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Abstract
Background: Tissue engineering research is perusing ways to replace
congenitally absent or diseased tissue. Smooth muscle cells (SMC) are a key
component in the engineering of a variety of gastrointestinal and urogenital
tissues. Expansion of large numbers of SMC in-vitro therefore is necessary to
reach the critical number of cells that will be required for tissue generation. This
study investigates the expression of alpha-smooth muscle actin (ASMA) of
esophageal smooth muscle cells expanded used the explant technique in-vitro.

Methods: Ovine esophageal smooth muscle cells (OESMC) were sourced from
adult ovine esophagus. The smooth muscle layer was separated mechanically
from the epithelial layer and smooth muscle tissue pieces of 1 mm2 were cultured
in 24-well plates. After sufficient cells had been obtained in culture, the cells were
marked with fluorescent antibodies and their ASMA expression was investigated
by Fluorescence Activated Flow Cytometry analysis (FACS) in intervals of 2 weeks
over a total period of 6 weeks.

Results: OESMC were maintained in culture for a period of 9 weeks. ASMA
expression, which was determined to be approximately 79% after 2 weeks, was
found to decrease to 2% over a period of 6 weeks. The results demonstrated a
dedifferentiation of approximately 98% of the OESMC in a period of 8 weeks of invitro explant cell culture.

Conclusion: Our investigations show that esophageal smooth muscle cells
dedifferentiate and loose ASMA expression after 8 weeks of in-vitro explant
culture. Hence, for hybrid construct formation of gastrointestinal structures,
OESMC after 2 weeks should be seeded on scaffolds for hybrid tissue
engineering.
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Zusammenfassung
Hintergrund: Die Forschung im Tissue Engineering prüft zurzeit Wege nicht
angelegtes oder erkranktes Gewebe zu ersetzen. Glatte Muskelzellen spielen eine
Schlüsselrolle

in

der

Entwicklung

und

Herstellung

einer

Vielzahl

von

gastrointestinalem und urogenitalem Gewebe. Die Züchtung großer Zahlen von
glatten Muskelzellen in vitro ist daher notwendig um die kritische Mindestanzahl an
Zellen zu erreichen, die für Herstellung von Geweben benötigt wird. Diese Studie
untersucht die Alpha Smooth Muscle Actin (ASMA) Expression ösophagealer
glatter Muskelzellen, die aus einem Explantat in vitro gezüchtet wurden.

Methoden: Ösophageale glatte Muskelzellen eines Schafs (OESMC) wurden
von einem erwachsenen Schafsösophagus gewonnen. Die Muskelschichte wurde
hierzu mechanisch vom Epithel getrennt und 24 ein mm2 große Stücke wurden in
Multiwell Platten angesetzt. Nachdem genügend Zellen zur Verfügung standen,
wurden die Zellen mit fluoreszierenden Antikörpern markiert und ihre ASMA
Expression wurde via FACS in einem Intervall von 2 Wochen über einen Zeitraum
von insgesamt 6 Wochen gemessen.

Ergebnisse: Die OESMC wurden über einen Zeitraum von 9 Wochen in Kultur
gehalten. Die zum ersten Mal nach 2 Wochen bestimmte Zahl der ASMA
exprimierenden Zellen von 79%, sank über den Messzeitraum von sechs Wochen
auf 2%. Die Resultate zeigten eine Dedifferenzierung von ungefähr 98% der
OESMC nach 8 Wochen in einer in-vitro Explantat Zellkultur.

Fazit: Unsere Untersuchungen zeigen, dass ösophageale glatte Muskelzellen
nach 8-wöchiger in-vitro Explantat Zellkultur dedifferenzieren und ihre ASMA
Expression verlieren. Daher sollten OESMC bei der Herstellung eines hybriden
Konstrukts gastrointestinaler Gewebe bereits nach 2 Wochen auf Scaffolds für
hybrides Tissue Engineering übertragen werden.
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1 Introduction

1.1 Tissue Engineering

“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

Various techniques have been employed in medical and surgical practice to
replace tissue. Loss of tissue can be due to trauma, inflammation, congenital
anomaly or due to a diseased state. Tissue loss today is replaced by surgical
techniques such as reconstructive ones or transplantation. The techniques for
reconstruction range from the use of autologous tissue to the replacement by total
artificially or biologically processed tissues. These procedures have saved
countless lives and have improved the quality of life, but these solutions are far
from perfect.

Autologous transplants are limited in number, and cannot always replace the
characteristics of the genuine tissue. Allogenous transplantation from one
individual to another deals with shortages in availability, as well as graft rejections
and lifelong immunosuppression. Furthermore, artificial tissues and implants,
mechanical or biological, face the problem of higher infection-rates and also a lack
of biocompatibility; they might necessitate lifelong anti-coagulation. The fact that
10

mechanical tissues do not grow along with the patient, restrict their benefits even
further, especially in the pediatric population.

Tissue engineering is “an interdisciplinary field that applies the principles of
engineering and of life science towards the development of biological substitutes
that restore, maintain, or improve tissue or organ function”

[1]

. Most tissues have

the ability to regenerate and are constantly remodeling themselves. Tissue
engineering uses these natural procedures and mimics them, by simulating the
primal environment of the cells, to grow new tissue and organs in-vitro and in-vivo.
This involves the isolation and seeding of proliferative cells (allogeneic,
autologous, xenogeneic) on synthetic or natural scaffolds to provide sufficient cell–
nutrition, as well as growth factors and external physical stimuli in order to
generate tissues or organs [2].

The ultimate goal of tissue engineering in pediatric surgery would be, in
combination with advanced prenatal diagnostics, to detect congenital anomalies at
an early state, and have the missing organs or tissues fabricated for replacement
at the time of birth [3].

1.1.1 Cell Sourcing

Various types of cells, xenogeneic, allogeneic or autologous can be used in tissue
engineering. Ideal cells for tissue engineering and regenerative medicine would be
those that could be easily isolated and proliferated without a loss of function and
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phenotype, and furthermore would not expose any species-specific antibodies
(non - immunogenic) to elicit an immunological response.

Most tissue types in the human body have been investigated for their use in tissue
engineering using the above outlined criteria; however, there are severe limitations
to the tissue that can fulfil these criteria. While, for example, smooth muscle cells,
keratinocytes, fibroblasts, and endothelial cells demonstrate fast proliferation rates
and therefore can be easily cultured in-vitro, others like hepatocytes and
cardiomyocites that demonstrate slower rates of proliferation and differentiation,
are less appropriate for tissue engineering procedures.

Another approach to this issue is the application of stem cells which could fulfil all
the criteria listed above. A further advantage in using stem cells is that they have
the ability to self-renewal which enables multiple proliferations of these cells and
their expansion [4].

1.1.2 Scaffolds

Tissues are maintained in their characteristic shape by positioning of cells in a
naturally existent scaffold, the extra cellular matrix (ECM). The ECM provides a
three-dimensional structure with mechanical and biochemical support to control
cell organization and function in tissues

[5]

. Cell–cell communication, cellular

adhesion, migration, proliferation and differentiation are basic functions in tissues
that are dependant on the ECM.

12

Basic requirements of scaffolds for tissue engineering are: [6]

•

Biocompatibility

•

Bioresorbability and capability of remodelling

•

Degradation concordant to tissue repair and regeneration

•

High porosity and permeability to allow cell infiltration, as well as proper
nutrient and gas exchange

•

Appropriate pore sizes depending on the cell type to be used

•

Appropriate mechanical qualities to provide correct micro-environment

•

Close to natural surface morphology to enable cell attachment

•

Inducing cells to produce ECM

•

Ability to carry and present bio-molecular signals for cellular interactions

There are currently two basic materials being used for scaffold fabrication: natural
materials such as collagen, alginate and hydroxiapatite, and synthetic polymers
like polyglycolide or polyactide. While natural materials are superior in mimicking
the native cellular environment, synthetic polymers are easier to control in their
material characteristics such as shape or mechanics, and therefore better
adjustable for various tasks in tissue engineering.

“Smart biomaterials” are an interesting approach to mimic the human ECM. By
incorporating signal peptides, such as RGD (Arg – Gly - Asp) [7], which modulates
cell adhesion and migration, either cells or genes can be activated to support the
body’s regeneration and healing machinery.
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1.1.3 In Vitro Cell Culture Systems

1.1.3.1 Static Cell Culture Systems

Static culture systems are systems used for routine cultivation of cell using tissue
culture dishes

[8]

. The cells can be attached to the plates by the use of collagen or

any other substance that boosts the adhesion of the cells. In order to keep them in
a proliferating or differentiating state, the cells are supplied with an adequate
growth medium that suits the needs of the specific cells. The composition of this
medium is based on tissue culture parameters, such as level of pH and nutrient
and gas exchange

[9]

. The environmental factors are all controlled manually which

implies media-changes on a regular basis to eliminate metabolic end–products
and replace the consumed nutrient.

1.1.3.2 Dynamic Bioreactors (Figure 1)

Bioreactors are cell cultivation systems that automatize the control of
environmental parameters (e.g. pH, pO2, temperature, nutrition transfer, waste
removal). This gives exact control of the cells environment, and also creates
objective conditions to simplify the reproducibility of the cultivation process which
is not only imperative for investigations, but also for generation of tissues. By
keeping manipulation to a minimum, errors in titration and the contamination with
pathogens are significantly reduced [8].
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Another major advantage of dynamic cell cultivation is the possibility to
mechanically stimulate the cells

[10]

. All these prospects offer dynamic bioreactors

a near to natural approach to in-vitro cell cultivation of cells.

DYNAMIC BIOREACTOR
FRESH MEDIA

PUMP

TISSUE GENERATION CHAMBER

37°C
5% CO2

WASTE

Figure 1 Schematic representation of a dynamic bioreactor system. Fresh media is brought into the
main chamber by a pumping unit. The constant flow allows cell-growth deeper into the polymer. The
bioreactors temperature is set at 37°C, CO2 levels are set at 5%[3].
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1.2 Demand for Smooth Muscle in Tissue Engineering

Smooth muscle cells (SMC) appear in every tubular organ and are innervated by
the autonomous nervous system. They are found in the media layer of arteries,
veins and lymphatic vessels, in all the organs of the gastrointestinal system, in the
respiratory tract as well as in the genitourinary system. By contraction and
relaxation, smooth muscle tissues are involved in the transport of fluids such as
chyme and urine. They also play vital parts in the regulation of our blood pressure
and the ventilation of the bronchi in our lungs.

Currently three organ systems are the main objects of intense research with
regards to smooth muscle cells in the creation of bioengineered substitutes:

1.2.1 Gastrointestinal Organs

1.2.1.1 Esophagus

The esophagus in adults is an approximately 25cm long, deformable muscular
tube that reaches from the pharynx to the stomach. The esophageal wall consists
of a mucosa, submucosa, muscularis propria and adventitia. Depending on the
part of the esophagus the histology may vary. In the upper third of the esophagus
the muscle layer is composed of voluntary-controlled striated muscle (swallowing),
the middle third consists of both striated muscle and smooth muscle (bolus
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transportation), and the lower third predominantly consists of autonomous smooth
muscle (gastro esophageal junction).
Esophageal atresia is a fairly common congenital anomaly. It occurs in 1:3000 to
5000 live-births. The cause of this malformation is a development disorder in the
esophago-tracheal septum between the fourth to sixth week of gestation which
leads to incomplete detachment of esophagus and trachea. The surgical treatment
of esophageal atresia generally includes ligation of the fistulas and an end-to-end
anastomosis of the two esophageal stumps. The problem arises in long gap
esophageal atresia when it is surgically impossible to anastomse the 2 esophageal
segments.

The present options for reconstruction in log-gap esophageal atresia are
“esophagus-elongation” under traction, or replacement with stomach, colon or
small intestine. These procedures are difficult to perform and are associated with
increased morbidity with complications such as stricture formation, anastomotic
leaks, development of gastroesophageal reflux and esophageal dysmotility [11].

The tension free repair with primary esophageal tissue shows the best postoperative outcome, but is rarely possible in long-gap esophageal atresia due to a
lack of available esophageal tissue

[11]

. At present, due to the morbidity in patients

after esophageal procedures in long-gap esophageal atresia, tissue engineering
has been advocated to be a possible viable option to generate and replace this
tissue [12].
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1.2.1.2 Small Intestine

Short bowel syndrome is a severe clinical condition. The current long term
survival-rate (longer than 5 years) of patients who have less than 50cm of
remaining small bowel, is only at 45%

[13]

. Reasons for loss of intestine are

surgical resections that are performed in pathologies such as volvolus, chronic
enteric diseases, mesenteric vascular disease, neonatal necrotizing enterocolitis
or trauma.

Studies in rats have shown promising results in the engineering of small intestine
[14]

: Full-thickness plugs of small intestine that contain all cells appearing in the

small intestine (so called organoid units) have been seeded on a tubular polymer
and implanted into the donor-rats omentum. After several weeks, a vascularized,
small intestinal cyst was demonstrated to be formed. The cyst was anastomosed
to an adjacent small intestinal loop by a side-to-side anastomosis and a resection
of a large piece of the rat’s small intestine was performed. Small intestine tissue
was generated in rats using this technique and the functionality of the tissue was
demonstrated after the anastomosis [14].

1.2.2 Genitourinary Organs

The ureter, the bladder and its sphincter muscles and the urethra are the main
focus in urologic tissue engineering

[15]

. Smooth muscle cells and urothelial cells

are the two main components of genitourinary organs. Congenital disorders,
tumours and inflammation may necessitate their replacement. Replacement of
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these organs is usually either performed by gastrointestinal tissue (e.g. ileum
pouch) or by synthetic conduits (e.g. silicone)

[15]

. Problems encountered using

these standard therapies are biocompatibility in the use of synthetic materials and
metabolic malfunction (high resorption rates of intestinal tissue) as well as
malignant transformation of the transposed tissues [16].
Efforts in tissue engineering of the bladder have demonstrated the successful
expansion and seeding of porcine urothelial cells on tubular matrices which were
implanted into the omentum to generate vascularized, contractile bladderequivalents [17].

In the genital-system, studies have been performed to create corporal tissue. The
corpus cavernosum is one of the major tissues in the human phallus. Cultured
human smooth muscle cells together with biodegradable polymers could be used
to form cavernosal smooth muscle tissue in vivo

[18]

, for the use in penile

reconstruction operations.

1.2.3 Vascular Structures

Atherosclerotic vascular diseases, including peripheral vascular as well as
coronary heart disease are the main cause for deaths in Austria and most
countries in the western world. According to the huge numbers of patients
suffering from vascular diseases, vascular grafting has become a frequent
procedure in hospitals all around the world. Autologous veins and arteries are the
most frequently used conduits for these replacement procedures. Whereas
arteries are required as substitutes for such procedures, they are in short supply
which is the reason for utilization of veins as substitutes. But veins lack vasomotor
19

tone and exhibit a tendency towards aneurysm formation, due to the high pressure
they encounter when utilized in the arteries system [12,19].

Allografts face high host versus graft rejection-rates and synthetic materials induce
thrombembolic events in great numbers, especially when used in vessels with less
than 6mm in diameter, such as coronary arteries

[12]

. Smooth muscle is a major

component in the tissue engineering of blood vessels for contractibility and
mechanical stability along with functional endothelium which is crucial for the
prevention of thrombosis

[20,21]

. Biodegradable scaffolds and special techniques

towards vascular tissue engineering (dynamic bioreactors) are more important
ingredients to create a conduit that ultimately should be indistinguishable from
other human blood vessels [21].

1.3 Flow Cytometry

Flow cytometry is a technology that enables the simultaneous measurement and
analysis of different physical parameters of single particles, such as cells, as they
flow through a fluid stream into a beam of light. The particles (cells) emit
characteristic light scatter and fluorescence signals when deflecting the inclining
laser light, depending on the particle itself (cell-type) and preparation methods.
These signals are measured by adequate detectors and digitalized for later
analysis.
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I. The main components of a flow cytometer are:

•

Fluidics System: Transports the particles in a stream of fluid towards the
laser beam.

•

Optics system: One or more lasers; lenses to focus the laser beams;
optical mirrors and filters that redirect the emitted light signals towards
specific detectors.

•

Electronics system: Digitalizes the optical signals (photons) for
computer-analysis.

II. The parameters measured by the cytometer are:

a) Forward Scatter (FSC)
Measured along the axis of incident light, it is proportional to the cells size
(Relative cell-size).

b) Side Scatter (SSC)
Measured in a 90° angle towards the incident light, it is proportional to the
cells granularity (Relative granularity or internal complexity).

c) Fluorescence (FITC)
Measured also in a 90° angle towards the incident light, it is proportional to
the number of fluorochrome-molecules bound (Relative fluorescence
intensity).
This parameter requires antibody staining of the cells before the
measurement.
21

LIGHT SOURCE

FORWARD SCATTER DETECTOR

SIDE SCATTER DETECTOR

Figure 2 Schematics of a cell in a fluorescence cytometer deflecting laser beam.

III. Gating:

A gate is a boundary drawn around a subpopulation to isolate events for analysis
and sorting. Gating is an important instrument for the correct interpretation of data
gathered in flow cytometry analysis. It allows the investigator to manually exclude
results which increase the bias in the experiment. It enhances the possibility of
counting the events of interest (in this study vital smooth muscle cells) and
reduces errors that might occur to a minimum.

In FSC, extremely large cells are excluded, for they are very likely to represent
doublets of cells (Chart 2).
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In SSC, very high granularity indicates cell-debris or dead cells which are also to
be excluded from counting (Chart 3).

1.4 Concept of Hybrid Scaffold

Hybrid scaffold is a concept in tissue engineering to reproduce organs that consist
of multiple layers and different cell-types. Each layer is represented by one
scaffold seeded with cells of one homogenous type. The different scaffolds placed
adjacent one to another, represent the layers of heterogeneous tissue in an organ
necessary to execute its specific function. In the case of gastrointestinal and
genitourinary organs as well as blood vessels, it is the epithelial or endothelial
layer which is surrounded by one or two layers of smooth muscle cells.

1.4.1 Optimal Suture Technique

A recent study performed by our group, investigated and compared different
suturing techniques in the assembly of hybrid scaffolds

[22]

. Four different suture

techniques were tested, both in wet and dry state collagen discs, with regards to
technical ease, knot tying and gross scaffold distortion:

•

Continuous loop: Suture placed and knot at one end of a stent, looped
across and around the scaffold and knot again at the other end of the stent.
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•

Interrupted loops: Loops are placed around the scaffold and the knots tied
on the scaffold.

•

Interrupted edge sutures: A loose continuous loop is placed as mentioned
above, to secure the scaffold around the stent. Multiple interrupted edge
sutures adapt the scaffold edges after which the continuous loop is
removed.

•

Continuous running edge sutures: The edge of the scaffold approximating
around the stent perimeter is sutured and knot tied. The suture is run
across through the edges of the approximated scaffold and the knot is tied
at the end.

The results showed that suturing dry-state scaffolds led to tears along the edge of
the scaffold, as well as fractures leading away from the scaffold edges, due to the
brittle and plastic properties of the scaffolds.

Concerning the suturing techniques, acceptable scaffold morphology was
achieved with interrupt loops technique, but crushing of the scaffolds microarchitecture because of strangulation in the area of loop positioning was inevitable
using this technique.
The final morphology was excellent in the use of interrupted edge sutures and
continuous running edge suture, where the continuous technique is more
favourable due to a lower consumption of suture materials. Suture material always
induces tissue reactions and morphologic surface changes at excessive levels of
presence.
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1.4.2 Creation of Composite Tubes

Tissue engineering of tubular organs requires either tube-shaped scaffolds or the
suturing of scaffold sheets to form tubes. The advantage of scaffold sheets is that
they allow simple seeding techniques. Preformed tubular scaffolds require special
instruments that are capable of three dimensional seeding which is a difficult
technical process and accounts for lower seeding densities and limited cell
adhesion.

In order to create a composite tube, scaffolds are used in wet state and sutured
around a stent which gives the scaffold a tubular shaping. To prevent the tubes
from collapsing after removal of the stent the collagen scaffolds used are
fabricated with synthetic biodegradable fabrics to provide structural stability.

In order to create a composite scaffold, the first step is to seed the cells on the
scaffold in-vitro. Next, a stent is placed on it and the scaffold is folded around the
stent and sutured along the edge. After finishing the first layer, the construct is
placed on the second seeded scaffold and folded and sutured around the first one.
To prevent cleavage, the two different suture edges are to be positioned on
opposite sides of the construct. If a third layer is required, the third scaffold should
circumvent the first two suture edges and its own suture edge should be placed
between the two opposing edges.

25

1.5 Aim of the present investigation

The aim of this study is to investigate the phenotypic behaviour and the marker
expression of ovine esophageal smooth muscle cells in a static cell culture and to
access their applicability in tissue engineering applications for hybrid construct
creation using flow cytometry and Fluorescent Activated Cell Sorting (FACS).
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2 Materials and Methods

2.1 Materials

2.1.1 Cell Source

Ovine esophageal smooth muscle cells were sourced from an adult Austrian
Mountain sheep. The extraction was performed according the guidelines of the
Animal Care and Use Committee at the Ministry of Science and Research, Vienna,
Austria.

2.1.2 Antibodies

Alpha smooth muscle actin (ASMA) antibodies were used to determine the ASMA
expression in the cultured cells. The primary antibody has a high affinity to alpha
smooth muscle actin which is exhibited by SMC. The secondary antibody has
fluorochrome attached to it and binds the primary antibody. Thus cells, expressing
ASMA, become fluorescent which enables their counting in flow cytometry
analysis.
Antibodies utilized in this study:
Primary antibody:
Alpha smooth muscle Actin antibody [E184] (Abcam, Cambridge, UK) is a rabbit
monoclonal antibody used as primary antibody to detect actin in smooth muscle
cells in immunohistochemistry analysis.
27

Secondary antibody:
Rabbit IgG secondary antibody – H&L (Abcam, Cambridge, UK) is a goat
polyclonal antibody immunogenic to the rabbit IgG molecule. It was conjugated
with a fluorochrome in order to enable fluorescence activated cell counting (FACS)
by Flow Cytometry.

2.2 Methods

2.2.1 Esophagus extraction

A 10cm piece of an ovine esophagus was sourced from an adult sheep and
transported to the laboratory on ice, keeping the ischemic time to a maximum of
30 minutes. The transport was done under sterile conditions, but the esophagus
was rinsed in PBS before the preparation for culture was done.

2.2.2 Tissue preparation

The esophagus was sliced up in longitudinal direction with surgical scissors and
cleaned from any pollution by the use of distilled saline, on the inside as well as on
the outside. The cleansed esophagus was embedded for 5 minutes in 50 ml PBS
plus 1 ml Kanamycin (SIGMA-Aldrich, St. Louis, MO, USA).
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The epithelial layer was mechanically separated from the muscular layer at a
working bench by a sterile blade (Figure 3). This step minimized the amount of
connective tissue cells, such as fibrocytes, in the sample.
Next, 24 pieces of 1mm² size of muscle tissue were cut off the sample and placed
on two different 24-well plates (Iwaki Scitech, Div. Asahi Techno Glass, Funabashi
Chiba, Japan), using only 12 wells on each plate (Figure 4).

Collagen (Roche, Mannheim, Germany) was used in one 24-well plate to adhere
the tissue pieces to the wells ground; Matrigel (Becton-Dickinson, New Jersey,
USA) was used in a second one. These substances were used to avoid floating of
the samples in medium when growth medium was added which would prevent the
cells from sprouting.
The plates were placed in sterile cell culture incubators and the explants were
maintained for 30min at 37°C and 10% CO2.
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Figure 3 Detachment of mucosal layer (white tissue) from smooth muscle layer (red Tissue).

2.2.3 Cell Culturing

After the 30 minutes, 1 ml of growth medium, consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM 4.5g/l, SIGMA-Aldrich, St. Louis, MO, USA), 20% fetal
bovine Serum (FBS, SIGMA-Aldrich, St. Louis, USA),

100 U/ml Penicilin G

sodium and 0.1 mg/ml Streptomycin sulphate (GPS, SIGMA-Aldrich, St. Louis,
USA) and 2.5µ/ml Amphotericin B (SIGMA-Aldrich, St. Louis, USA), was pipetted
into each well.

The explants were returned to the incubator at 37°C and 10% CO2. The first
change of growth medium was performed after 7 days. From this point onwards,
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growth medium was changed every second day. The solid piece of muscular
tissue was removed after 14 days, concerning the cell sprouting in the well.

As soon as confluence in the well was reached, the cells were detached from the
well mechanically and with caution by a cell spreader (Becton-Dickinson, New
Jersey, USA), the cell suspension was pipetted into larger 6-well plates (Iwaki
Scitech, Div. Asahi Techno Glass, Funabashi Chiba, Japan) and 2ml of growth
medium were added. The medium again was changed every second day. After
confluence occurred in the 6 well plates, the cells were transferred into a T-Flask
(Iwaki Scitech, Div. Asahi Techno Glass, Funabashi Chiba, Japan) using the same
technique as mentioned above.

Figure 4 Adding growth medium to a 24-well plate containing ovine esophagus smooth muscle.
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2.2.4 Antibody Titration

Antibody titration is generally recommended to find an antibody concentration
which is convenient to differ between positive and negative cell populations. The
optimal antibody concentration allows a clear positive signal with least possible
background-signalling. Antibodies are titrated with the same cells and the same
cell count which are later to be used in the flow cytometry.

Material:
•

Antibodies.

•

Cell-suspension containing 1x106 cells / ml PBS.

•

Washing-buffer (WB): PBS pH 7,2-7,3 +0,1% Na-acid + 4% FCS (fetal
calf serum)

Processing:
1. Prepare antibodies in varying concentrations in Micronic Tubes:
e.g.: 1 μl, 2 μl, 3 μl, 4 μl, 5 μl.
2. 100 μl of cell-suspension (1x106 cells) are pipetted to the antibodies.
3. Incubate for 30 minutes at 4°C.
4. Wash with PBS pH 7,2-7,3.
5. Centrifuge: 1200 rpm (300xg, 5 min, 4°C) or accelerate for short time in
Picofuge at 10.000 rpm.
6. Resuspend the pellet into 100 μl of PBS, vortex and measure it.
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Positive Control-Measuring:

First, a tube containing cell-suspension only was measured; the peak set at
approximately 101 (=negative setting). The area for positive signals was marked
next.

After

these

procedures,

the

tubes

containing

different

antibody-

concentrations and the cells were tested. The antibody concentration that showed
a definite positive peak was used in antibody staining for Flow cytometry analysis.
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2.2.5 Fluorescence-activated cell sorting

Figure 5 Becton-Dickinson FACS Aria digital flow cytometer at Core Facility Flow Cytometry at the
Zentrum für medizinische Grundlagenforschung in Graz.

In order to perform FACS, 5 x 107 per ml cells were incubated with 10 μl Alpha
smooth muscle Actin antibody [E184] (Abcam, Cambridge, UK) antibody for 30
min at 4°C. The pellet was washed and afterwards incubated with 10 μl Rabbit IgG
secondary antibody – H&L (Abcam, Cambridge, UK) for 30 min at 4°C and further
washed twice. Appropriate isotype-matched antibodies were used as negative
controls (Becton-Dickinson, New Jersey, USA). Data were acquired using the
Becton-Dickinson FACS Aria digital flow cytometer (Figure 5) that incorporates
three air-cooled lasers at 488-, 633-, and 407-nm wavelengths.
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Figure 6 Cell-sprouting from the ovine esophageal smooth muscle (dark area) after one week.

Figure 7 Smooth muscle cells obtained from the explant after 10 days.
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3 Results

3.1 Cell Culture

Due to dissolution of the esophagus pieces from the base of the culture wells, only
one piece of tissue was used to grow cells for the flow cytometry analysis. Cell
spreading was observed after one week in culture and the explant was removed
after 14 days. After 21 days in culture confluence of the cells in the well occurred
and the cells were mechanically detached from the ground and transferred into
larger 6 well plates. An adequate number (10,000) of cells to perform the first
FACS was also obtained.

3.2 Cell Viability

The cell’s viability was approximately judged by observing the colour of the growth
medium that changed from pink to yellow. This change of colour was found
approximately every three days in the beginning, accelerating with the rising
number of cells in the well.

3.3 Flow Cytometry

Four different flow cytometry analyses were performed, as well as one unlabelled
and one IgG control measurement of the cells. The measurements were
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performed in an interval of two weeks. The analyses permitted quantification of
ASMA expression in the cells over a 6 week period of time in total. Analyses were
performed at 2 week intervals (Charts 4 – 9).

The first analysis (Chart 6) showed 67.6% (6758 cells) percent of viable cells.
FACS performed on these viable cells showed 79.2% of the cells exhibiting ASMA.
These accounted for 53.5% of the total events measured in the flow cytometry.

The second analysis (Chart 7) was performed twelve days later. During this
analysis, FACS demonstrated that 46% out of 6185 viable cells expressed ASMA.
These accounted for 28.5% of the total events measured in the flow cytometry.

The third analysis (Chart 8) was performed after 16 days and FACS demonstrated
22.3% out of 7046 viable cells expressing ASMA, accounting for 15.7% of the total
events measured in the flow cytometry.

The last FACS (Chart 9) demonstrated only 2% of viable cells exhibiting ASMA.
These accounted for only 1.3% of the total events measured in the flow cytometry.

The analyses show a decrease of alpha smooth muscle actin (ASMA) expression
from initially 79.2% to 2% within 6 weeks (Chart 1). This decrease however is not
to be equated with a loss of smooth muscle cells or the predominance of fibrocytes
in the sample. But it could be hypothesized that the lack of mechanical and other
stimuli might be responsible for the lower expression of ASMA in SMC when
expanded in static cultures.
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Chart 1 Flow cytometry analysis of ASMA expression in OESMC culture in percent out of viable cells.
Decreasing expression of ASMA has been observed from first flow cytometry analysis to the fourth
analysis.

Chart 2 Flow cytometry of OESMC. Left graph scatter diagram with ASMA-positive (purple) and ASMAnegative (blue) [forward scatter FSC-A (cell size), X axis; side scatter (cell granularity), Y axis]. Right
graph shows a gate set to exclude cell duplets (events with large sizes, red).
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Chart 3 Flow cytometry scatter diagram of OESMC. Left graph shows a gate set to exclude cell debris
and dead cells (events with high granularity, turquoise). Right graph shows fluorescence intensity
with >79% OESMC exhibiting ASMA (purple).
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3.4 Flow Cytometry Analysis Data

Chart 4 Unlabelled
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Chart 5 IgG Control
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Chart 6 1st Alpha smooth muscle Actin antibody stain (2 weeks)
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Chart 7 2nd Alpha smooth muscle Actin antibody stain(after 12 days)
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Chart 8 3rd Alpha smooth muscle Actin antibody stain (after 16 days)
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Chart 9 4th Alpha smooth muscle Actin antibody stain (after 14 days)
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4 Discussion
Smooth muscle tissue component is expected to play an important role in tissue
engineering of tubular organs. Cultures of these cells represent an important
source for the construction of blood vessels, as well as gastrointestinal and
genitourinary organs.

Identification of cells cultured as SMC is performed using immunohistochemical
markers such as ASMA. This study investigated the ASMA expression over an 8
week period in a static in-vitro explant cell culture. Long-time static cell cultures
techniques are applied in tissue engineering in order to gather a critical minimum
number of cells for the seeding on a scaffold or a polymer.

4.1 Large Animal Model

Only a few groups have used large animal models in tissue engineering to date.
Most common cell studies in tissue engineering research have been limited to
small animal models. Studies using the small animal model have been completed
by our groups and at present efforts to tissue engineer the esophagus using the
large animal model is being undertaken to generate substantial tissue that could
be later applied for clinical applications in the future.
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4.2 Alpha Smooth Muscle Actin Expression

It is not correct to conclude that the decrease of ASMA expression in the SMC
implies the absence of SMC in the culture. Several studies have shown that even
end-differentiated SMC have the ability to alter their phenotype

[23,24,25]

in order to

perform the repair and replacement of damaged or lost tissue. A switch from the
contractile phenotype to a secretory phenotype, due to the change of
environmental conditions, is therefore possible.

The imitation of the natural environment of SMC seems inevitable for an approach
to control the cell differentiation more accurately. While a secretory phenotype of
SMC is favourable for cell culturing due to the cells higher division rates, the
contractile phenotype is necessary for the functionality of the synthetic organ.
Though there are studies which show that the cells are able to regain their
contractibility after 100% conflation

[24]

, this phenomenon could not be observed in

our in-vitro explant cell culture investigation.

It is mandatory that the phenotype of the engineered cells is appropriate when the
graft is implanted. High proliferation rates of the SMC in the implanted graft might
cause unwanted remodelling which possibly appears as stenosis- or stricture
formation in the organ. The wrong phenotype could also influence surrounding
cells in their behaviour, such as epithelial or endothelial cells, and consequently
trouble the functionality of the entire organ [26].
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Basic factors of SMC cell differentiation are [23]:
•

SMC–SMC interactions (cell –to- cell contact, autocrine factors)

•

Interaction with surrounding cell types (e.g. epithelial or endothelial cells;
via cell–to-cell contact or autocrine factors)

•

Mechanical forces (active stress, passive stretch, dynamic forces)

•

Extra cellular matrix (connective tissue, adhesion molecules)

•

Neuronal effects (neurotransmitters)

•

Humoral Factors (growth factors, contractile agonists, inflammatory
mediators).

While some of these factors, like humoral factors or SMC–SMC interactions, can
be applied in static cell cultures, others like mechanical forces or the interaction
with other cell types can not be applied in a static in-vitro cell culture.

Three-dimensional mechanical forces are a basic requirement for cell growth and
differentiation

[8,10,26,27]

. In modern dynamic bioreactors, e.g. fluid dynamic stress

(shear stress) is induced by a fluid flowing across the construct surface and into a
porous space. This mechanical stimulus is believed to be one of the most
important in mechanotransduction-signalling and therefore frequently used in
recent Bioreactor models. Additional forms of mechanical stress differ from tissue
to tissue. Pulsatile radial stress for example improves the structure of smooth
muscle cells in blood vessels [10].

The microenvironment plays a major role in the organizations and interaction of
the cells. This includes the extra cellular matrix as well as cells of other
differentiations next to the smooth muscle tissue [28].
48

When the endothelial layer is lost or simply not present as in in-vitro culturing, and
no interactions between endothelial and SMC take place

[29]

, the SMC switch to a

secretory phenotype in an effort to repair the e.g. “damaged blood vessel”. In
looking at this phenomenon as a repair mechanism, the reversibility of the process
does not seem unlikely. Still, an effort to create functional organs in-vitro requires
new methods of cell culturing.

One step towards the creation of composite organs and correctly differentiated
cells certainly is the production of new scaffolds
scaffolds

[22,31]

[30]

, like hybrid or composite

. These scaffolds, combined with dynamic bioreactors that have the

possibility to induce mechanical stress in the engineered tissue, would be
hypothesized for the creation of an optimal environment to maintain the cell
phenotype.

4.3 Cell Culture

The role of explant attachment to the tissue culture dish is important in cell
culturing. Studies have shown the importance of a proper cell adherence and the
role of collagen for this particular purpose [32,33].
Furthermore, to maximise the amount of cells isolated, mechanical harvesting of
the cells from the wells was employed, as enzymatic methods to detach cell could
be responsible for reducing the viability of the cells.

Our study demonstrated the possibility of isolation and culture of ovine SMC from
explants. Sufficient amounts of cells could be obtained for investigations using flow
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cytometry and FACS. In a clinical approach, this implies that the possibility of
isolating and proliferating of large numbers of SMC from small biopsies (1mm² per
piece is sufficient) is possible. However, the limitations of the static in-vitro cell
culture over a longer period of time have been well recognized in our investigation.

4.4 Perspectives

Whereas the isolation and culture of the ovine esophageal smooth muscle cells
was successful, control over the phenotype of the cells remains a problem. The
decrease of ASMA exhibiting cells from 79% to only 2% in the samples allows no
certain conclusion concerning the cells actual phenotype.

Induction of mechanical stress and contact with epithelial cells (creating the
microenvironment) could influence the number of ASMA exhibiting cells in a
dynamic cell culture combined with the use of hybrid scaffolds. Further studies will
be required to investigate the possible reversibility of the phenotype switch, and
thereby examine the use of static cell culturing in organ construction. Also,
comparison of SMC’s cultures generated in dynamic systems will have to be
compared to this static system to determine the mechanical role in contractile
protein expression in smooth muscle cell cultures.
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