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Abstract Cell therapy is a promising and emerging field
for the treatment of human diseases. However, to under-
stand and optimize cell therapy, the inability to track the
cell transplants in vivo remains a major problem. Most cell
transplantation techniques involve the use of histological
analysis to evaluate cell transfection, proliferation, and
migration after sacrifice. In this literature, for the first time
an in vivo model has been developed to study stem cells.
Explantation culture of chicken embryo into surrogate
shells has been modified for high resolution and long term
imaging. A special long distance fluorescence microscope
and micromanipulation systems has been developed for in
vivo application specially aiming for the injection and
tracking of fluorescence labeled cells into chicken embryo
and track them. By using the developed system, it was
possible to image the whole period of embryonic devel-
opment of chicken embryo.

1 Introduction

The discovery of stem cell raised new hopes for regenera-
tive and transplantation therapy as well as for tissue
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engineering. Multi linage differentiation of these cells in
vitro shows their therapeutic potential. Transplantation of
stem or progenitor cells is a revolutionary new technique
proposed for the treatment of various injured tissues or
organs (Clarke et al. 2000; Dowell et al. 2003; Fuchs and
Segre 2000; Gibbs 2006; Goldenthal and Marin-Garcia
2003; He et al. 2003; Jiang et al. 2002; Keller and Snodgrass
1999; Kuehnle and Goodell 2002; McKay 2000; Niklason
and Langer 2001; Paul et al. 2002; Reubinoff et al. 2000;
Senior 1999). Because cells can be isolated from different
tissues, expanded in vitro, and replace or repair defective
endogenous cell populations, they offer new promise for
tissue repair and disease correction (Kuehnle and Goodell
2002; McKay 2000; Taylor et al. 1997; Tsonis 2002). Cell
therapy appears to be a promising field for the treatment of
human diseases. As part of this new field, transplantation of
smooth muscle cells has undergone extensive investigation
in recent years as a potential therapy, mainly for the repair
of aneurysms (Allaire et al. 2002), myocardial ischemia
(Yoo et al. 2000) or for cardiac graft (Ozawa et al. 2002).
The fetal brain, characterized by active neurogenesis, has
been suggested to be a promising source of therapeutic
neural stem cells (Flax et al. 1998). Never the less, questions
have been raised regarding the safety of stem cell therapy. A
recent human study demonstrated the tumour development
after stem cell therapy (Amariglio et al. 2009). These
insights show the necessities to develop appropriate and
precise methods for experimental investigations of migra-
tion and differentiation of stem cells in vivo. However, most
experimental investigations regarding stem cell differenti-
ation are in vitro. The question remains whether these
results in vitro can be applied in vivo situations or not. Most,
if not all, differentiated cells derived from diverse tissue
sources lose their specialized features and dedifferentiate
when grown under traditional two-dimensional cell culture
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conditions (Anders et al. 2003; Wang et al. 1998; Weaver
et al. 1997; Wolf et al. 2003). It is, therefore, necessary to
search for newer methods for the in vivo study of stem cells.

Inability to track the cell transplants remains a major
problem that must still be overcome to understand and
optimize cell therapy. It is difficult to follow the fate of the
implanted cells in a living organism. In fact, most cell
transplantation techniques involve the use of histological
analysis to evaluate cell transfection, proliferation, and
migration after sacrificing the animal (Kocher et al. 2001;
Orlic et al. 2003; Toma et al. 2002). Following the status of
stem cells in vivo is critical if therapy is to be optimized or
evaluated. Progenitor cells labelled with Super Paramag-
netic Iron Oxide Nanoparticle (SPION) allows for three-
dimensional (3D), high-resolution, whole body imaging
and tracking of cells in vivo. It is an ideal technique to
determine the fate of cells after transplantation and
migration of cells after injection, without the need for tis-
sue biopsies and histological assessment. In nondividing
human mesenchymal stem cells, endosomal iron nanopar-
ticles could be detected after 7 weeks; however, in rapidly
dividing cells, intracellular iron had disappeared by five to
eight cell divisions (Arbab et al. 2003).

Interspecies transplantation has permitted the study of
both differentiation and therapeutic potential of stem cells.
Several systems have been used to study the behavior of
adult or embryonic stem cells in the postgastrulation
embryo. For example, human adult bone marrow stromal
stem cells were injected into sheep embryos, and differ-
entiation of these cells was followed in utero (Liechty et al.
2000). However, such experiments involving mammals are
very expensive, complicated and require special facilities.
The chick embryo is a well-characterized and accessible
experimental system for study of inductive interactions and
differentiation in development. Several studies have shown
that mammalian cells and tissues transplanted to avian
embryos can respond to local cues and develop into tissues
appropriate to their location in the host (Fontaine-Perus
et al. 1997; Goldstein et al. 2002; White and Anderson
1999). This has been used for different applications of the
CAM model such as angiogenesis and antiangiogenesis
(Ribatti et al. 2000, 2001; Richardson and Singh 2003),
wound healing (Ribatti et al. 1996), tissue engineering
(Borges et al. 2003), biomaterials and implants (Klueh
et al. 2003; Valdes et al. 2002; Zwadlo-Klarwasser et al.
2001), testing therapeutics on human leukemia (Taizi et al.
2006), short-term transplantation of cryopreserved human
ovarian tissue (Martinez-Madrid et al. 2009) and biosen-
sors (Valdes et al. 2003). Chick embryos have also been
used as a host for the study of the migration of mouse
embryonic stem cells with and without genetic manipula-
tion (Beauvais-Jouneau et al. 1999). The advantage of
using the chick embryo rather than teratomas in rodents is
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the ability to follow human ES cell development in a
normal embryonic environment, as opposed to the less-
natural environment of adult murine tissues.

Explantation culture of chicken embryos in surrogate
shells is an established method for the production of trans-
genic birds and allows imaging access to the spectacular
world of intravital processes during embryonic develop-
ment. Rowlett and Simkiss (1987) first reported that 3-day
pre-incubated chicken embryos inside the egg could be
cultured to hatching using turkey eggshells. Later, Perry
(1988) devised a complete three-step culture method for the
chicken embryos from the single-cell stage obtained from
the posterior region of the magnum to hatching using glass
jars and chicken eggshells. The system consists of chicken
embryos explanted into a surrogate shell taken from a donor
egg and is closed with double layer of cling film. Explanta-
tion culture of chicken embryos in surrogate shell may allow
such intravital observations with optical and other imaging
methods at a very high resolution. The lack of a functional
immune system of the chicken embryo before Incubation
Day (ID) 17 prevents graft rejection (Martinez-Madrid et al.
2009). Implantation of stem cells from different species into
the chicken embryo shows region-specific differentiation.
When hematopoietic stem cells (HSCs) from adult human
bone marrow was implanted into lesions of the developing
spinal cord in the chicken embryo, human cells never
express chicken-specific antigens, but differentiate into full-
fledged neurons. The microenvironment in the regenerating
spinal cord of the chicken embryo stimulates substantial
proportions of adult human HSCs to differentiate into full-
fledged neurons (Sigurjonsson et al. 2005). Traditionally
these types of studies are conducted by histological exami-
nation of the embryos at different stage of development.

Optical imaging is an extremely sensitive method that can
detect a single molecule using fluorescence techniques.
Fluorescence imaging is the most sensitive approach, and it
has gained great interest with the development of genetically
encoded highly efficient fluorescent probes based on green
fluorescence protein. Time-lapse microscopy has long been
used to capture the dynamic nature of embryogenesis.
Optically transparent embryos of animals such as Caeno-
rhabditis elegans (Sulston et al. 1983), sea urchin (Ettensohn
1985; Gustafson and Wolpert 1967) and fish e.g. fundulus
(Trinkaus 1996) or zebra fish (Kimmel and Law 1985), are
well suited to studies of cell and tissue movement by time-
lapse imaging using transmitted light, e.g. differential
interference contrast and various fluorescence microscopes
(Cashman et al. 1997). Fluorescent time-lapse microscopy
has allowed the dynamic behaviours of labelled single cells
or subpopulations of cells to be tracked in vivo. Even though
light cannot penetrate through the hard calcareous eggshell,
optical methods can be applied in explantation culture. Since
the embryo remains optically translucent in early stages of
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development, tracking of fluorescently labelled -cells
implanted in chicken embryos in real time and on line might
provide valuable informations about stem cell migration and
differentiation in vivo. However, short working distance
objectives of traditional microscopes are inapplicable in
vivo and traditional explantation culture is not suitable for
optical imaging. In the present study, therefore, explantation
culture system was technically modified for high resolution
optical imaging, special long working distance fluorescence
microscope has been constructed for in vivo application;
for on line, in ovo tracking of fluorescence labelled cells
implanted into a developing chicken embryo.

2 Materials and methods
2.1 Preparation of the explantation culture

The procedure for the preparation of the explantation cul-
ture in surrogate shells is described elsewhere (Perry 1988;
Rowlett and Simkiss 1987). In short, donor embryos were
harvested from fertilised Bantam chicken eggs and were
transferred into the surrogate shells prepared from 30 g
heavier eggs after removing the blunt pole. The open end
of the surrogate shell was sealed with double layer of cling
film using thin albumen as glue. The explanted embryo was
incubated further at 37.5°C, 60% relative humidity and 30°
side to side rocking. Embryos were handled according to
the guidelines of German animal protection laws [Tiers-
chutzgesetz (TierSchG) in der Fassung der Bekanntma-
chung vom 18. Mai 2006 (BGBLIS. 1206 ff. ber. S. 1313)
und dem Gesetz iiber das ffentlische Veterindrwesen und
die amtliche Lebensmitteliiberwachung (VetALG) vom
19.05.1999 (§ 1 Abs. 3 Amtsbl. S 844, 851)].

2.2 Construction of a better lid for optical imaging

The new lid for explantation culture was constructed with
Plexiglas containing a groove filled with medical grade
silicone (NuSil Technology, USA) for closing the open-end
of the surrogate shell.

2.3 Thermal imaging of the explantation culture

Thermal imaging of the developing chicken embryo in
explantation culture at embryonic Incubation Day (ID) 15
was performed to study the development of the thermo-
regulation of the developing embryo. Imaging was per-
formed with a “VARIOSCAN 3021-ST” Infrared camera
(from Jenoptik, Dresden, Germany). It had a temperature
resolution of +0.03° measured at 30°C. Image analysis was
performed with IRBIS V2.2 software provided with the
system. Since such cameras image the infrared radiation

from the surface, thermal imaging of the developing
embryo was not possible through the calcareous shell or the
opening covered with a lid. Infrared thermography allows
measuring the heat radiation from the surface. It is a very
sensitive method to distinguish the thermal radiation from
different points on a surface. Visible light cameras image
in the 450-750 nm range of the radiation spectrum, while
Infrared cameras operate in wavelengths as long as 14 pm.

2.4 Implantation of thermocouple into fertilised
chicken eggs for thermal measurement
of developing chicken embryo

Thermal measurement of the developing embryo was per-
formed by implanting fine thermocouple into a fertilised
egg. Thermocouple wires were electrically insulated with a
thin film of medical grade silicone (NuSil Technology,
USA) and dried before the experiment. Butt-Welded
Unsheathed Fine-Gauge Copper- Constantan thermocouple
(Omega engineering, Daimlerstrae 26, 75392 Deckenp-
fronn, Germany) was connected to an “OMR-6018” 8
channels thermocouple input module (from Omega Engi-
neering, Inc) and interfaced with computer via RS-485
port. Custom written software in LabVIEW 8.5 was used
for data acquisition. Thermal measurements were plotted in
a graph once every hour from the begining of incubation to
external pipping (day 21 of incubation).

At the middle of the egg, a circle with a diameter of 2 mm
was selected for thermocouple implantation site. The egg-
shell was grinded off with a fine diamond grinding tool
leaving the egg membrane intact. The egg was rinsed with
distilled water to remove grinded shell powder and wiped
with a paper towel to dry. The previously prepared Silicone
coated Fine-Gauge Copper- Constantan thermocouple was
slowly implanted into the egg or surrogate shell taking care
not to injure the egg yolk. The opening was sealed with
sticky tape and the whole construct was placed into the
incubator. The thermocouple was connected to the mea-
suring system. Measurement was started nearly 1 h later to
allow thermal stabilization. To measure the incubator tem-
perature, a thermocouple was placed inside the incubator.

Although the temperature of the egg-contents outside the
embryo do not correspond to the actual core temperature of
the developing embryo (at least in the later half of incu-
bation), but thermal measurement of the fluid surrounding
the embryo (egg white and later allantoic fluid) may give a
clue to the thermal status of the developing embryo.

2.5 Lid with resistive heating for removing
condensation

Indium-tin-oxide (ITO) coated CEC020S glass was used as
an optical window (from Prizisions Glas & Optik GmbH,
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Germany). It was 1 mm thick, with an electrical resistance
of 15 Q/sq. and had a 100 nm thick coating with ITO. It
had very good optical transmission in visual region
(~90%). ITO glass was glued on a PMMA ring from the
top. The glass plate was heated with the flow of 2040 mA
DC current and the glass temperature was measured with a
Pt100 thermal sensor and kept between 37.5 and 38°C to
keep the under surface of the lid free from condensation
(Fig. 7). The maximum limit was limited to 39°C for a
short period to avoid thermal injury to the developing
embryo.

2.6 Construction of the long distance fluorescence
microscope for in vivo application

Fluorescence micro-imaging system was constructed with
an InfinityTube™ stand in-Line assembly™ standard
series (from Infinity Photo-optical company, USA) with
Mitutoyo 10x, 33.5 mm ultra long working distance
objective (M Plan Apo objective 378-803-2 from Mitutoyo
corporation, Japan) with a 478-495 nm excitation Filter,
510-555 nm barrier filter (Blue excitation/Green emission)
for green fluorescence imaging. An Illumination module
was made with nine 3 W mini power LEDs (from Avago
Technologies). LEDs have dominant wavelength of
470 nm and a Luminous Efficiency is 16 Im/W each. Nine
LEDs were soldered on a 20 mm bread board which was
screwed on a round piece of aluminium with thermal paste
in between for adequate heat transfer. A Sony “DFW-
SX910” colour firewire CCD camera was installed into the
constructed micro-imaging system. The camera has an
Output image size (Horizontal x Vertical) of 1,280 x 960
pixels (SXGA) and it was interfaced with the computer via
“IEEE 1394-1995 Digital interface.

The XY stage was made with two units of 41.091.036 C
high-precision linear stage, with 210 mm travel, 2-phase
step motor and mechanical limit switches (OWIS GmbH,
Germany), placed one over the other at a 90° angle. The
egg turning stage was made with a DMT 65 Rotary Mea-
suring Stages (OWIS GmbH, Germany) placed on the XY
stage. The Z-axis consisted of another 41.091.036 C high-
precision linear stage placed vertically on the XY stage.
The camera was mounted on the Z-axis. A SMS 60 motor
controller (OWIS GmbH, Germany) controlled the whole
system. SMS 60 was interfaced with computer via RS232
port. Custom written software in LabVIEW 7.1 was used
for the stage control, camera auto focus and illumination.

2.7 Construction of the micro-manipulation system
The micro-manipulation system was constructed with a

M3301-M3-R manual micromanipulator and tilting base
(right-handed) (from World precision instruments) and a
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CellTram® vario system for the microinjection and
manipulation of cells (from Eppendorf, Germany). The
micromanipulator had vernier scales for readings to
0.1 mm & x-axis fine control for readings to 10 um. The
control knobs project to rear located in same vertical
plane. The whole system was fitted with microcapillaries
transfer tip (from Eppendorf, Germany). It was connected
with a multiple channel valve regulator for attaching
additional microsyringe so that the system could be used
not only for adding of cells but also for withdrawing of
samples.

3 Results and discussions
3.1 Optimisation of the lid for optical imaging

Figure 1 shows the explantation culture of the chicken
embryo in a surrogate shell covered with a Plexiglas lid.
This lid has better optical properties than cling film, is easy
to use and is suitable for optical imaging. The explantation
culture was originally designed with a surrogate shell
covered with double layer cling film. The optical properties
of the cling film is not very good for imaging through.
Furthermore, double layer of cling film make it even worse
with trapped air in between the layers. For high resolution
optical imaging, it was necessary to replace the cling film
with materials with better optical property. Poly (methyl
methacrylate) (PMMA) (Plexiglas), glass, and polycar-
bonate were used as lid of the explantation culture. Plexi-
glas has very good optical property. Filling the groove on
the side of the Plexiglas lid with a sticky medical grade
silicone enabled placing of the lid without further
preparation.

We checked the durability of the constructed lid in terms
of the hatchability of cultured chicken embryos. The
chicken embryo explanted into a surrogate shell was closed
with new Plexiglas lid and cultured until hatching.

Figure 2 shows the results of the bantam chicken
embryo cultured in the new system where ~77% of the
birds developed normally and came to the stage of hatching
which was identical to the cling film control system
(=~ 67%). This result shows that the evaporation through
the cling film had no significant effect on the hatching rate
of chicken embryos. Viable hatchlings were regarded as the
parameter to test the functionality and durability of the
system.

3.2 Condensation underneath the covering lid
Plexiglas lid is suitable for optical imaging. However,

water vapour begins to condense underneath the lid which
obstructs optical imaging methods. Gradually water
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Fig. 1 New lid constructions
for the open avian embryo
culture system. a PMMA lid
with silicone adhesive,

b PMMA lid with silicone
adhesive containing double
glass window (black arrow) and
tubing for warm air circulation
(white arrow). ¢ Chicken
embryo at ID 5 in an open
culture system with Plexiglas
covers

Fig. 2 Viability of chicken
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droplets appear as the embryo grows (Fig. 3). The incu-
bator provides heat and humidity for embryonic growth
and development. However, they develop their own
mechanism of thermoregulation as they grow (they pass
through transitional stages from poikilothermy to homeo-
thermy in precocial species of birds). Nevertheless, with
the gradual development of thermoregulation, embryos
develop their core body temperature, which is higher than
the incubation temperature. Condensation appears in the lid
with the progress of embryonic development (Fig. 3).
From a physical point of view, the condensation is
possible with a thermal gradient across the window.
Temperature should be homogenous inside the incubator.

Incubation time (day)

However, it is possible that, with ongoing development,
embryos develop thermoregulatory mechanism. Therefore,
thermal gradient develops across the optical window
(inside warmer than outside) and may have caused con-
densation. To reveal the cause, we investigated the thermal
development of the developing chicken embryo.

3.3 Measurement of thermal development of avian
embryo

In the nature, birds incubate their eggs from above with the
brood patch. The nest temperature below is lower than the
incubation temperature (the skin temperature of the bird).

Fig. 3 Gradual appearance of condensation with the growth of the quail embryo. a ID (Incubation Day) 13, b ID 15, ¢ ID 17, d ID 19. Note
water droplet appears gradually with the development of the embryo
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The embryo floats at the top inside the egg being the
blastoderm of the yolk is the lightest among egg contents.
The thermal flow goes from the brood patch through the
embryo downwards. On the contrary, in the incubator, the
temperature is more homogenously distributed all round.
Thermal measurement can provide with some information
about the thermal status of the developing and nondevel-
oped eggs.

3.4 Infrared thermography of the open system
of avian culture

Figure 4 shows the thermal image of the developing
chicken embryos in open system at ID 15. In image (a),
developing embryos show a higher temperature than the
control. In the zoomed thermal image of a 15-day-old
embryo in a surrogate shell (b) and control (c) shows the
thermal difference between them and it is clear from the
thermal image that living embryos have a higher temper-
ature than controls. During this experiment, the incubator
door was opened, and time was allowed for thermal equi-
librium. During this brief period, the control (unfertilised
eggs) lost the heat but the developing embryos retained.

It indicates that at this stage the embryos have developed
their own thermoregulation.

3.5 Thermal measurement of the developing chicken
embryo with thermocouple

Figure 5 shows the experimental setup for the thermal
measurement of developing chicken embryos.

Figure 6 shows the results of the thermal measurement
of developing avian embryos with implanted thermocouple
during the whole period of avian embryogenesis.

Note that the temperature of both developed and non-
developed eggs remains nearly half a degree Celsius lower
than the incubation temperature. Temperature of the
developed egg starts to rise at around ID 12 and a thermal
gradient of 1-2°C develops gradually across the covering
lid with the outside of the culture system being colder than
the inside. This temperature gradient across the lid may
have caused the condensation underneath the lid. The
temperature of the nondeveloped eggs remains the same
throughout the whole period.

A persistent thermal gradient with further embryonic
growth causes condensation to become intense and it

Fig. 4 Thermal imaging of developing chicken embryos. a—c¢ Ther-
mal imaging of the developing chicken embryo in open culture at ID
15 taken with a “VARIOSCAN 3021-ST” Infrared camera (from
Jenoptik, Dresden, Germany). At this stage of development, embryos
develop their own thermoregulation and they have a higher temper-
ature than the incubation temperature. Four unfertilised eggs were
place beside the growing embryos as control [black arrow head in
image (a, d)]. Note in image (a), developing embryos show higher
temperature [asterisks in image (a, d)] than the control (arrowhead).
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In thermal image of the control, the air cells (black arrow) are also
visible as areas with low temperature. In the zoomed image of the
developing embryo (b) and control (c¢) show that the developing
embryo has at least 1°C higher temperature than the control. In the
thermal image of the embryo, the upper part of the shell shows lower
temperature than the lower part because the CAM is not covering the
inner surface of the surrogate shell completely, which can be seen in
optical image (d) taken in the same position as the image (a) for
comparison. All images were taken in the same scale
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Fig. 5 Experimental setup for thermal measurement of developing
chicken embryo with thermocouple. Measurement of allantoic fluid
temperature as an index of deep body temperature of developing

Fig. 6 Thermal measurement 41 4
of developing chicken embryo. 1
From the graph, it is clear that a
difference in temperature
develops between the embryo
and the incubator in the second
half of the embryonic
development. Note the
temperature rise of the
developing embryo on ID 12

Temperature (°C)

chicken embryo. Copper-constantan thermocouple was placed inside
the open system of the avian culture, which was in closed contact with
the developing embryo

Incubator temperature
Non-developed egg
Developed egg

becomes difficult to see through for imaging. Later stage,
water droplets begin to appear. It was necessary to develop
a special lid for quick removal of condensation. This
obstructs imaging not only in the later stage of incubation,
but also in the early days when opening the incubator door
for short time create foggy condensation which takes long
time to evaporate.

3.6 Removal of condensation: resistive heating
with indium-tin-oxide coated glass cover

Figure 7 shows the results of heating the ITO-coated glass
lid carrying condensation. The window becomes clear after
heating. The heating was started from the beginning to stop

T : T T . T ¥ T
] 9 12 15 18 21

Incubation time (day)

condensation; evaporation of the condensed water left
spots on the window.

In the early days of incubation, the condensation takes
considerable time to evaporates (nearly half an hour) when
the temperature equalizes inside the incubator. However,
for that latent period taken for evaporation of the con-
densed water, imaging was not possible. In the later half of
incubation, the condensation remains due the thermal
gradient across the lid as mentioned earlier.

To solve the problem of condensation, different
approaches has been tried including antistatic optical spray
on Plexiglas window, Plexiglas ring with double glass plate
on top and bottom, warm airflow between two glass plates,
resistive heating with electro-conductive glass plate and
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Fig. 7 Removal of
condensation: resistive heating.
Chick embryo in open culture at
ID18; a before and b after
heating. Heating was
accomplished with the flow of
20-40 mA DC current through
ITO coated glass. The window
temperature is monitored
directly using a Pt100 thermal
sensor mounted on the window
(arrow)

others (Fig. 8). Among them, warm airflow between the
double glass plates and resistive heating with electro-
conductive glass plate were found to be effective. Warm
airflow requires extra set up for the experiment, which is
time consuming and with many samples together makes the
whole procedure complicated. On the contrary, resistive
heating with electro-conductive glass plate was effective,
quick to setup and easy to use.

3.7 Construction of long distance fluorescence
microscope and micromanipulation system
for modified explantation culture

Figure 10 shows the complete fluorescence micro-imaging
and micromanipulation system for application into modified
explantation culture. It is possible to inject fluorescent
labelled cells into a desired location of a developing chicken
embryo and track them. Multiple locations of interest from
multiple samples can be synchronously and precisely imaged
at the cellular resolution throughout the complete develop-
mental period. Functionality of the Fluorescence micro-
imaging system was checked by imaging 1.929 Mouse
fibroblast cells (=20 pum size) stained with fluoresceindi-
acetate (FDA) in a cell culture Petri dish (Fig. 9).

Traditional optical imaging methods provide very high-
resolution images. However, in most cases the short working
distance of the microscope objective makes it inapplicable
for imaging in an explantation culture. In addition, the cul-
ture system needs to be rocked from side to side for optimum
development of the embryo. Parallel cultivation of multiple
embryos and observation at the same time requires an
automated sample changing and rocking device. On one
hand the whole system has to be robust and reliable, while on
the other hand it has to be precise in movement in the range
of micrometer for imaging at cellular level. The imaging has
to be performed on both micro and macro scale; screening
the whole embryo with a macro lens leads to discovering the
desired location for microimaging. Continuous illumination
may have detrimental influence on embryonic development
(Tamimie 1967). For long-term time lapse imaging, it is
therefore necessary to turn on the illumination only during
the imaging procedure and turn off afterwards. Traditional
microscopes use incandescent or mercury-vapour lamps for
illumination. Such lamps produce very intense light, which
is then filtered to have the desired frequency. However, they
take quite a while to warm-up for emitting adequate intensity
of light. It is very difficult to switch on and off such lamps
within a short period.

Fig. 8 Different lid construction for the removal of condensation.
a Plexiglas lid with double glass window with possibility of warm air
flow between the layers; b plexiglas ring with double glass plate on
top and bottom; ¢ plexiglas lid with silicone. Image (b) and (c) shows
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the effect of condensation under different types of lid construction at
14 day old embryo. Mark in image (b) (double glass window),
condensation is less than normal Plexiglas lid (c¢), but not good
enough for imaging



Microsyst Technol (2011) 17:47-58

55

Fig. 9 1929 Mouse fibroblast cells stained with fluoresceindiacetate
(FDA) in a cell culture Petridish and imaged with especial long
distance fluorescence microimaging system constructed for ex ovo
application in a technically modified explantation culture consisting
of surrogate shell. Scale bar = 100 um

The explantation culture of avian embryo was techni-
cally modified and optimised for optical imaging. The yolk
is the lightest part of the egg contents (specific gravity of
egg yolk is 1.029, thick albumen 1.036 and thin albumen
1.040) (Suda et al. 1994). The chemical composition of the
thick and thin albumen is similar (Cunningham et al. 1960)
but the thick albumen is richer in ovomucin and ovomucin
is responsible for the elevated viscosity (Sturkie 1976).
Moreover, the specific gravity of thin albumen is lower
than that of the thick albumen and also that of the egg yolk.
During these periods, the differences in the specific gravity
among the yolk, thick albumen and thin albumen play a
very important role in the normal development of chicken

Fig. 10 Fluorescence
microimaging and ‘
micromanipulation system

constructed for in ovo
application. Long working
distance microscope mounted
on high-precision linear stage;
blue rectangle = SMS 60 motor
controller for controlling the
microscope stage and camera
auto focus; R = computer
controlled XY stage for
placement of culture systems for
imaging; C = camera mounted
on the microscope; inset (upper
left) = LED illumination
module for fluorescence
microscopy; inset (lower

leff) = microfluidic controller

embryos (Suda et al. 1994). Blastoderm is the lightest part
of the yolk and is therefore floating at the top. Following
embryo transfer, the surrogate shell was filled with thin
albumen, leaving nearly 10 mm depth from the brim so
that the embryo and the CAM do not touch the lid during
rocking (Fig. 11). For optimum imaging, good illumination
is necessary; space is required between the objective and
the covering lid for illumination for reflection imaging.

It was possible to image the whole period of chicken
embryo development from blastoderm stage until hatching
by using the modified explantation culture system and
constructed long distance microscope. The video is sup-
plied as a supplementary document. Time lapse movie
was constructed by taking snap shots of the blastoderm
surface every 5 min. Due to excessive embryonic move-
ment during the second week of development and later,
representative still images are shown in the video for a
better demonstration. Still images from the time lapse
video are shown in Fig. 12. The embryo developed nor-
mally and hatched during the imaging process indicating
that there was no detrimental effect on embryonic develop-
ment. Injection of fluorescence labelled stem cells into a
chicken embryo and tracking them in vivo with the con-
structed systems may revolutionize the field of stem cell
research.

4 Conclusion

A cheap and easy model system for in vivo study of stem
cell migration and differentiation in real time has been

Long distance
fluorescence
microscope
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Fig. 11 Relative position of the
different components of avian
egg in explantation culture.

a Computer simulation of egg
contents (sectional view) shows
the blastoderm floating at the
top of the egg contents;

b a 4-day-old chicken embryo is
explanted in a transparent
artificial culture system showing
the developing embryo is
floating at the top. Inside avian
eggs, the yolk is kept in position
by chalazae, the yolk can rotate
with the influence of
gravitation, and the blastoderm
takes it upper position being the
lightest of all

Fig. 12 Still images taken from the time lapse video of the complete
chicken development was placed in this figure for demonstration. It is
important to note that the posture of the embryo and image contrast
changed during the whole period of development due to extensive
embryonic movement at later phase of development and resuscitation

developed. Developing chicken embryos offer an in vivo
system with many advantages over other animals for
studying stem cell migration and differentiation, like a
lower cost, lack of a functional immune system, easy and
simple access to the in vivo processes and many more.
Despite not being a complete substitute for standard animal
models, the number of necessary animal experiments for in
vivo analysis can be drastically reduced by using this
model system. Application of such systems will lead to the

@ Springer

of the embryo during hatching. Note the embryo is relatively
transparent during the early developmental phase which is extremely
helpful for the tracking the fluorescence labelled cells injected into
the embryo

enrichment of existing knowledge in the field of cell
biology, stem cell research, as well as tissue engineering. It
is very important to have such an in vivo system to study
cell physiology, since it is very difficult to realise cell
physiology from in vitro experiments. Experimental results
from in vivo system are closer to physiological state than in
vitro experiments. This is a large field with great potential,
and we are just in the beginning to explore it. Although,
it is difficult to predict the outcome of the human
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experiments from the results of in vivo experiments in
animal models, it may help to anticipate and plan for fur-
ther experiments.
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