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Zusammenfassung
Hintergründe: Ösophagus Tissue Engineering ist eine Möglichkeit für die Zukunft
die

momentan

vorherrschenden

Probleme

und

Komplikationen

in

der

gastrointestinalen Ersatztherapie zu überwinden. Auch wenn bis jetzt das
Hauptaugenmerk in der Züchtung von Epithelzellen, glatten Muskelzellen und
Nervengewebe liegt, sollte man die Wichtigkeit der Drüsen im Ösophagus für
dessen physiologische Funktion nicht unterschätzen. Diese Studie zielte darauf ab
verschiede Tiermodelle zu untersuchen und geeignetes Gewebe zur Kultivierung
und weiteren Forschung in Bezug auf Tissue Engineering zu spezifizieren.
Methodik: Ösophagi vom Schaf, Huhn, Rind, Ratte und Schwein wurden auf
Drüsen untersucht. Hematoxilin-Eosin (HE) Färbung wurde benutzt um die Drüsen
im oberen, mittleren und unteren Teil der Speiseröhre zu lokalisieren. Bei
drüsenpositiven Abschnitten wurde durch Periodic acid-Schiff (PAS) mit Alcian
Blau (AB) die sauren oder neutralen Schleime visualisiert. Weiter wurde mit AB in
3 verschiedenen pH Levels (0,2, 1,0 und 2,5) nach sulphatierten Schleimen
gesucht. Vermessungen der Drüsen wurden mit einer Olympus-Kamera und dem
Cell^F® durchgeführt. Diese Ergebnisse wurden mit Daten vom menschlichen
Ösophagus verglichen, um sie für Scaffold-Design weiter zu verwenden.
Ergebnisse: Die Ösophagi von Schaf, Rind und Ratte zeigten keine Drüsenzellen.
Das Huhn präsentierte Drüsen im ganzen Verlauf der Speiseröhre mit dem
größten Durchmesser kranial. Das Schwein hingegen zeigte nur Drüsen im
kranialen und mittleren Teil, wo sich, neben den hauptsächlich neutralen
sulphatierten Schleim produzierenden Zellen, auch welche befinden die sauren
sulphatierten Schleim bilden. Weiters wurden Vermessungen der Drüsen
durchgeführt, die einen Versuch einer quantifizierung der Selben darstellen sollen.
Schlussfolgerung: Aus den Ergebnissen lässt sich schließen, dass das Schwein
die beste Möglichkeit darstellt, um an ihm das Verhalten der Drüsen auf den
Scaffolds zu testen. Der neutrale sulphatierte Schleim der Drüsen in dem
Ösophagus vom Schwein weist Ähnlichkeit mit Daten von menschlichen
Drüsenzellen in der Speiseröhre auf.
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Abstract
Background: Esophagus tissue engineering holds promises in the future to
overcome the limitations of the presently employed gastrointestinal surgical
replacement procedures. Although major attention is being focused towards the
engineering of the esophagus with esophageal epithelial cells, smooth muscle
cells and nerve tissue; scant attention is being paid to esophageal glands (EG).
This study aimed to investigate different animal models with regard to EG and to
identify tissues appropriate for regenerative medicine applications.
Methods: Esophagus was obtained from ovine, avian, bovine, murine and porcine
sources and investigated with regards to the presence of EG.

Histological

specimens were stained using Hematoxylin-Eosin (HE) to locate EG in the upper,
middle and lower portions of each esophagus. If EG were identified, the tissue was
further investigated using Periodic Acid Schiff (PAS) and Alcian Blue (AB) to
determine the presence of neutral or acidic glands. AB at 3 pH levels (0.2, 1.0 and
2.5), was used to detect the presence of sulphated mucous. The Olympus Cell^F®
was then used to measure different parameters of the EG. These results were
compared to data on human EG and utilized to determine scaffold characteristics
for EG in esophagus tissue engineering.
Results: The esophagus taken from murine, bovine and ovine sources were
devoid of EG. In avian esophagus, acidic and sulphated mucous producing EG
were identified throughout the esophagus with larger EG located cranially. On the
other hand, in porcine esophagus predominantly neutral and sulphated mucous
producing EG with isolated pockets of acidic and sulphated mucous were
identified, in the cranial and middle areas of the esophagus. The measurements
were performed to quantify geometric data of the glands.
Conclusion: The results of these investigations demonstrate that porcine
esophagus is optimal for EG investigation in terms of scaffold development for
tissue engineering. The neutral sulphated mucous in porcine esophagus correlates
well with data available on human EG.
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1 Introduction
1.1 Tissue Engineering
In comparison to other areas in medicine, Tissue Engineering (TE) has a short
history. One of the first definitions of TE was proposed in 1987 during the meeting
of the National Science Foundation, which stated:
“Tissue Engineering is the application of principles and methods of engineering
and life sciences toward fundamental understanding of structure-function
relationships in normal and pathological mammalian tissues and the development
of biological substitutes to restore, maintain, or improve tissue function.”
National Science Foundation, Lake Tahoe, CA 1987
TE was further defined by Langer and Vacanti as “an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve tissue function or a whole
organ”. 1
Loss of tissue can result from multiple reasons, like chronic diseases, cancer,
inflammation, congenital malformations or trauma. Modern medicine offers
capabilities to replace these lost tissues with a variety of different techniques and
treatments. The general consensus goes in the direction of not just replacing lost
tissue with a similar material, but also with the view that the replaced material
performs the same functional and physiological features as the original organ.
Surgical techniques for transplantation or reconstructive surgery have saved and
improved life quality in countless numbers of patients, but are still from being
perfect solutions.
Replacement strategies range from xenotransplantation of allografts and
autologous materials to the implantation of totally artificial organs. However, each
of these strategies has its advantages, disadvantages and side effects. In this
context, for example, autografts are tissue grafts that are transferred from one part
of the body to another. These grafted tissues show no graft-versus-host
incompatibility as they have the same immunological structure as the host; but are
1

in short supply and therefore frequently cannot be used to restore each organ.
Allografts are tissues transplanted from one individual of a species to another
genetically non-identical individual of the same species. While allogeneic
transplantations can fulfill total demand of organ function, still availability, graftversus-host incompatibility and a lifelong immunosuppressive therapy are
disadvantages of these replacement tissues. Similarly, implants (metals or nonabsorbable grafts) have the tendency to cause inflammation more often than
natural grafts and the fact that they are not growing with the patient is limiting their
usage in pediatric applications.
TE uses the ability of tissues to regenerate and remodel themselves (Figure 1). It
simulates the primal environment of the cells to stimulate growth of new tissue and
organs in-vitro. This is done by isolating proliferative cells (autologous, allogeneic,
xenogeneic), seeding them on synthetic or natural scaffolds that provide growth
pattern, nutrition and stimulate them with growth factors and external physical
stimuli.2 In the field of Pediatric Surgery TE has a special goal. In combination with
advanced perinatal diagnostics, which can detect congenital anomalies, for
example esophageal atresia, early in pregnancy, it can extract proliferative cells
and grow them on scaffolds. At the time of birth the missing organ or tissue can be
replaced by engineered tissue.3

2

Fig 1: Tissue Engineering: After a disease is detected with prenatal diagnostics, cells are gained
through biopsy and cultured. These cells are then seeded on scaffolds to engineer an organ
(pictured: esophagus). In an appropriate age for operation the autlogous engineered organ is
implanted.

1.1.1 Sourcing of cells
Investigations on most types of human tissues have already been performed and
several criteria of ideal cells for “Tissue Engineering and Regenerative Medicine”
applications have been defined. Ideal cells should be easy to isolate, proliferate
without loss of phenotype or function and should be non-immunogenic, to avoid
immunologic response due to species-specific antibodies. Various types of cells
3

can be used for these applications such as, xenogeneic, allogeneic or autologous
cells. However not every cell-type fits these criteria; while, fibroblasts, epithelial
cells, smooth muscle cells and keratinocytes are easier to apply in TE, because of
their shorter proliferation cycle, whereas cardiomyocytes and hepatocytes are less
appropriate for TE, because of slower rates of proliferation.
Stemcells are a type of cell that fulfills all criteria listed above. Self-renewal is an
additional advantage of stem cells, because it enables multiple proliferations and
expansions.4

1.1.2 Scaffolds
The extra cellular matrix (ECM) can be seen as a natural existing scaffold, which
can position cells in a characteristic orientation. The three-dimensional structure of
the ECM is important for mechanical and biochemical support of the cells to
develop specific function and organize in genuine formation. 5 Based on ECM, cells
develop cell-cell communication, cellular adhesion, migration, proliferation and
differentiation. Modern scaffolds for TE should imitate those ECM characteristics.
Important features of scaffolds are:6


Biocompatibility



Biodegradability



Biodegradation should be programmed with the repair or regeneration
process



Porosity



Permeability, to allow proper diffusion



Desired pore size for cell attachment



Posses adequate mechanical properties to provide optimal micro-stress
environment



Optimal surface for cell attachment to the surface of the scaffold



Like ECM it should promote various cellular functions



Posses the ability to transport biomolecule signals like growth factors
4

Presently, two major groups of biomaterials are used for scaffold architecture. On
one hand there are natural material like collagen, alginate and hydroxyapatite and
on the other hand there are synthetic polymers such as poly-glycolide and polylactide. Both materials have their advantages. Whereas, natural materials for
example can mimic the native cellular environment better, it is easier to control
material characteristics, shape and mechanics in synthetic polymers.
Another interesting approach is that of “smart biomaterials”, which mimic the
human ECM.7 In those materials signal peptides are incorporated, such as RGD
(Arg-Gly-Asp),8 to activate either cells or genes for supporting the body’s
regeneration and healing mechanisms.

1.1.3 In-vitro Cell Culture Systems
1.1.3.1 Static Cell Culture Systems
Static culture systems are routinely employed in the cultivation of cells using tissue
culture dishes.9 In order for the cells to grow it is necessary to attach them to the
plate and therefore collagen or other cell adhesives, can be used to enhance the
adhesion. Growth media, which has to suit the needs of the cells, is used to keep
cell in a desired state of proliferation or differentiation. The pH level, nutrient and
gas exchange play an important role in the composition of those growth media. 10
Antibiotics and antifungal agent are added to the media to reduce the risk of
infection. Incubators are used and regular changes of the media are performed to
keep a suitable environment, to eliminate the metabolic end products and to
supply fresh nutrients.

5

1.1.3.2 Dynamic Bioreactors
Bioreactors control environmental parameters, such as pH level, O2 saturation,
temperature, nutrition and waste removal, in a complete automatic way and
therefore keep exact control of the cells environment (Figure 2). This is necessary
to create desired conditions, in order to warrant reproducibility, which is imperative
for all evident based investigations and especially for generation of tissue.
Compared to the static cell culture systems manipulations are kept to a minimum
and therefore infiltration of pathogens and titration errors are minimized.9

Fig 2: Bioreactor: The pump (yellow) perfuses the Tissue Generation Chamber with fresh media
(green arrows). After providing media to the construct, the waste flows through a pipe in the
collection chamber (pink arrows).

Since the bioreactor is a flow system, the cells undergo a permanent mechanical
stimulation which enhance their possibility to grow.11 All those facts are a key in
6

the selection of bioreactors as a near to natural cultivation system which leads to a
natural growth of cells.

1.2 Demand of Esophageal Glands in Esophagus Tissue
Engineering
1.2.1 Histological overview of the gastro-intestinal tract of human12
The digestive organs can be categorized into cephalic, which goes from the oral
cavity until hypopharynx and trunk, reaching out from the esophagus until the
rectum.13 The histological structure of the trunk consists at the luminal side of
tunica mucosa, which itself can be categorized in three levels (Lamina epithelialis
mucosae, Lamina propria mucosae, Lamina muscularis mucosae). To reduce
friction and to let the bolus glide down to the stomach, mucous glands are
positioned from the oral cavity until the orifice between esophagus and stomach.
The lamina epithelialis mucosae is build up by non-keratinized stratified squamous
epithelium. This epithelium, due to mechanical demands, is flexible and undergoes
permanent physiological regeneration.
The lamina propria mucosae consists of fine fibered connective tissue with many
argyrophile fibers and it is rich in free cells, blood and lymph vessel.
The lamina muscularis mucosae divides the lamina propria mucosae from the tela
submucosal and occurs only in the trunk, not in the cephalic. Those smooth
muscle fibers coil up in a helical way and have a thick diameter both in the
esophagus and in the colon.
The tela submucosa consists of loos collagen fiber bundles and an elastic net.
Through out the trunk in the tela submucosa, vessels, nerve bundles and some
nerve cells (plexus submucosus) can be found. Within the esophagus little
amounts of glands are placed in the tela submucosa.14
7

Abluminal the tunica muscularis is attached to the tela submucosa and is
responsible for motility of the trunk and the passage of the content. The tunica
muscularis can be divided in an inner circular muscle layer (stratum circulare) and
an outer longitudinal muscle layer (stratum longitudinale). A small connective
tissue layer separates the inner from the outer weaker layer.
The tela subserosa connects the peritoneum viscerale to the skin of the tunica
muscularis, the so-called tunica serosa, within the abdominal part of the trunk. In
the thoracic part of the trunk (esophagus) the tela subserosa and the tunica serosa
are replaced by the tunica adventitia, consisting of loos fibrous connective tissue.

1.2.2 Histology of human glands with focus on mucous glands
Exoepithelial glands can be classified into tubular, acinous and alveolar, due to the
shape of their end-sections. The end-section can be complex tubular (homocrine)
or it can consist of combinations of tubulo-acinous or tubulo-alveolar (heterocrine).
Glands in human can also be classified in three categories by the way they
discharge their content. The secretion pattern is merocrine when there is no visible
secretion, due to discharge through exocytosis. The secretion is apocrine when is
budding from the apical end of the cell and some of the cytoplasm is lost with the
vesicle. The third secretion pattern is the holocrine secretion, in which the whole
gland cell fills itself with secretion and in order to discharge it, the cell has to die.
Depending on the morphologic behavior of the cell and the kind of secretion,
glands can be classified in serous and mucous. The tubular end-sections of
mucous glands have a central wide lumen. The nucleus is flat and compressed to
the base of the cell. The cytoplasm is bright, the cell-boarders are clearly visible
and secretion-tubuli are missing. The comp-like structure visible after the
preparation of the glands, results from the rupture of the secretion vesicle which
leaves bright spaces behind.15
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Some glands show similar structural pattern as mucous glands, although they
discharge weaker acidic secretion and therefore also show different staining
pattern. Those glands are called mucoid glands and have a pH level that differs
from the one of mucous glands.

1.2.3 Human esophagus
The human esophagus (= gullet) in normal adults is approximately 25 - 30 cm long
and it extends from the hypopharynx (C6 vertebra) to the cardiac orifice. The
esophagus runs through the thorax between the trachea and the spinal cord
(thoracic part), penetrates the diaphragm at the height of 10th thoracic vertebra
and reaches the level of the stomach (abdominal part).16
There are three esophageal constrictions within the esophagus (Figure 3). The
first and most narrow one is at the cricoid cartilage (14 mm in diameter), the
second is caused by the aortic arch that crosses the esophagus, and is placed
right in the middle of the esophagus. The third constriction appears where the
esophagus passes through the diaphragm and it is caused by the hiatus
muscles.13

9

Fig 3: Human esophagus: red arrow: inclinations of the esophagus; black arrows: constrictions of
the esophagus; number 1 and 2: thoracic part of the esophagus; number 3: abdominal part of the
esophagus. (modified after Faller, Georg Thieme Verlag)

13

The esophagus is the most cranial part of the trunk and a cross section through
the esophagus shows a star-like shaped lumen (Figure 4), due to relaxation after
strong expansion caused by the swallowing of a bolus. The most superficial layer
of cells consists of non-keratinized stratified squamous epithelium. Here the
lamina muscularis mucosae is thicker than in most of the other parts of the trunk
and therefore divides the lamina propria and the tela submucosal clearly one from
the other. Among vessels and nerves the tela submucosa also contains complex
tubular mucous glands (glandulae oesophageae). The mucous of those glands is
produced to lubricate the lumen of the esophagus to let the bolus glide down to the
stomach without friction.

10

Fig 4: Human esophagus: wall structure of human esophagus; star-like shape of the lumen as
reserve for strong expansion when swallowing a bite; glandulae oesophageae in the tela
submucosa. (modified after Bucher/Wartenberg, Verlag Hans Huber)
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Glandulae cardiacae oesophageae are mucoid glands and are randomly
distributed in the lamina propria mucosae, close to the aboral end of the
esophagus. These are similar to glands that can be found at entrance of the
stomach (pars cardiaca). The mucoid secretion is discharged in areas of prismatic
squamous epithelium, which are normally situated in the stomach. The alkaline
secretion of those glands serves as defense against acidic gastric reflux.
Special attention should be paid to the tunica muscularis, which changes from
skeletal muscle at the cranial section to smooth muscle in the aboral section while
a mixture of both can be found in the middle part. Unlike all the other skeletal
muscles in the human body, the skeletal muscle of the esophagus is innervated by
the autonomous nervous system (N. vagus through N. recurens); therefore the
deglutition can be started willingly, but proceed autonomously.
Only scant attention has been paid to esophageal glands in TE. The reasons for
this being scarcity of healthy human esophagus for experimentation and the
difficulty of obtaining uncontaminated secretion of esophageal glands. 17 Another
reason could be that only a few experimental animals demonstrate similarities with
11

the human esophagus in respect to glands.18 Human esophageal glands vary in
numbers and distribution, and are clustered in either the upper or the lower third of
the esophagus. The opening of the glands collecting ducts can be stained with
toluidine blue19 and appears in longitudinal rows parallel to the long axis of the
organ. The glandulae oesophageae (submucosal glands = SMG’s) are organized
as lobular tubulo-acinary structures and are found located abluminal of the lamina
muscularis mucosae.20
The esophageal stratified squamous epithelium is exposed countless times during
the day to different substances such as food and beverages that can be hot or
cold, hyper- or hypo-osmolar substances and noxious agents like alcohol or
tobacco, refluxed gastric juice, other acidic or alkaline materials and bile salts. To
preserve the integrity of the esophageal lining, the esophagus has different
defense mechanisms such as bicarbonate secretion from glandulae cardiacae,
glycol-conjugated barrier properties, cellular pH control, cell proliferation and heat
shock proteins21 in addition to gravity, esophageal peristalsis and salivary gland
secretion. The bicarbonate secretion can be enhanced by luminal acid 3-4 times
above basal level for more than 1.5 hours,22 and is under control of the vagus
nerve. Beside that bicarbonate secretion, the acini of human esophageal glands
contain neutral glycoproteins, sialo-mucins and sulfo-mucins.
In addition to the intrinsic resistance factors of the esophageal squamous
epithelium there is the bulk neutralization by bicarbonate from esophageal and
salivary glands that protect the esophagus and can neutralize refluxed gastric juice
in 2-5 min time.20 Secretory mucin of the esophageal glands has primarily a
lubricative function while other functions are not yet been identified.21 In an genetic
analysis of normal esophageal SMG’s expression of MUC5B gene has been
found.23 SMG’s appear histologically as “pyramidal shape cells with basal located
nucleus and numerous large pale secretory granules”.20

1.2.4 Histology of animal esophagus with focus on esophageal glands

12

In general, information about the histology of the esophagus in combination with
glands of the animals here under investigation (avian, rodent, bovine, ovine,
porcine) is difficult to find. There was no secondary literature that focused on the
special histology of esophagus. Books of veterinary medicine and zoology give
just an overview of the histology of the trunk, which is categorized, in groups of
species. In primary literature, articles about function, anatomy and ultra structure
of the esophagus and esophageal glands of those animals were extremely rare.
Most of the time specifications on kind, position within the mucosa and sizes were
very vague.
While ovine, rodent, bovine and porcine are classified as mammalian, Gallus
domesticus (chicken) is classified as avian. The gastro-intestinal tracts of
Tetrapoda are similar to each other and close to the one of human. Main
differences were found in the lamina epithelialis, lamina muscularis mucosa,
glands and tunica muscularis. Especially the absence of a lamina muscularis
mucosa leads to a definition problem, because of the lack of a clear separation
between lamina propria mucosae and tela submucosa. Some authors define those
layers as lamina propria-submucosa or claim that there is no submucos and the
lamina propria abut directly on the tunica muscularis.24

1.2.4.1 Lamina epithelialis mucosae
Human, carnivores and porcine show a stratified non-keratinized squamous
epithelium, while most herbivores have a clearly keratinized stratified squamous
epithelium, due to adaptation to rough nutrition.24 Rats also have a stratified
keratinized epithelium25 like the majority of avis. The latter show a keratinized
epitheluium that can be very thick for preventive reasons (ZITAT: Brezzel,
Ornithologie).26

1.2.4.2 Lamina muscularis mucosae
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The lamina muscularis mucosae consists of longitudinal smooth muscle fibers. In
the caudal part of the porcine and carnivores it builds a closed membrane and so
divides the lamina propria from the tela submucosa. The more cranial it gets it
converts to loose and single budles and partly disappears completely.24 This leads
to the problem mentioned above. To recognize in which area the glands of the
porcine esophagus are situated is very difficult.

1.2.4.3 Esophageal glands
Within the porcine esophagus the caudal half is devoid of glands in the lamina
submucosa-propria, while the upper half shows glands in different amounts, which
changes between samples and species.24 Some papers show a certain lack of
clear definition about the position of the glands and call the glands in the porcine
esophagus submucosal glands (SMG’s), which is histologically spoken not
completely right, as mentioned above. Therefore the term SMG’s which can be
used in human esophageal glands (glandulae esophageae), should not be used in
porcine. The esophagus of aves contains combined mucous glands in the
submucosa, which lacks of enzyme production and has an acidic mucous (pH 4,5
- 6,5).26

1.2.4.4 Tunica muscularis
The skeletal muscles of the porcine esophagus ends right before the entrance to
the cardia,24 while in rats skeletal muscle occupy the whole esophagus.25
Ruminating animals possess also skeletal muscle, and despite the theory that this
is necessary for rumination, we now know that there are other mechanisms that
help such animals ruminate.24
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1.2.5 Esophageal atresia and the impact of Tissue Engineering on it
Esophageal atresia is a relatively common congenital disease with an incidence of
1:2500 to 1:3000 live-births.27 The etiology of this congenital malformation is not
clear, but one theory postulates that this results due to the improper development
of the esophago-tracheal septum between the fourth and the sixth week of
gestation. This leads to an incomplete detachment of the esophagus and the
trachea and best explains the etiology for this malformation.28
The surgical management for esophageal atresia is an end-to-end anastomosis. In
long-gap esophageal atresia this procedure is difficult to perform since the two
segments are too distant to perform an anastomosis. In these patients, other
operating procedures are used, like elongation of the esophagus by traction (Foker
technique) or replacement of the gap with stomach, small intestines or colon.
These techniques are however associated with severe morbidities and
complications such as esophagus strictures, anastomotic leaks, development of
gastro-esophageal reflux and esophagus dysmotility.29
The ideal repair for esophageal atresia is the tension free suture of the two ends,
but that is not possible in long gap esophageal atresia, because of the leak of
esophageal tissue.29 Due to this facts and the complications mentioned above
Tissue Engineering of the esophagus is a possible viable option for treating
patients with in-vitro generated esophageal tissue.30

1.3 Aim of the study
This study was designed to investigate esophagus of different animals, practically
suitable for further investigations within TE. With Hematoxilien-Eosin staining we
were able to discriminate different kinds of glands, find their position within the
esophagus and within the different layers of the esophagus. We were also able to
determine their acidity and their amount. When glands were found, their secretion
was characterized with Periodic acid-Schiff in combination with Alcian Blue and
15

Alcian Blue at different pH variation. Those findings were compared with human
esophageal glands, to find the most suitable animal model for further studies on
esophageal glands for future TE applications.

2 Methods
2.1 Selection of animal models
Five experimental models were chosen to investigate esophageal glands.
1. The ovine model was chosen because it is currently the subject of
investigation in TE studies being performed by our group. However, the
need for ruminating animals to have glands in the esophagus to cope with
acidic gastric reflux was questionable.31
2. The avian model (chicken, Gallus domesticus) was included as studies
have shown that the mucin produced by these esophagus glands in the tela
submucosa contain sialo- and sulpho-mucins which represents a similar
mucin profile to that seen in human esophagus mucus. 32
3. The bovine model (calf) was another model of choice since the age of
weaning is 8-10 months when the animal does not ruminate. This is
because the milk is passing by the fore stomach, due to a channel build by
muscular lips, and is obtain the abomasum directly.33
4. Several studies have shown that porcine model esophagus is correlating
to the human esophagus and has glands. The structure and products are
close to human and therefore it is appropriate as animal model for studies.
It is also possible, that the Muc5 gene found in porcine esophagus is
related equivalent to the MUC5B gene found in human esophageal
glands.21
5. The rodent model is a common experimental model and it was investigated
for the presence of SMG’s.3
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2.2 Material
The esophagi were obtained from slaughterhouse (except the rodent esophagi
were obtained from laboratory animals). Attention was paid to the structures of the
esophagus and the specimens were removed to include the larynx and 2-3
centimeters of cardia for better orientation of the tissue in the laboratory.
In the laboratory, the esophagus was rinsed with water and put on a Styrofoam
plate. After the middle was marked with a cut in the muscle, 0.5-1.5 cm distal to
the larynx, 2 needles were placed, to retain and approximate the lamina
muscularis, submucosa and the epithelium. This procedure was necessary
because the lamina muscularis and the mucosa have the tendency to twist around
one another, which makes its difficult for orientation in the cut sections.
Circumferential cuts were performed proximal and distal to the needles, so that the
breadth of the specimen was between 3-5 mm. The same was done for the middle
esophagus segments and segments obtained 2-3 cm proximal from the gastroesophageal junction. Hence, 2 circumferential segments were obtained for
investigation from each of the following 3 levels: cranial, middle and caudal
esophagus. The circumferential pieces with the needles in place were left in 10%
formalin solution overnight for 12 hours.
After 12 hours in 10% formaldehyde the solution was changed from 10% to 4%
formaldehyde for 3 hours, before embedding the samples using TissueTek®Vacuum InfiltrationprozessorTM5 (Sakura Finetek USA Inc., Torrance, CA).
The standard embedding program of the machine mention above was used. The
next day the specimens were taken out of the embedding machine and casted into
blocks with paraffin. After the blocks hardened, sections of 5 μm were obtained
with rotation microtome Microm HM 300 (Microm International GmbH, Walldorf,
Germany). The sections were put in distilled water at room temperature to prestretch, before being placed in a warm water bath of 42°C to get rid of the
wrinkles. The sections were put on glass slides (Thermofrost Scientific
Superfrost® Plus) and dried for 24 hours.
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2.3 Staining
Initially the staining methods, Hematoxylin & Eosin, Periodic acid-Schiff (PAS) with
Alcian Blue (AB), Alcian Blue at different pH variation and Periodic acid-Schiff
alone were performed on lung tissue and ovine esophagus tissue to controls.
While performing these controls, it was determined that PAS alone (Sigma PAS
staining system 395B-1KT) was not a sufficient stain for our investigations as it
stained excessively the mucopolysaccharides (red) and hence the staining was
too intense to lead to significant conclusions.

2.3.1 Hematoxylin-Eosin
Some historical facts about this staining method: Hematoxylin is an extract of the
red heartwood of the logwood tree from Central Americas and West India. It was
brought first to Europe approximately in the years around 1520 during the Spanish
inquisition in Mexico. In 1865, Ernst Boehmer first discovered its staining ability
with bare metals and since then many staining formulas have been developed and
named after Delafield, Ehrlich, Mayer, Harris, Weigert, Weil, Verhoeff, Heidenhain
and Mallory.34

2.3.1.1 Biochemical Background
Hematoxylin itself is not sufficient to stain. But when oxidized it gives rise to
Hematein, which is a weakly negative charged colorant with an isoelectric point at
pH 6.5. After addition of Alum salts to Hematein, it can be used in different
histological staining techniques. The hemalaun thus formed can bind with its
aluminum ion to basophilic structures like the phosphate group of the DNA in the
nucleus. It is maintained in an acidic solution, because if the pH rises, it becomes
less soluble with the specimen. Hemalaun has an affinity to negative charged
tissue components and binds to them in an electrostatic binding that changes to
18

stable covalent bonds after some time. It maintains a red color until it is washed
with A. dest., after which it change to blue, because of the pH change. Hemalaun
leads to a staining of the nucleus that is rich in contrast.35
Eosin is a Xanthen colorant and chemically defined as Tetrabrom-FluoresceinNatrium.

It is the most widely used stain for cytoplasm. Eosin is an acetous

colorant and can be solved in water and ethanol.

2.3.2 Alcian Blue with pH Variation
2.3.2.1 Biochemical Background
Alcian Blue 8GX is a water-soluble copper Phthalocyanin and was first used by
Steedman in 1950 for selective mucin staining. The Phthalocyanin reacts with the
ionizable moiety of acidic Proteoglycans. The residues formed can be sulfate,
carboxylic, hyaluronic and chondroitin types. The counterstaining can be done with
Neutral Red, but it can also be performed with Kernechtred, which both colors the
nucleus in red.
Staining at pH 2.5 enables a conformation of acidic glycoproteins, but does not
differentiate between carboxyl- and sulphate group. All acidic mucins and other
macromolecules have a negative charge and therefore the cationic (positive
charged) Alcian Blue (AB) binds with those molecules. In such case acidic mucus
and glycosaminoglycans are stained turquoise-blue. The staining with AB at pH
1.0 results in a suppression of the dissociation of the carboxyl group of the
molecules and therefore only sulfate groups have negative valences for binding
with positive charged AB. Only strongly sulfated mucus stain turquoise-blue,
whereas at pH 0.2 only strongly sulfated acid mucins stain blue.
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2.3.2.2 Staining Protocol
After bringing sections from Xylol (Roth Xylol Isomer) through a solution with
decreasing Ethanol content to A. dest. (each for 10 minutes), sections are stained
for 15 minutes in AB 8GX from Sigma with different pH variation (2.5, 1.0 and 0.2).
They were washed well under running tap water for 5 minutes. At pH 1.0 and 0.2
the specimen should be drained and blot dried to prevent removal of stain in the
water. The sections were placed again in A. dest. and then counterstained with
Neutral Red for 1 minute. Subsequently after they were rapidly dehydrated in
absolute alcohol, cleared and mounted.
AB pH 2.5: 1 g AB was dissolved in 97 ml A. dest. and mixed with 3 ml of glacial
acetic acid and then filtered
AB pH 1.0: 1 g AB was dissolved in 90 ml A. dest and mixed with 10 ml of
hydrochloric acid 1N (Merck)
AB pH 0.2: 1 g AB was dissolved in 100 ml of a 10% sulfuric acid solution
Neutral Red: 1 g neutral red (IC 50040 from Merck) was dissolved in 100 ml
A. dest.

2.3.3 Periodic Acid-Schiff with Alcian Blue
2.3.3.1 Biochemical Background
Periodic Acid-Schiff (PAS) combined with AB is a method utilizing the properties of
both staining methods to demonstrate the complete spectrum of tissue
proteoglycans.
Periodic acid oxygenizes special combination of OH-groups by splitting off a formic
acid to an aldehyde group. These glycol groups are found in neutral sugars, sialic
acid and some N-Acetylamino-sugars. After that Schiff’s reagent, alkaline
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Fuchsine treated with sulfated acid, is added. This reacts with the aldehyde group
and Fuchsine to give a bright red-violet stain. The counterstaining is mostly done
with Hematein. When washed with bisulfite afterwards, it reacts with the aldehyde
group and excessive Schiff’s reagent is washed away. 34 The AB staining method
has been described in the section above.

When AB is combined with PAS, the pH of AB plays an important role in staining
polyanionic glycoproteins (acidic mucopolysaccarides). The rational of the
technique behind the combination of both, is that AB blocks the acidic mucins.
After that, PAS can react with the neutral mucins and stain them. Where a mixture
of both staining is performed, the more dominant color or a combination of both
colors will be visible. At lower pH (pH 1) AB is stains strong sulfated mucins. At pH
2.5 or 4 it colors polyanionic glycoproteins, which are rich in hydroxyl groups,
especially neuramin (= sialic acid).35

2.3.3.2 Staining Protocol
After rehydration the glass slides were put in AB at pH 2.5 from Fluka for 15 min.
They were washed for 2 min under running tap water and maintained in A. dest.
before being stained with periodic acid (Sigma-Kit 395B-1KT) for 5 minutes. The
specimens were washed again with A. dest. before being stained with Schiff’s
reagent for 15 min and flushed under running tap water for 5 min. The
counterstaining was done with Gill’s Hematoxylin (No. 3 from Sigma) for 5
minutes. The specimen were blued with Scott’s tap water before being
dehydrated, cleared and mounted with Entellan.36
Alcian Blue:

1 g AB was dissolved in 97 ml A. dest. and well mixed with 3 ml

glacial acetic acid.
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2.4 Measurements
2.4.1 Protocol
Three slides of each section level (cranial, middle and caudal part of the
esophagus) were selected for measurements. The sections of interest were the
cranial, middle and caudal regions of avian esophagus and the cranial and middle
part of porcine esophagus. Attention has been paid that these sections for
measurements were circumferential and devoid of artifacts.

Precautions were

taken, so that the sections differ from one another and so were at different heights
of the esophagus parts, for obtaining reliable data.
Measurements were done by taking a series of pictures of each circumferential
section with the Olxmpus IX51 inverted mycroscope® by Olympus TH4-200®
camera (Olympus Europe, Hamburg, Germany). The pictures were analyzed and
measurements taken with the Cell^F analyzing Image processing® software.

2.4.2 Areas of investigation
Four measurements (a, b, c, d) were performed to get five measurement results.
After measuring the square area (a) of the glands, the shortest distance to the
lumen (b) were subjects of investigations (Figure 5). The square area of the glands
was set in relation to an area (c), reaching from the basement membrane to the
edge of the glands (Figure 6). Sections show that some glands of avian
esophagus break-through the mucosa. In those cases the distance to the lumen
was set zero. All the glands of the sections in the avian were counted (d) and set
in relation with the area of the glands, to compare the square area of the glands at
the different section levels (cranial, middle and caudal part of esophagus). When
compared to avian glands, which could be identified easily, the porcine esophagus
offered some technical considerations. It was not possible to differentiate between
a gland and lobe of the gland. Hence, the azini were counted (d) and set in relation
to the square area of the glands of the porcine esophagus.
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Fig

5:

Image

of

cranial

part

of

porcine

esophagus

(stain:

HE,

magnification:

4x),

red polygon: area of measured end-sections of a gland (lobe), green line: shortest distance to the
lumen.
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Fig

6:

Image

of

cranial

part

of

porcine

esophagus

(stain:

HE,

magnification:

4x),

red polygon: measured area (from basement membrane until abluminal edge of the glands)

However the measurements are a first try to characterize the size and the
surrounding area of the glands and are not claiming to be complete suitable for
that investigations. Further more measurements should be done to get a closer
look on the glands proportions.

3 Result
3.1 Staining Result
The HE staining demonstrated that all three levels of the esophagus from ovine,
murine and bovine (calf) are devoid of glands.
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The avian esophagus in turn showed glands, which were not differ from each
other, in all three levels (Figure 7).
The caudal levels of porcine esophagus were free of glands in all specimens,
while the middle part showed scarce and the cranial part large numbers of glands
in the lamina propria-submucosa.

Fig 7: Image of caudal part of chicken esophagus (stain: HE, magnification: 10x), discharging
gland in the right part of the picture.

The glands of the avian esophagus seemed to be arranged in an alveolar
structure. The secretion pattern appeared to be holocrine, since the exudates
contain cell nuclei. Reliable data that confirm those findings have not been found
in an intense literature search. The glands were found to penetrate through the
mucosa and discharge its content, together with the nuclei, in the lumen of the
esophagus (Figure 7).
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Fig 8: Image of the cranial part of a porcine esophagus (Stain: HE, magnification: 4x)

In HE sections, the gland cells of the porcine esophagus demonstrated tubuloacinary structures with polygonal shaped cells, which organized in lobes (Figure
8). Those cells were surrounding a small caliber lumen and had nuclei
compressed to the basement membrane (Figure 9). The bright cytoplasm showed
secretory vesicles and represented a merocrine secretion pattern.
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Fig 9: Image of middle part of porcine esophagus (stain: HE, magnification: 40x). Black arrow:
basal nucleus, black asterisk: central tubule, blue asterisk: apical vesicle.
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3.1.1 Periodic Acid Schiff and Alcian Blue
The combination of PAS and AB stained the glands of the avian esophagus in a
bright blue color, which characterized the content of those glands to be of acidic
mucus type (Figure 10).
.

Fig 10: Image of caudal part of avian esophagus (stain: PAS+AB, magnification: 10x)
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The glands of the porcine esophagus stained deep purple and therefore
demonstrated the presence of a combination of acidic and neutral polysaccharides
(Figure 11).

Fig 11: Image of cranial part of porcine esophagus (stain: PAS+AB, magnification: 4x)

29

3.1.2 Alcian Blue with pH Variation
AB at pH 0.2 stained the specimen weakly and therefore was not significant in
both, avian and porcine (Figure 12 and 13). The counter stain with Neutral Red
was dominant in those images.

Fig 12: Image of middle part of chicken esophagus (stain: AB in pH 0.2, magnification; 10x), glands
show staining with neutral red
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Fig 13: Image of middle part of porcine esophagus (stain: AB pH 0.2, magnification: 4x), black
arrow: glands stained with neutral red
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The avian SMG’s stained turquoise-blue with AB at pH 1 which shows the
presence of strongly sulfated mucus and glycosaminoglycans content of the
glands (Figure 14).

Fig 14: Image of caudal part of chicken esophagus (stain: AB pH 1, magnification: 20x)
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The glands of the porcine esophagus stained in different ways depending on the
level of the glands (cranial or middle segments of the esophagus). While the
middle part did not demonstrate turquoise-blue segments (Figure 15), the cranial
part demonstrated turquoise-blue stained components within the glands
(Figure 16), which represented the presence of strongly sulfated mucins and
glycosaminoglycans in the cranial part of porcine esophageal glands.

Fig 15: Image of middle part of porcine esophagus (stain: AP pH 1, magnification: 20x)
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Fig 16: Image of cranial part of porcine esophagus (stain: AB pH 1, magnification: 10x), black
arrows: segments of glands containing strongly sulfated mucus
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The staining results in the avian were similar between AB at pH 1 and pH 2.5. The
turquoise-blue color of the specimen confirmed acidic substances as components
of the glands mucin (Figure 17).

Fig 17: Image of cranial part of avian esophagus (stain: AB pH 2.5, magnification: 10x)
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The positive staining of the porcine esophageal glands with AB at pH 2.5
represents the existence of acidic mucus and glycosaminoglycans. While the
content of the glands in the cranial part stained strongly for turquoise-blue, the
glands of the middle part showed a weaker staining, leading to the fact that the
mucin of the middle part glands are not as acidic as in the cranial part (Figure 18
and 19). Both parts showed areas without turquoise-blue glands. These glands
may, on the other hand, be involved in producing other kinds of mucins.

Fig 18: Image of middle part of porcine esophagus (stain: AB pH 2.5, magnification: 20x)
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Fig 19: Image of cranial part of porcine esophagus (stain: AB pH 2.5, magnification: 20x), blue
arrows: duct with acid mucus

3.2 Measurement Result
The measurements performed can only be seen as a first try to characterize the
size and the position of the glands found in the esophagus of fowl and porcine.
They have no right to claim to be complete, due to the little amount of specimen
and the lack of measurements in all three dimensions. However they try to give
insight in proportions and try to give ideas for further investigations.
In the avian esophagus, the distance of the SMG’s to the lumen is constantly
decreasing from the cranial to the caudal part of the esophagus. The distance
diminishes in average from 345 μm in the cranial part to 128 μm in the caudal part.
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On the other hand, due to their secretion pattern, the distance of the glands to the
lumen is longer in the porcine esophagus. It demonstrates only a slight decrease
in an average range from 983 μm in the cranial part to 917 μm in the middle part.
The largest glands in avian esophagus have been found in the cranial part. Their
average size decreases from 165,000 μm2 (cranial part) to 105,000 μm2 in the
middle part and rises again to 115,000 μm2 in the caudal part. Furthermore, the
range between the largest and the smallest square area of SMG’s has been found
between 14,400-387,900 μm2 in the cranial part. The measurements of the area
of glands in the porcine demonstrate average sizes of lobes to range from 585,000
μm2 in the cranial part to 14,400 μm2 in the middle part.
The azini were counted in the porcine esophagus and their average size was
calculated to range from 2,400 μm2 in the middle part to 25,000 μm2 in the cranial
part.
The average perimeter of glands in the avian esophagus was 1,603 μm in the
cranial, 1,348 μm in the middle and 1,356 μm in the caudal part, while in porcine
esophagus the average perimeter of a lobe was found to be 3,480 μm in the
cranial and 507 μm in the middle part.
The entire submucosal area in the avian esophagus ranged from 33,513,000 μm2
in the cranial part and 18,815,000 μm 2 in the middle part to 21,255,000 μm2 in the
caudal part. The porcine submucosal area extended in average from
228,182,000 μm2 in the cranial part to 51,791,000 μm2 in the middle part.
The areas of the glands measured were set into relation with an area reaching
form the aboral edge of the gland to the basement membrane and include parts of
the submucosal area and the lamina propria. This was done to estimate the area
in the esophagus occupied by glands. There was a small range deviation in the
avian esophagus ranging from 37% in the cranial, 30% in the middle part to 38%
in the caudal part. The porcine however showed significant differences in the area
of glands. In the cranial part 45% were occupied by glands and in the middle part
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1.4%, what represents a significant higher amount of glands in the cranial part of
porcine esophagus.

Avian

Average

Average

Minimum/

Average

Submucosal

Glands/

length

Area

Maximum of gland

Perimeter

Area

Submucosa

2

(μm )

area (μm )

(μm)

(μm )

(%)

345

165,000

14,400/

1,603

33,513,000

37

1,348

18,815,000

30

1,356

21,255,000

38

3,480

228,182,000

45

507

51,791,000

1.4

387,900

part

163

105,000

middle

128

115,000

caudal

983

585,000

cranial

middle
part

1,500/
29,589,000

part
Porcine

8,000/
310,000

part
Porcine

22,000/
259,000

part
Avian

2

(μm)
cranial
Avian

2

917

14,400

600/
106,983

Table 1: Table of measurements of SMG’s and comparisons
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4 Discussion
Although esophageal glands are not seen very often in biopsies of human
esophageal specimen, they have their importance in physiological function of the
human esophagus. With reference to TE of a close to natural designed
esophagus, incorporation of SMG’s have to be considered into the engineered
tissue. This requires designing of scaffolds that should be able to selectively
position SMG

precursor cell and allow

their proper maintenance and

differentiation.
The HE staining of ovine, bovine and murine clearly showed that these esophagus
were devoid of esophageal glands. Glands were found throughout the entire
length of the avian esophagus and only at the cranial and middle portion of the
porcine esophagus. Other studies have shown that dog, guinea pig, raccoon and
opossum also demonstrate glands in their esophagus; but horse, cat and rabbit
are devoid of these glands.20
A Problem that appeared when looking through the literature was that many
articles do not give clear details to the histology of the glands (Christie, K.N. et all.,
Dixon, J., et all.) or if they do so they do not differentiate between glandulae
oesophageae and glandulae cardiacae and set their mucus as equal (Long, J.D.,
et all.). The articles provide proper information, were few and therefore a need for
exact histological and histochemical analyses of mucus seem to be given, in
human as well as in animals.
However the histological structures found in porcine esophagus demonstrate
similarities with human esophageal glands. These include tubulo-acinary
organized lobes, basal compressed nuclei, secretory vesicle at the apical part of
the cells and a merocrine secretion pattern through a common duct; common
microscopic features that can be found in human SMG’s as well as in porcine
glands. Furthermore when comparing human SMG’s to avian SMG’s, the holocrine
secretion pattern of avian esophageal glands is not congruent with glands and the
excretion pattern seen in the esophagus of human.
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The staining of the mucin of porcine esophagus showed differences’ depending on
the area of esophagus under investigation, while in the avian esophagus the
mucous was found to have a constant structure throughout the entire esophagus.
The partly acidic and partly neutral sulfo-mucin stain in the upper part of porcine
esophagus showed similarities to the human mucus excreted from SMG’s. The
avian esophagus SMG’s on the other hand demonstrated acidic and strongly
sulfated mucus in its esophageal glands.
As mention above, the measurements are a first try to characterize the glands and
their position within the esophagus and are not claiming to be complete. Further
investigations should also include more esophagus per species as well as the age
of the animals, size, nutrition, weight and the state of health, because all those
factors have an influence on the structure of the esophagus.
The measurements done, give an idea of the composition of the glands and their
geometric structure. The distance to the lumen from porcine glands is in average
around 950 μm. Usable statistical data for comparison with human esophageal
glands were not available. To accommodate scaffold design the size of azini was
measured. They range from 2,400 μm to 25,000 μm. The large diversity in the
measurements of the areas of glands, ranging from 600 μm to 29,589,000 μm, is
further due to the spatial three-dimensional structure of the glands and the area
that is sectioned (end or middle of a lobe). To perform measurements necessary
for scaffold design segmental serial sections should be performed in a certain
interval. The measurements of areas of the lobes in those sections can be put
together to get the three-dimensional structure of the lobes and calculate the
volume. That data would be very important for scaffold design, but would blast the
frame of a diploma thesis to a considerable degree.
A report of 1999 (Shibata T., et all.) performed histological and histochemical
investigations on esophageal glands in the fowl. The results of the compound
tubular glands content demonstrated the presence pepsinogenic granules,
sulphuric, acidic, neutral mucopolysaccarides and neutral mucus of type II and III,
but no glycogen. It was also demonstrated that these mucus glands were similar to
glands of the human esophagus (cardia region); however with the only absence of
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parietal cells. Also, the histochemical analysis demonstrated these glands to be
undifferentiated gastric glands.37 In our study with chicken esophagus these
finding could not be demonstrated.

5 Summery
The results of our investigations demonstrate similarities between human
esophageal SMG’s and the cranial part of porcine esophagus glands. Hence,
cranial portion of porcine esophagus has been found to be best suitable out of all
five animal models. Those glands can be used for cell culture and experimental
work on glands for TE and Regenerative Medicine studies.
Additional we can say, that the glands of the fowl do not seem promising to gain
further knowledge for Regenerative Medicine applications, at leased for
esophageal TE.
Further studies are necessary, particularly with regards to measurements for
scaffold design.
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