then a common phenomenon [15]. HSPs have molecular
ancillary and functional antiapoptotic capacity [16, 17] from ancient times. That is, it is a pro-
tein that develops to escape cell death in harsh conditions for cell survival. Many HSPs also
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express many cells in response to stress, suppression, and repair of proteins whose properties
have been altered. In addition, HSPs are essential proteins to maintain various cellular life
functions between cell differentiation and growth and presence. It is a widely distributed
intracellular equilibrium protein, which is regularly expressed under various conditions in
in vitro and in vivo experiments. Depending on the molecular weight, HSP is classified into
high molecular HSP (HSP 110, HSP 90, HSP 70, and HSP 40-60 families) and low molecular
HSP (HSP 20 family). These are polypeptides of tens to hundreds of kDa. Many researches
have been done on expression and function of these HSPs and various sites. That is, high
molecular HSPs such as HSP 70 and HSP 90 have a role of assisting the maturation of proteins.
That is, it temporarily binds to immature state protein and acts as a molecular chaperone.
However, small molecular HSPs that function as molecular chaperones have not yet been
reported [21]. HSP 27 belongs to the low molecular HSP family. Firstly, HSP 27 was found in
the actin polymerization. HSP 27 is known to exist at high levels in non-stimulated vascular
smooth muscle and skeletal muscle cells. From this, it is believed that HSP 27 plays a role in
maintaining blood pressure and other physiological effects in the vascular system [18-20].

We reported that BMCs migrated into the PDL regions; PDL fibroblasts, hemendothelial
cells,osteoclasts, and Langerhans cells migrated into the PDF regions. These cells differentiate
into their tissue-specific cells [21-23]. The facts are that BMCs are not mesodermal cells and
they are derived from neural crest cells. This differentiation into specialized cells may be done
on the spot by expression of odontogenic genes [24]. According to a classical tissue engineer-
ing technique, the tooth-like structure is created based on biodegradable polymer scaffolds by
transplantation of dental pulp cell pellets or BMC extracted directly from dental embryonic
cells and dental pulp stem cells separated by enzyme treatment [25].

We examined the transplanted BMC migration into the PDL. The IHC revealed that GFP-
positive cells were detected in the PDL tissues. A number of GFP-positive cells appeared on
mechanically loaded periodontal tissue, especially on the tension side of the experimental
group. On the other hand, little GFP-positive cells appeared in the control group. From the
above results, we analyzed how they differ from the experimental group and control group
[25]. Thus, these data indicated that orthodontic mechanical stress acts as a possible promot-
ing factor of transplanted bone marrow-derived cell migration into periodontal tissues and of
differentiation to fibroblasts [26].

On the other hand, mice transplanted with bone marrow cells of GFP transgenic mice were
used to observe GFP-positive cells in dental pulp of mouse incisors, PLD, oral epithelial
Langerhans cells, pulp fibroblasts, dental vascular endothelial cells, and osteoclasts. GFP-
positive cells in the dental pulp are dendritic cell-like cells, and some odontoblast-like cells
also showed a positive response to GFP. It is clear that BMCs have the ability to differentiate
into teeth and related connective tissues. GFP-positive cells histopathologically differentiated
into several cell types. Fluorescent immunohistochemistry (FIHC) and tartrate-resistant acid
phosphatase (TRAP) staining techniques showed that these cells were detected as osteoclasts
and macrophages. In addition, GFP-positive cells gathered in adjacent blood vessels. This
data suggests that GFP-positive BMCs migrate to periodontal tissues and differentiate PDL
tissue-specified cells.
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GFP-positive cells were detected in PDL in both experimental and control groups in this
study. In the experimental group, a number of GFP-positive cells were found in the PDL
tissue and intermittently stimulated intermittent mechanical stress. However, there were
few GFP-positive cells in the control group. This result was significantly larger between the
experimental group and the control group. This suggests that orthodontic mechanical stress
induces GFP-positive transplanted BMCs into the PDL tissues.

BMC migrate from bone marrow tissue and different types of tooth-related cell types includ-
ing odontoblasts [27], osteoclasts [28], and PDL [29, 30]. Osteoblasts and osteoclasts maintain
and reconstruct cancellous bone surrounding the marrow tissue. BMCs from the bone mar-
row are closely involved in the repair of tissues to maintain periodontal tissue homeostasis of
PDL fibroblasts. Furthermore, mechanical stress strongly induces cellular activation of these
PDLs. Teeth can be produced from non-odontogenic stem cells. This establishes the basic
principle that bone marrow stem cells are also involved in tooth embryogenesis. As a future
therapeutic possibility, these cells include transplantation to a tooth defect site or transplanta-
tion into a patient’s bone marrow with developmental abnormality, which may lead to a new
approach to tooth and jaw bone regeneration.

3. GFP-BMDCs into the PDL received occlusal trauma

Regarding the examination results of periodontal ligament in experimental occlusal trauma
mouse model, we have reported the cytological behavior of the related regions. The experi-
mental model diagram is shown in Figure 3. Periodontal connective tissue remodeling
occurred due to traumatic occlusal overload [31]. In the remodeling course, the fibroblasts
act as an important role. In the process of PDL remodeling phenomenon, fibroblasts make
an important role such as collagen synthesis. Heat shock protein 47 (HSP 47) is a protein that
acts as a molecular chaperone in procollagen biosynthesis and maturation. Type I collagen is
a major component of PDL. Therefore, in our study, the expression of IHC of HSP 47 on the
experimental-induced periodontal tissue of traumatic occlusion was investigated. That is, an
experimental occlusal trauma model was developed and experimented. Expression of HSP
in occlusal trauma periodontal tissue was performed using immunohistochemistry (IHC).
The results indicated that fibroblasts had high HSP expression in response to excessive trau-
matic occlusion. HSP 47 is thought to play an important role in the maintenance of fibroblast
homeostasis exposed to traumatic occlusion. HSP 27 and HSP 70 have detailed observation
results on damaged periodontal tissue by Muraoka et al. [5-7]. Based on the experiments of
Fuijii et al. [31] and Takaya et al. [32], we carried out the IHC study on the histopathological
changes of mouse dental tissue and on HSP.

The experimental outline is shown in Figure 3. After that, changes in the periodontal ligament
were observed over time. Then after, the micro plus screw was removed at day 4 after implan-
tation, and the subsequent tissue changes were observed. Histopathological examination: It
was observed that a fibroblast and a spindle-shaped cell have high density in a periodontal
ligament of the control group. An erythrocyte was filled by a capillary. Periodontal ligament
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Figure 3. Diagram of the mouse traumatic model.

fiber was arranged irregularly. An osteoclast could see conspicuously in an alveolar bone.
The furcation was lined by acellular cementum. At experimental group on day 1, the capillary
which swelled was filled with an erythrocyte. The amount of deeply stained cells with round
nuclei increased. More osteoclasts were observed on the glassy surface of the alveolar bone.

There are several kinds in a stem cell; a stem cell differentiates into various cells of a human
body and has a special nature. The stem cell and a marrow-derived cells (BMCs) also pos-
sess the differentiation special quality of the plural. Many researchers reported that BMCs
might relate into retinal vessels, myoblasts, hepatocytes in the liver, Purkinje neurons, cardiac
muscle in the heart, and airway epithelial cells in recent years [33, 34]. A stem cell can be
used in the field of the regenerative medicine; so to regenerate an organ, the stem cell is
very important for treatment of various diseases [35]. For treatment of an end limb ischemia
and an ischemia disease including myocardial infarction, a try at a local delivery of BMCs is
studied [36, 37].

It is stated that occlusal trauma is defined as damage resulting from tissue changes within
the PDL as a result of abnormal occlusion forces. It has been proven for many years by many
researchers that occlusal trauma may cause various destructive biological reactions to the
tissue of PDL [37-40]. A lot of researchers reported cytological kinetic examinations of PDL
tissue regarding occlusal trauma PDL, but they have not been fully performed regarding
establishing an experimental system with animals that can be used in a very versatile manner;
we have constructed an experimental system with a mouse with respect to the occlusal trauma
model. We reviewed the organization of PDL from the perspective of cytological kinetics [40].
We then performed a histopathological and also immunohistochemical study. Figure 4 shows
histopathology and IHC results.
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Figure 4. Histopathology of control region (a) and experimental region (b) of the day 4 specimen. Scale bar = 50 pum. IHC of
GFP. Control specimen (c) and experimental day 7 specimen (d). Scale bar = 50 pm. Quotation alteration of literature #32.

Eleven 7-week-old ddY male mice and eight 7-week-old bone marrow-transplanted female
C57BL/6 genealogy mice from GFP transgenic mice (GFP mice), for a total of 19 mice, were
used in this study. Histopathological examination showed as followed. Control group speci-
mens showed the PDL maintained a constant width; the major fibers arranged in orderly
cementum and alveolar bone. Spindle-shaped fibroblasts that appeared in PDL were col-
lagen fiber bundles. In the relatively dense cell nucleus, PDL, there was a congested capillary.
Furthermore, the cellular cementum could be clearly confirmed. On day 4 of the experimental
group, PDL was somewhat compressed, and evident capillary vessel filling was confirmed. In
spindle-shaped fibroblasts, those with deeply stained circular nuclei of hematoxylin increased
in number. Multinucleate giant cells appeared mainly on the alveolar bone surface. It gradu-
ally absorbed bone tissue and made some blanks. In the experimental group, the circular
nucleus cells decreased considerably on day 7 from day 4. Vascular hypertrophy developed.
Multinucleate giant cells were expressed on the alveolar bone surface of Howship’s lacunae.
On day 4 of the experimental group specimens, the regression of hyaline degeneration area
had expanded. Furthermore, the cellular cementum destruction was evident in the expansion
of PDL areas. On day 14 of the experimental group, the cementum absorption region by
multinucleated giant cells and the alveolar bone surface rapidly expanded remarkably. There
was a decrease in cells with circular nuclei. Cells in which both the nucleus and the cytoplasm
are spindle-shaped are increasing again. The width of PDL became wider.

Using the cytological kinetics method, we analyzed the nuclear occupancy to compare all
cell numbers. The area examining the occupancy rate analyzed related PDL experiments and
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control groups in the histopathological photographs. The result was markedly increased on
the day 4 of the experimental group. Compared with the experimental group, experimental
group on day 7 and 14 decreased but mostly of the same degree share, and they were not
significant to compare with the control group.

GFP-positive cells were sparse in the control group and the experimental group on days 4 and
14. These cellular contours are PDL cells with circular nuclei. According to the digital image
analysis method, the number of GFP-positive cells increased in the experimental group day 7.
The results of image analysis of GFP-positive cells of PDL on the day 7 of the experimental group
showed a considerably larger increase in comparison with the control group.

In the progress of periodontal disease [41], things such as dental plaque and tartar caused
by tooth deposits are common, but it is well-known that occlusion abnormalities such as
traumatic occlusion are also important. Histopathological examination of PDL has been con-
ducted [42-46] so far. These were done using rats, mice, macaque monkeys, and Beagle dogs.
However, the report did not find a focus point at cytological kinetics of periodontal ligament
due to excessive occlusal loading. Thus, we focused the cytological kinetics in the periodontal
tissues by excessive occlusal loading.

GFP-IHC specimens shows, although the positive rate of GFP was considerably high on
the day 7 of the experimental group, that there was almost no significant difference in the
day 14 of the experimental group as compared with the control group. All cells constituting
individual tissue cells of GFP transgenic mice have green fluorescent protein. Even if any
types of cell differentiate transplanted bone marrow-derived cells, they can be traced by
GFP. It is a technique of immunofluorescent staining. Such cells were identified from bone
marrow-transplanted cells. At first it was osteoclasts and macrophages. It is reported later
in the results of the previous experiment that many GFP-positive cells migrate to the PDL
tissues in mice and differentiate into in situ specific cells. Furthermore, it is easy to imagine
that dendritic cells and PDL fibroblasts, which migrate into the PDL, differentiate into PDL-
specific cells.

In the experiment, bone marrow-derived cells showing GFP-positive cells in PDL of the root
bifurcation region subjected to occlusal trauma on the day 7 of experimental group increased.
It is clear that the majority of GFP-positive cells are osteoclasts and macrophages by previ-
ous studies. It is not only PDL damage due to continuous excessive occlusal trauma. It causes
remodeling of alveolar bone and PDL and mobilization of bone marrow-derived cells is neces-
sary for it.

According to many studies, PDL remodeling phenomenon due to acceleration of cell activa-
tion is caused by excessive traumatic occlusion stress on the day 4 of the experimental group
on the tooth PDL damaged part in the root furcation region. In the experimental group
day 7, PDL remodeling mechanism is done by osteoclasts and macrophages. The cells are
present in the furcation area as GFP-positive BMDCs. Therefore, when gingivitis has not
been caused at all or only very slightly, the PDL stressed with traumatic occlusion; it will be
constructed by BMDCs.
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4. Differentiation of BMDCs into the PDL peculiar cells

The IHC view is as follows. BMDC is GFP-positive except for an endothelial cell of micro-
capillarity. PDL cells and/or cells spindle in shape on the alveolar bone surface are mostly
GFP-positive (Figure 5a). Furthermore, the micro-capillaries are positive for GFP in some
occasions of the periphery (Figure 5b).

Cells of various cell types could be identified by immunofluorescence double staining check
for GFP. Green fluorescent GFP-positive cells as orange fluorescence by fluorescence immu-
nohistochemical double staining of GFP-5100A4 (Figure 5¢) and GFP-Runx2 were consistent
with red fluorescent 5-100 A 4-positive and Runx2-positive cells (Figure 5d). Fusiform cells
toward the root direction were arranged in a bundle. When superimposing, the nucleus
stained blue, and the cell of that cell was stained orange. The enlarged view of Figure 6 also
clearly shows both positive for GFP and CD 31 and proposes PDL capillaries (Figure 5e).

Recently, many studies using undifferentiated mesenchymal cells (UDMC) of the bone mar-
row are done in the repair and regeneration of tissues, bones, and other organs around the
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Figure 5. IHC results showing GFP-positive round- or spindle-shaped cells within the PDL tissues (a, scale bar = 50 pm)
and GFP-positive products existing within the vascular endothelial cells (b, scale bar = 50 pm). Regarding the lower layer
photographs (c-e), enlarged FIHC images of PDL, 6 months specimen. GFP (green) and merged image (c) of S-100 A4
(red) result fibroblast. GFP (green) and Runx2 (red) view (d) shows clearly both positive suggesting PDL fibroblasts, and

GFP (green) and CD31 (red) image (e) suggests endothelial cells. Scale bar = 100 pm. Quotation alteration of literatures
#26 and 43.
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Figure 6. Micro-CT of day 4 specimen (a), histopathology view (b, c), and IHC of GFP (d). Micro-CT of day 7 specimen
(e), histopathology view (f, g), and IHC of GFP (h). Scale bar = 50 pm. Quotation alteration of #44.

teeth. Regarding the alveolar bone and the PDL regenerations, it was described for the differ-
entiation of UDMC from bone marrow into cartilage [11, 12]. Experiments on BMDCs using
GFP mice showed that after cell transplantation, it differentiated into salivary gland epithelial
cells and myoepithelial cells capable of playing a role not only of olfactory cells but also sali-
vary gland tissue [13]. Histopathological examination of experimentally loaded mice in orth-
odontic treatment showed that bone marrow stem cells increase bone remodeling capacity [3].

Tomida et al. reported that PDL cells increased after 1-5 weeks of mechanical stress. In the
current study, the cell number was calculated by counting GFP-positive cells in the control
group and the experimental group [47]. The results showed that the number of GFP-positive
cells in the experimental group was much higher than that in the control group. The increase
in the number of cells in PDL after mechanical stress loading strongly suggests that it occurred
because BMDCs were transferred to PDL. Using GFP mouse experiments, Tsujigiwa and
others indicated that the transplanted BMDCs migrated to pulp and differentiated into cells
constituting pulp tissue [1]. By using the same experiment, Muraoka et al. [48] showed that
the transplanted BMDCs migrated to PDLs and later differentiated into PDL cells. However,
the biological response of mesenchymal cells in response to mechanical stimuli also caused
changes in cell morphology [48]. Movement of transplanted BMDCs using GFP mice was
reported to be due to mechanical stress [49].

The results of the study showed that the mechanical stress promoted the increase in the
number of cells in both pressure and tension sides of the PDL. Morphological changes of the
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extracellular form were not detected, but the number of cells increased in a short period of
1 week. To determine if an increase in cell number is made by migration of BMDCs, using
Tomida’s method [47], GFP-positive cells were counted.

The number of GFP-positive cells immediately after stress load showed a gradual increase. It
had increased over time until 6 months. It is certain that BMDCs were supplied to the PDF for
a long period of time. Furthermore, when each cell was characterized by double immunofluo-
rescence staining, Tsujigiwa et al. [1, 2] showed that the transplanted BMDCs, GFP-positive
cells such as osteoclasts, were stained and identified. This confirmed that it moved and dif-
ferentiated into the bone remodeling site.

Applying the method of Muraoka [48], cell identification by double immunofluorescence
staining with GFP-CD31, GFP- CD68, and GFP- Runx2 were performed. As a result, it was
possible to distinguish between osteoclasts and macrophages. Furthermore, since some GFP-
positive cells expressing CD31 were found, they were derived from BMDCs and differenti-
ated into hemangioendothelial cells. Similar results were obtained for macrophages by CD68.
Furthermore, since Runx2 represented fibroblasts [3, 4], respectively, the expression of Runx2
was executed. As a result, it was clear that it was GFP-positive and expression of Runx2, and
the cell morphology was a certain swimming; so it was a PLD fibroblast which strongly sug-
gested that it had migrated from the bone marrow.

5. Notch signaling in cell differentiation of the BMDCs in the PDL

The GFP mouse model examination revealed that the cells were derived from mesenchy-
mal cells of the bone marrow. Furthermore, these cells differentiated into the tissue-specific
PDL fibroblasts, blood capillary endothelial cells, etc. Notch is a membrane-bounded protein,
which regulates the differentiation gen for changing the cell type [49]. However, there have
been no reports on the component cells of periodontal polyp-granulation tissues [9].

In usual dental clinical practice, perforation of the floor of the dental pulp suddenly occurred
during a dental treatment. In case of a large perforation, it cause chronic granulomatous
growth in the regional portions [9]. Granulation tissue grows in the periodontal ligament
(PDL) region from the perforated dentin causing periodontal polyp. Regarding the PDL
polyp, our previous histopathological and immunohistochemical examinations were done
[4-6]. The data using an experimental system on GFP mouse bone marrow transplantation
model revealed that the cells were derived from mesenchymal cells of the bone marrow.
Furthermore, these cells differentiated into the tissue-specific PDL fibroblasts, blood capillary
endothelial cells, etc. (Figure 6).

In general, Notch signaling is necessary for cell fate determination, cell proliferation, and
differentiation [56, 57]. Therefore in this study, we examined using the method of Matsuda,
et al. [9]. We examine the expression of Notch in the experimentally induced pulp polyp
component cells, using observation of histopathology and immunohistochemistry methods.
Histopathological observation of 2-week specimens, the spindle-shaped cell proliferation
was evident with some neutrophils in the specimens. Within these cells, the relatively round
nucleus-having cell and some capillaries were observed.
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The IHC examination of Notch expression of the 2-week specimens, elongated, and spindle-
shaped cells with spindle nucleus were positive to Notchl (Figure 7a, b). From 1 to 6-month
specimens, the spindle-shaped cells were also positive to Notchl. Notchl-positive reaction
was continuously detected (Figure 7c, d). In contrast, as observed in the control, the dental
pulpal tissues of the non-treated teeth were completely negative, although some nonspecific
positive reactions existed (Figure 7e, f). Furthermore, the physiological PDL was slightly
positive to Notch (Figure 7e).

Generally Notch is an important regulation signaling of morphogenesis. It was reported that
Notchl1 is a transmembrane protein necessary for cell fate determination, etc. [49]. Thus, we
examined the relationship between the cell differentiation in the periodontal polyp component
cells and Notch signaling in the present study. According to the present results: (1) spindle-
shaped fibroblastic cell of the pulp polyp tissues was almost Notch1-positive reactive and (2)
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Figure 7. IHC images of notch expression. (a) Granulation tissue area, scale bar =50 pm; (b) granulation tissue area, scale
bar = 50 pm; (c) fibrous rich area, scale bar = 100 pm; (d) enlarged view of ¢, scale bar = 50 pm; (e) control areas (dental
pulp and periodontal ligament tissues), scale bar = 100 pm; and (f) control areas (dental pulp and periodontal ligament
tissues), scale bar = 50 pm. Quotation alteration of #44.
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these reactions strongly suggested that the cell differentiation was caused by the Notchl sig-
naling. The reactions mean that the PDL is always received and controlled by Notch signaling.

6. Conclusions

In general, remodeling of the periodontal ligament (PDL) tissue is occurring in all times. Thus, in
the above sentences, the word “remodeling” was used in the section “Maintenance of Periodontal
Ligament Homeostasis.” Our experimental data suggest that the remodeling of periodontal
ligament with cell acceleration at the furcation area in this experimental model has recovered
using the cells in situ and the bone marrow-derived cells (BMCs). BMC migration into the PDL
tissues using BMC transplantation model was examined. BMCs have abilities of cell migration
and differentiation into tissues/organs in the body. The immunohistochemistry revealed that
GFP-positive cells were detected in the periodontal tissues, both in the experimental and control
specimens. These results suggest that orthodontic mechanical stress accelerates transplanted
BMC migration into the PDL tissues. GFP-positive cells were also positive to CD31, CD68, and
Runx2 suggesting that fibroblasts differentiated into osteoclasts and tissue macrophages. In this
way, Notch signaling involvement was considered in our tentative examinations.
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Abstract

Discoid meniscus is an abnormality in which the cartilaginous meniscus is differently
shaped, thick, and contains less collagen. It is mostly seen in children; and in the adult, it
is rarely symptomatic. We have certain knowledge of discoid meniscus shape, its ultra-
structure, epidemiology, and pathology. The discoid shape of the meniscus, which is
seen mostly on the lateral meniscus, is described as an abnormality in which the carti-
laginous meniscus, instead of the usual crescent type, is shaped like a full or partial disc,
thickened, and covers more of the tibial lateral articular surface. The origin of the discoid
shape is still not known. Some theories state that it is a normal finding during embryo-
logical development of the knee joint, some consider it as an atavism, and some consider
it as a morphologic change during development. There are not many published studies
on histological examinations. What is common is that the microstructure of the discoid
meniscus differs in terms of the content and arrangement of collagen fibers. It is rarely
symptomatic, so the true epidemiology of this abnormality is difficult to determine. In
this chapter, we tried to make a cross-section of the current findings considering lateral
discoid meniscus.

Keywords: discoid meniscus, histology, morphology, pathology

1. Introduction

Over 130 years have passed since the discoid lateral meniscus of the knee was described as a
morphologic entity of the lateral meniscus. We have certain knowledge of discoid meniscus
shape, its ultrastructure, epidemiology, and pathology. Yet, we still do not know its origin.
The discoid shape of the meniscus, which is seen mostly on the lateral meniscus, is described
as an abnormality in which the cartilaginous meniscus, instead of the usual crescent type, is
shaped like a disc, thickened, and covers more of the tibial lateral articular surface. Young, in
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1889, first described it in a paper after a cadaveric dissection [1]. Discoid meniscus is mostly
located on the lateral side, although cases are also described in the medial compartment. In
the adult, the lateral discoid meniscus is often found during knee arthroscopy. The reason
is that it is rarely symptomatic, so the true epidemiology of this abnormality is difficult to
determine.

2. Discoid meniscus

2.1. Epidemiology

Several studies have reported the incidence and prevalence of discoid meniscus. In the work
of Sun and Jiang, the incidence of lateral discoid meniscus ranges from 0.4 to 17%, as com-
pared with medial discoid meniscus. Medial discoid meniscus is a rather rare finding. In
the work of Sun and Jiang, the incidence for medial discoid meniscus ranges from 0.06 to
0.3% [2]. Ikeuchi reported the incidence of discoid lateral meniscus (DLM) of about 16.6%
[3], while Fukuta reported 10.6%, in Japanese populations [4]. Kim reported 10.9% in Korean
populations [5], and Rao reported an incidence of 5.8% in India [6]. Greis in 2002 reported the
incidence of discoid lateral meniscus to be 0.4-17% [7]. In white populations, according to the
work of Papadopoulos, the incidence is quite low, 0.4-5% [8]. In a study on 1357 knee arthros-
copies, Glisic et al. reported an incidence of 1.03% discoid lateral meniscus [9]. In our series,
we found an incidence of 0.28% of discoid lateral meniscus out of 1071 knee arthroscopies.
Regarding bilateral discoid lateral meniscus (DLM) in the Asian population, Bae et al. found
out a high prevalence of 79% of symptomatic DLM [10]. There are also reports of anomalies
of knee anatomy conjoined with DLM, such as high fibular head, hypoplasia of the lateral
femoral condyle and fibular muscles [11, 12], osteochondritis dissecans of the lateral femoral
condyle [13], and hypoplasia of the lateral tibial spine [14] and dipped lateral tibial plateau
[15]. Thicker body, lack of blood vessels, and different ultrastructure make discoid lateral
meniscus more susceptible to injury.

2.2. Histology

Meniscus of the knee has a specific microstructure. Most of the content is water, approximately
70%, and the remaining 30% belongs to organic residue. Organic matter is mostly collagen,
approximately 60-70%, and the rest are noncollagenous proteins [16-19]. Collagen type I is
predominant in normal meniscus (90%), in regard to articular cartilage where collagen type II
is predominant, and that makes the major difference [20]. Collagen types IL III, V, and VI are
present in smaller concentrations. The collagen and extracellular matrix are synthesizing in
the fibrochondrocytes, which represented cellular components [21, 22]. Meniscus cells appear
in two forms. Superficial cells are oval, and deeper cells are more rounded, both with a lot
of endoplasmic reticula and Golgi complex, and with a few mitochondria [23]. The collagen
fibers are set in three layers. Most superficial fibers are radial; in the middle, fibers run cir-
cumferentially, and in the deep layers, fibers are parallel to the periphery. Radial fibers seem
to act like a connection to the circumferential ones, resisting splitting. Specific organization
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of the collagen fibers transfers compressive loads to circumferential stress. The rest of the
extracellular matrix is composed of proteoglycans. Chains of aggregate proteoglycans, the
glycosaminoglycans, participate only by 1% of the meniscus wet weight, but their ability
to retain and repel water during knee movement is essential to the stiffness and elasticity,
and to resist compressive loads [24]. Also, water exudation from glycosaminoglycans has a
role in joint lubrication. The highest concentrations of glycosaminoglycans are at the highest
weight-bearing areas: anterior and posterior horns of the menisci and the inner half [25]. The
ability of the meniscus to recover its form after deformation is small, probably because of low
concentration of elastin, less than 0.6% [26].

The etiology of discoid meniscus is not known clearly. There are several explanations. Smillie
in 1948 gave a theory that the lateral discoid meniscus is a normal fetal stage of develop-
ment with the failure of resorption of the central area of the cartilage plate [27]. In several
embryological studies, it was shown that the lateral meniscus does not have the discoid shape
during development. Kaplan, on the contrary, demonstrated that the discoid meniscus is a
pathological entity [28, 29]. Ross et al. reported that the plate of undifferentiated mesenchyme
from which the meniscus develops resembles a disc at the very earliest phase during the
embryonic period [30]. Several embryological studies showed that the lateral meniscus does
not normally assume a discoid configuration during its development [28]. On the contrary,
Kale et al. in the neonatal cadaver study found 77.27% discoid lateral meniscus and 22.72%
of them were complete discoid menisci. They concluded that the primary shape of the lateral
meniscus in the earlier intrauterine period is discoid, and it transforms to other shapes [31].
The rate of growth of both menisci is uniform; so is the ratio of the area of both menisci and
corresponding tibial plateau. Another theory stated that the discoid shape may be the result
of instability due to absence of the meniscofemoral attachment. The lateral meniscus covered
80-93% of the lateral tibial plateau, and it is thicker, so that fact may lead to increasing shear-
ing forces in the knee joint [32]. At the end of embryological development, the meniscoliga-
ment complex is clearly defined (at 8 weeks by Streeter Stage 23) [33]. The blastema of human
embryo does not have joint space. With chondrifying of mesenchyme in the region of the
future knee joint can be identified intermediate zone of two parallel chondrogenic layers and
one intermediate that has low density. By condensation in the intermediate layer, the menisci
and cruciate ligaments show up. [33-35]. Both menisci are highly cellular, well vascularized,
and have a characteristic shape. Vascularization of the menisci changes from the time of birth
to 10 years of age: at birth, the whole meniscus is vascular; but by 9 months of age, the inner
third becomes avascular; and at the age of 10, vascularity constantly decreases, and meniscus
is similar to the meniscus of adults. Blood vessels are present only at the rim of the meniscus,
according to Arnocky and Warren, in outer 10-25% of lateral and outer 10-30% of medial
meniscus [36]. Meniscus vessels are branches of medial and lateral genicular arteries. A lot
of studies show the ultrastructure of the normal menisci. Only a few published studies have
investigated the histology of the lateral discoid meniscus. In the study of Atay et al. [37],
by examination of partial-thickness biopsy of the symptomatic menisci, it is shown that the
highly organized collagen matrix is not present in the discoid lateral meniscus. Collagen fibers
are disorganized and decreased in number, and collagen concentration is low. Those facts
lead to decreasing capability of the meniscus to act as stress absorber, similar to degenerated
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menisci [25]. Papadopoulos et al. reported the histomorphological study of discoid lateral
meniscus, taking samples during arthroscopy. They found out that there was no significant
difference in the architecture of the radially arranged collagen, and significant distortion of
the circumferential fibers, especially in whole high of anterior and posterior thirds, and on
the medial and posterior thirds of discoid meniscus near the tibial surface. Also, the posterior
third shows signs of extended myxoid degeneration, osseous metaplasia, and void spaces that
make it the most disorganized part [38]. Choi et al. in his transmission electron microscopy
study also stated low density and disorganization in the collagen ultrastructure of discoid
lateral meniscus, that can lead to meniscal tear [39].

2.3. Discoid meniscus morphopathology

Discoid meniscus is a more common finding in children. Diagnosis is usually set on the basis
of physical examination and MRI finding of the knee (Figure 1, Figure 2). Clinical findings
varied from asymptomatic cases, often snapping and locking, and sometimes severe pain com-
bined with swelling of the knee joint. Discoid meniscus is different by morphology. Normal
meniscus is usually C-shaped and wedged from outer to inner edge, a form that increases the
contact area between femur and tibia. In discoid meniscus, the central area is completely filled;
in some cases, there is a very small aperture in the central part (Figure 3). The outer part that is
connected to the joint capsule is much thicker than in normal meniscus. This variation disturbs
normal mechanical loading and share stress and are predisponing factor to meniscal tears.

Classical classification of discoid meniscus was given by Watanabe in 1969, as complete,
incomplete, and Wrisberg type, by the presence or absence of a normal posterior attachment
of the meniscus, and the amount of tibial plateau coverage. According to Watanabe’s clas-
sification, the most common is type I, complete discoid meniscus, which is a much thicker

Figure 1. An MRI sagittal view. Note the longitudinal rupture of lateral discoid meniscus.
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Figure 2. An MRI coronal view. Note the difference between thickness of the body of lateral and medial menisci.

lateral meniscus that covers the whole of the lateral tibial plateau, and is more vulnerable to
tear during sports activities than normal meniscus. The next, type II, is incomplete discoid
meniscus, which is smaller than type I, varies in size, structure, and shape and does not
cover the whole of the lateral compartment. Common to both types are normal peripheral
and posterior horn attachments and stability during arthroscopy probing. The least common
is type III, the so-called Wrisberg type. The shape of this type is near to normal, not neces-
sarily discoid, but with the absence of the posterior meniscal tibial attachments, including
meniscotibial (coronary) ligament. The only attachment is the ligament of Wrisberg that con-
nects the posterior horn of the lateral meniscus to the lateral surface of the medial femoral
condyle. This leads to hypermobility of the posterior horn of the lateral meniscus during
knee extension, displacement of the meniscus, and is probably the cause of the snapping.
[40, 41]. Husson et al. in 1985 proposed a classification based on arthroscopic and clini-
cal findings. They considered complete and incomplete discoid meniscus types as stable,
because of the presence of firm anterior and posterior tibial and meniscofemoral attach-
ments. Further, stable types were divided as symptomatic or asymptomatic, and torn or
not torn. Unstable types were divided as unstable discoid or normal shape [32, 42]. Klingele
et al. in 2004 proposed a newer classification based on the size, stability, and presence or
absence of meniscal tear [43]. Kale et al. in 2006 based on a neonatal cadaver study, divided
the lateral meniscus as discoid and undiscoid, and further divided discoid menisci as com-
plete and incomplete. They stated that the primordial shape of the meniscus is discoid, and
that transforms to other shapes [31].

Clinical findings differ discoid meniscus can be asymptomatic, and symptoms can be pres-
ent regarding meniscal tear or meniscal instability. Typically, symptomatic discoid meniscus
is presented in children between 5 and 10 years, by knee popping and snapping that can
be heard or felt, with no trauma. Associated symptoms include pain, swelling, giving way,
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Figure 3. An MRI axial view. Note the difference in the volume of the lateral meniscus.

decrease in range of motion, quadriceps atrophy, locking, and lack of knee extension. If tear
of discoid meniscus occurs, symptoms can be severe pain, knee locking, and inability to bear
weight, and snapping during knee flexion-extension. Sometimes, the patient complains of
knee instability, due to posterior meniscofemoral ligament. In symptomatic types, the method
of treatment choice is operative, which will be explained in other chapters.

3. Conclusion

Discoid meniscus, despite numerous studies, remains a great unknown. There is no conclu-
sive evidence on the cause of discoid shape, or what causes its further design. The differences
that exist with respect to normal histological meniscus are largely documented. The lack of
histological study of the ultrastructure is reflected in the fact that the samples obtained during
arthroscopic surgery were parts of symptomatic discoid meniscus. An undamaged and com-
plete discoid meniscus that is asymptomatic is almost impossible to examine histologically,
as this would lead to deterioration of the knee joint. Nevertheless, the first studies give us a
guideline for further work.
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Abstract

Application of mass spectrometry (MS) has recently been developed for the identification of
biomarkers using pathologic samples, whereas its application using formaldehyde-fixed
paraffin-embedded (FFPE) tissues remains limited. In this review, we introduce MS imaging
(MSI) using FFPE tissue. This method is still challenging for peptide ionization, and various
pretreatment techniques have been conducted for enhancing the ionization signal of pep-
tides. A simple chemical pretreatment method involving heating in acetonitrile-containing
buffer under pressurized conditions is introduced. Further, two-dimensional MSI data are
summarized in a DM for region of interest (ROI) and hierarchical cluster analyses. These
techniques enable MALDI-MSI analysis of archived pathological FFPE samples to identify
new biomarkers.

Keywords: mass spectrometry imaging, formalin-fixed paraffin-embedded (FFPE) tissues,
acute myocardial infarction

1. Introduction

Over the past several decades, MS-based techniques are used in blood and urine analyses;
however, their application to tissue analysis requires further development. Recently, matrix-
assisted laser desorption/ionization (MALDI) has been applied for MS analysis for the identifi-
cation of diagnostic markers [1-4]. As one of the applications of MALDI-MS (mass spectro-
metry), MALDI-MS imaging (MALDI-MSI) has been recently developed for the identification
of phospholipids [5, 6] and peptides [7-10] and pharmacological monitoring for drug delivery
system in various tissues using frozen samples [11-13]. Further, the MSI technique has been
further developed in the use of formalin-fixed paraffin-embedded (FFPE) tissues and cells [7-10].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Thus, this new strategies and analytical methods are useful for the study of drug pharmacoki-
netics, metabolism, discovery of biomarkers, and treatment-specific effects on the proteome.

1.1. Tissue pretreatment of FFPE for MS imaging

Most of human tissues are preserved as FFPE samples in bioresource repositories. Formaldehyde
reacts amino acid residues such as arginine containing amino group by methylene bridging for
prevention of decomposition. There are a number of reports discussing procedures for
pretreatment of FFPE sections for MALDI-MS [14, 15]. Researchers performed microdissection
of pathologically diagnosed disease regions, followed by protein extraction and digestion of
frozen samples for proteomic study using MS technique, but this technique is costly and time-
consuming for storage of frozen samples. For broad application with the use of FFPE, there is a
critical issue for study using MS technique, because the methylene bridge between amino acid
residues makes it difficult to ionize peptides in samples. In fact, for immunohistochemical
analysis of pathological samples, FFPE tissues are subjected to a retrieval protocol, including
protein digestion by proteinase, microwave, or boiling treatment. Although the treatment using
detergents is available for the retrieval of FFPE, this procedure may cause noise in the MS
spectrum. There are some reports that surfactants improved MS sensitivity, but there is consid-
erable limits regarding the subjects and the amounts to use for stable protocol [16]. In addition,
enzymatic digestion is generally used to promote ionization by fragmentation; however, this
enzymatic digestion is not sufficient to ionization for gaining intense MS signals. In general,
collagens and elastin are commonly rich in most of all tissues, and these caused background
noise of MS imaging and LC-MS. Angel et al. described availability of a matrix metallopr-
oteinase (MMP) enzymes to access [17]. PAXgene, a type of alcohol-based non-cross-linking
tissue fixative, can be used as an alternative fixative for multiomic tissue analysis [18].

A simple in situ histologic pretreatment technique for FFPE sections was developed for
MALDI/TOF-MS imaging. Application of immunohistochemical method such as heating sam-
ple slides in a solution of ethylenediaminetetraacetic acid (EDTA) or citric acid may be avail-
able for enhancement of signal intensity [7]. Ronci et al. reported the imaging of human lens
using this method. MALDI-MSI revealed a concentric distribution pattern of proteins of apo-
lipoprotein E (ApoE) and collagen IV alpha-1 on the anterior surface of surgically removed
lens capsule [19, 20].

1.2. MALDI-MSI of acute myocardial infarction (AMI)

Next, let us review a method for the identification of molecular markers to precisely identify
mitochondrial and sarcomeric proteins in cardiac tissues. Ischemic heart failure remains a major
cause of sudden cardiac death. MSI is a promising technique for understanding the pathogenesis
of lethal acute myocardial infarction (AMI). MSI of cardiac tissue was recently reported by
several groups including these authors [21, 22].

Histological analysis is certainly one of the key methods employed in cardiac muscle damage
studies. Chronic cardiac infarcted lesions demonstrate gross fibrosis, and scarring; however,
acute cardiac infarcted lesions rarely include such distinct histologic and macroscopic changes.
However, the microscopic findings observed in AMI are not sufficiently informative of the
phase immediately following the onset of the infarction episode [23]. Of course, wavy fibers
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and contraction bands are histological hallmarks of myocardial injury [24], but these indicators
are localized and not necessarily obvious. Depleted H-FABP staining could be seen in areas
that normally show hematoxylin-eosin (H&E) staining [25].

Therefore, it is often difficult to diagnose AMI on autopsy for pathologist. In macroscopic
findings in the autopsied heart, it is known that dark mottling is detectable within 4 h after
the onset but variable by cases. A yellow tan may be detectable on damaged tissue within a
few days. Transient thrombus in acute coronary syndrome (ACS) with coronary spasm is
frequently lost. Thus, macroscopic findings are limited and not sufficiently informative at the
phase immediately after the onset of the infarction episode. Therefore, evaluating the range of
the infarction histologically remains difficult. Rather than these pathologic findings, a guide-
line for ECG has been recently developed for diagnosis of ACS [26, 27], such as ST-elevation
and/or Q-wave, which is diagnostic data as well as chest pain or other pains on the onset of the
infarction or other symptoms. Further, several studies have used ischemic models that facili-
tate a deeper understanding of cardiac muscular remodeling after hypoxic stress [28, 29].
Biochemical data of creatine kinase MB (CK-MB) is an alternative important diagnostic indica-
tor. In clinical diagnosis, troponins [30] have been utilized for blood test. Serum markers are
sensitive to time-dependent myocardial damage that is mainly caused by disruption of coro-
nary artery blood flow. Heart-type fatty acid-binding protein (H-FABP) [31] is in clinical use,
but their sustainability and sensitivity are insufficient (Table 1). Several studies have used
ischemic models that facilitate a deeper understanding of cardiac muscular remodeling after
hypoxic stress for identification of alternative markers [28, 29].

1.3. Laser-captured microdissection and proteomics

Liquid chromatography (LC)-MS techniques using laser microdissection technique were useful
for identification of a promising biomarker for myocardial infraction [32].

In this process, contraction band and wavy fibers are hallmarks of AMI for dissection, which are
localized in the infracted area. In collection of cardiac tissues, fibrotic area was excluded to prevent
contaminating other types of injury. To extract proteins followed by liquid chromatography-mass
spectrometry (LC-MS), each microdissected sample was suspended in NH,HCO; containing
CH;3CN. Tubes were heated at 95°C and cooling trypsin digestion was performed. Tubes were
incubated at 37°C overnight and then heated at 95°C. After drying, samples were resuspended in
trifluoroacetic acid CH;CN. Following this process, 1.0 x 10* peptides and 10°™ proteins are
identified. The list of identified proteins is shown below (Table 2). An example of spectrum in
LC-MS is shown in Figure 1.

<2h 2-4h 4-6h 6-12h 12-24 h 24-72h 72 h<
Myoglobin 0 @) ) O ) A X
H-FABP o) O O @ @ A x
Cardiac troponin X A ¢} O O O O
CK-MB x A o O o A X
Myosin light chain x A ¢} O O O O

Table 1. Representative biomarkers of AMI. CK, creatine kinase.
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1.4. MALDI-MSI and ROI analysis

The permeability of reaction buffer into FFPE tissues for hydrophilization has recently been
improved such usability without tissue damage. The procedure enhances the crystallization of
the peptide and matrix and organic low weight molecule, such as DHB, for MALDI/TOF-MS
analysis. Here, let us review a method for the identification of molecular markers using MSI
and tandem MS [6]. In detail, the tissue was incubated for 1 h at 37°C in the buffer containing
NH4HCO; and CH3CN. After removal of the buffer, the tissue was incubated again with a

Collagen a-1 (I) chain
Collagen a-1 (III) chain
Filamin-C

Serum albumin
Hemoglobin subunit-
Collagen a-2 (I) chain

Hemoglobin subunit-at

Keratin, type II cytoskeletal

Table 2. Nonspecific proteins in analysis of cardiac myocyte proteins in LC-MS using FFPE. These are commonly

detected proteins of various organs that should be removed from protein filing.

AMI 1275 Hzn273)
o Int. B163pn161} 1188 8=n10%}
YT l J.-. L t 1536 1I{"-\.I'I:|:'_|
e
N TP | dezs oleooeey
1188 (H=n 1 QL
aim kool s il T 451 Deras)
Control
816 3[z187]
|':|||4f.n||L
LL.|.-I 41 . _|L:5u-a~155.
816 3(zna13}
Ll | s Jwig.
B16 {zn254] 198 :n114]
| - !- L + T
500 1000 1500
myz

Figure 1. An example of LC-MS spectrum representing hemoglobin beta in AMI and control.
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volume of buffer to cover the sample. The slide is subsequently covered with a cover glass and
heated at 94°C on an aluminum hot plate. Next, trypsin solution is added on the tissue for
protein digestion, and the slide is incubated at 37°C overnight (Figure 1). Long-term incuba-
tion in a buffer containing CH3;CN may increase in spaces between tissue fibers in cardiac
tissue. The matrix (2,5-dihydroxybenzoic acid, DHB) solution (Figure 2), which is known to be
suitable for analysis of peptides, is deposited in droplets at a spatial interval using several
devices that were developed for matrix deposition (Figure 2). After drying, mass spectra were
gained using a MALDI TOF/TOF mass spectrometer equipped with a nitrogen laser. Using this
method, histone H2A was reported as a marker of colon cancer [6].

MALDI-MSI of hemoglobin beta demonstrates the two-dimensional distribution of blood flow in
the cardiac tissue (Figure 3). Imaging MS Solution is a novel tool for ROI that was developed
(Shimadzu Co. Ltd).

' Piezo-electric spray head

{/“\\
pr ~._ Matrix airsol
z// ‘\‘\
e ™
- .

-~ ™,
( i Tissue on the slice glass
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Nt e e——— *,

Crystallized matrix

Figure 2. DHB in a solution of 50% methanol was deposited onto the sections using a piezoelectric head.
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Figure 3. Available matrix for ionization of peptide.

127



128 Histology

minfarction Ohealthy

200

Jﬂ IH Iﬂ ]

1529.997 1625124 1741.224 1396.987 1956.34

miz

Average intensily

Figure 4. Examples of comparative ROI analysis. Black bar and white bar represent the average intensity of individual m/
z values. The value 1530 corresponds to hemoglobin subunit alpha. HBA signals in the infarcted ROI of samples were
measured for all pixels in the respective regions (N = 4126; healthy area, N = 7554).

Using this program, the intensity in individual measured point pixels is summarized in a DM
that is used for computation (Figure 4). For this analysis, the observations are based upon
PTAH and H&E staining; the endocardial area is selected as ROI, in which contraction bands,
dilated arterioles, and endothelial damage are observed. In this way, ROI analysis is performed
to test for intensity differences between infarcted ROI and healthy area in each batch of
imaging data over all pixels. ROI analyses distinguished molecules that are specific to ROI
(Figures 5 and 6).

Note: In analysis of big imaging data, f-test is not necessarily sufficient because p-value
depends on a number of data. In particular, the pixel point in ROI analyses is greater than
1000. For ROI analysis, Cohen’s d-value, which is independent of the numbers of data, sup-
ports t-test analytic data. The d-value is defined by

d— Si — Sh (1)
(mi=1)oi?+(m,~1)0,2
ny+ny—2

s; and s;, represent the average signal intensity of the pixels in ROI and the control area,
respectively. n; and 1y, represent the pixel numbers in ROI and the control, respectively. o; and
oy, represent the standard deviation of the intensity in the pixels ROI and the control, respec-
tively [33]. Cohen’s criteria are as follows: d < 0.2, not significant; 0.2 < d < 0.5, small;
0.5<d <0.8, medium; and d > 0.8, great (significant).

1.4.1. Hierarchical cluster analysis of MSI

Imaging MS solution® (Shimadzu, Kyoto, Japan) is applied for hierarchical clustering analysis
(HCA) based on the IMS data. According to the algorithm, DM clustering is performed using
intensity value information for each m/z peak. When performing hierarchical cluster analysis,
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Figure 5. MALDI-MSI: m/z values are 748, 795, 932, 945, 976, 1130, 1165, 1194, 1275, 1314, 1337, 1530, and 1696,
respectively. The intensity is illustrated on the cardiac tissue in a heat map manner. For visualization, raw MALDI-MS
data were converted into the Imaging MS Solution ver. 1.20 (Shimadzu).
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Figure 6. Examples of DM. The component (m/z),@x;; in the matrix signifies the Ith m/z values (1 <1 <k) for the pixels at the
coordinate of x;; (1 <i<m, 1<j<n)on the sample issue. This DM is the platform of the ROI analysis and other static
analyses. The bottom illustration represents the coordinate on the cardiac tissue (indicated by orange circles). First, we
measured the intensity values for m/z = (m/z); of each pixel in the image and arranged the value as a column vector.
Similarly, another value m/z = (m/z), was measured, and the value was arranged as the next column vector. Further
measurements of all detected intensity values of m/z (1, 2,...1, ...) are arranged in the row direction. Row and column
vectors yielded a DM for a single whole dataset of a tissue.
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Figure 7. An example of HCA analysis. Distribution of hemoglobin subunit alpha peptide signal (m/z = 1529) is shown.

the Euclidean distance between data matrices was defined as performed (scalar values). We
summarized the images close in distance as one larger cluster, and we then calculated the
distance between the newly grouped individual clusters. By repeating this process, clustering
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was carried out hierarchically in the dendrogram. For HCA, we analyzed data using Ward’s
method and the group average method. The vertical axis represents distance, and m/z values
are represented on the horizontal axis. Comparing the distribution between hemoglobins is
anticipated to provide an important data of relevance of blood flow carried by hemoglobin
and mycotic injury due to infarction (Figure 7).

2. Conclusion

In this article, we reviewed analytical method in MSI analyses of FFPE tissues. This method for
protein extraction from FFPE enabled proteomic analysis. With the combination of label-free
LC-MS accompanied by precise laser microdissection enabled in situ proteomic analysis, new
pathological findings are obtained.

Proteomic studies by MSI have recently been developed extensively for the identification of
peptides in tissues [5, 34]. In this study, the application of MSI method leads to a significant
improvement in the signal intensity FFPE tissues. The treatment improved the quality of
signals obtained from FFPE specimens by swelling of the deparaffinized sample and increas-
ing tissue permeability. For precise diagnosis, FFPE specimens provide more informatic histo-
logic findings than frozen samples. Therefore, establishment of technique for proteomic study
using FFPE contributes to the identification of novel diagnostic markers. To obtain specific
markers, it is necessary to exclude nonspecific abundant proteins, including collagens, kera-
tins, beta tubulin, and vimentin. Proteomic studies represent a promising approach to the
discovery of novel diagnostic markers and understanding of the pathogenesis of cardiac
remodeling. MSI may provide information about the histologic diagnosis of AMI, and several
sarcomeric proteins may be a promising marker for the diagnosis of AMI. ROI and HCA
analyses proved to be useful tools for the analysis of signal distribution patterns of infarcted
tissues. When supplemented by these analyses, IMS may be a promising technique for the
identification of biomarkers for pathological studies that involve the comparison of diseased
and control areas.
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Appendices and nomenclature

MALDI Matrix-assisted laser desorption ionization
MALDI-MS MALDI mass spectrometry
MALDI-MSI MALDI-MS imaging

FFPE Formalin-fixed paraffin embedded
EDTA Ethylenediaminetetraacetic acid
AMI Acute myocardial infarction

DM Dataset matrix

ROI Region of interest

HCA Hierarchical clustering analysis
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