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Abstract

The development and patterning of the vertebrate limb has been of interest in evolutionary
developmental research (EvoDevo) for many years. Cell proliferation, as the main factor in
growth and therefore of pattern formation, plays a crucial role in embryogenesis. This
project has produced a 3D image data set of proliferating cells in the forelimbs and

hindlimbs of chick embryos in a series of developmental stages.

The analyzed stages range from HH18, when limb buds are just visible, up to HH31, when
digits are already distinguishable. The data shown correspond well to known cell
proliferation patterns, which are mostly based on a few physical sections only. The 3D image
data from this thesis enable a more detailed observation, due to the possibilities of virtually

rotating and slicing the 3D images.

The image sets will be annotated and open-access published to allow interested researchers
to use them for their studies. As this thesis is partly technical in its focus, it also
demonstrates a scalable method for generating complete 3D images of whole developing
limbs. By using fluorescent EdU (5’-ethynyl-2’-deoxyuridine) chemistry and light sheet
fluorescence microscopy, visualization of proliferating cells was achieved at single-cell
resolution in whole limbs. Also, tests for possible X-ray dense stains using EdU chemistry

were run and give new insights on its possibilities.

The data can be used for cell density and cell count analyses, as is shown in a simple form in
this thesis. They also provide a basis to guide future experiments on the limbs, such as
manipulations of tissues, as well as testing of hypotheses or predictions. Furthermore, the
image data can be used to refine and re-evaluate computer models that simulate limb

development, patterning and growth.



Zusammenfassung

Die Embryonalentwicklung von Wirbeltierextremitaten sowie von deren Skelettmustern
beschéftigt die evolutiondre Entwicklungsbiologie (EvoDevo) seit vielen Jahren.
Zellproliferation spielt eine wesentliche Rolle beim Wachstum von biologischen Strukturen
und ist dementsprechend essentiell fiir die Embryogenese. In dieser Arbeit wurden zu
verschiedenen aufeinanderfolgenden Zeitpunkten in der Entwicklung 3D-Aufnahmen von
Zellproliferationsmustern in Vorder- und Hinterextremitaten von Hilhnerembryonen

gemacht.

Die analysierten Entwicklungsstadien reichen von HH18 — dem Stadium, in welchem
Extremitaten gerade sichtbar werden — bis zu HH31 — in dem bereits die Finger
beziehungsweise Zehen unterscheidbar sind. Die produzierten Datensatze stimmen gut mit
bekannten Beschreibungen von Zellteilungsmustern in Extremitdaten, welche in den meisten
Fallen auf wenigen histologischen Schnitten basieren, liberein. Dies zeigt, dass die gewahlte
Methode Zellproliferation zuverlassig darstellt. Die 3D-Bilder aus dieser Arbeit ermdglichen
es, die Extremitaten virtuell zu schneiden und zu rotieren um eine detaillierte Beschreibung

der auftretenden Muster zu erreichen.

Die produzierten und mit Informationen zum Bildmaterial versehenen Datensdtze werden
interessierten Wissenschaftlern und Wissenschaftlerinnen durch eine Open-Access-
Publikation zuganglich gemacht. Diese Arbeit zeichnet sich durch ihren technischen Fokus
aus, da wir zusatzlich zu den 3D-Bilddaten auch eine Methode erlautern, welche das
Darstellen von Zellproliferation in 3D ermdglicht und dies mit einer Auflésung, die das
Unterscheiden einzelner Zellen zuldsst. Diese Methode basiert auf dem Markieren von sich
teilenden Zellen mit fluoreszierender EdU-(5"-ethynyl-2’-desoxyuridin)-Chemie und der
Verwendung eines Lichtscheibenfluoreszenzmikroskops. Es wurde auBerdem getestet, ob
mit Hilfe von EdU auch eine Rontgendichte Farbemethode von teilenden Zellen erzielt

werden kann.

Basierend auf den nun vorhandenen 3D-Bilderdatensatzen konnen Zelldichten sowie die

Anzahl der sich teilenden Zellen innerhalb der Extremitdten gemessen werden. Dies wurde



auch anhand einer vereinfachten Methode gezeigt. AuBerdem bietet sich die Moglichkeit,
zuklnftige Experimente an Extremitaten — wie zum Beispiel das Manipulieren von
Entwicklungsvorgangen oder auch das Testen von Hypothesen und Prognosen — genauer zu
planen, da nun nachvollziehbar ist, wann und wo sich Zellen teilen und damit zum
Wachstum beitragen. Eine weitere Verwendung liegt darin, dass bestehende
computergestiitzte Modelle und Simulationen von Extremitatenentwicklung und -wachstum

sowie von deren axialen Mustern angepasst und neu ausgewertet werden kdnnen.
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Introduction

The growth and development of vertebrate limbs have been of interest in evolutionary
developmental biology (EvoDevo) research for many years (Bénazet & Zeller, 2009; Mdiller,
2007; Shubin et al., 1997; Tickle & Eichele, 1994; Towers, 2018). The questions of which
mechanisms lead to a certain pattern of final skeletal structures and digit patterns, and also
of how they have changed in evolution has led to different hypotheses and computer
models (see e.g. Glimm et al., 2014; Green & Sharpe, 2015; Hentschel et al., 2004; Marin-
Riera et al., 2016). Where and when cells proliferate - together with cell death, migration
and adhesion - has an especially important influence on the characteristic shape and growth
of the developing limb (Ede et al., 1975; Fernandez-Terdn et al., 2006; Hornbruch &
Wolpert, 1970). Cell proliferation is furthermore an important factor in the developing

limb’s gain of mass (Ede et al., 1975).

The development of limbs in vertebrates starts with limb buds at specific somite positions
along the embryonic axis. The bud consists of mesenchymal cells that are surrounded by
ectoderm (Bénazet & Zeller, 2009). Limbs are three-dimensional structures and develop
differently along the three spatial axes: anteroposterior (AP), dorsoventral (DV) and
proximodistal (PD). Tetrapods show a wide variety of limb morphologies. However, an
underlying bauplan is conserved and allows for identifying elements, and comparison

between species (Shubin et al., 1997).

Vertebrate Limb Development

After the limb buds emerge, they grow along the PD axis. Later they flatten along the DV
axis and widen at the distal end. The pattern of the skeletal elements in the limb starts
proximally and proceeds distally. The mesenchymal cells in the limbs will condense during
development and differentiate into cartilage, and then bone (Niswander, 2003). The skeletal
bauplan of the tetrapod limb consists of three parts: the stylopod or upper limb, the
zeugopod or lower limb and most distally the autopod or hand/foot. The humerus in the
forelimb and femur in the hindlimb form the stylopod and attach to the shoulder or pelvic
girdle. The zeugopod consists of two long bones. In the forelimbs these bones are the radius

and ulna, and in the hindlimb the tibia and fibula. The third element, the autopod, can be



further divided into the proximal mesopod and a distal acropod. The latter is formed by
several bones: the metacarpals in the hand and metatarsals in the foot, as well as the digits.
The mesopod is formed by the carpus in the forelimb, and tarsus in the hindlimb (Wagner &
Chiu, 2001).In the chick embryo, the patterning of these bones, i.e. the formation of the
cartilage primordia, is completed over a timespan of about four days in development, and is

visible after about seven days of incubation (Newman & Frisch, 1979).

The apical ectodermal ridge (AER) plays a crucial role in the growth and elongation of the
limb during development (Fallon et al., 1994). It is situated at the distal end of the
developing limb and appears as an AP-oriented ridge - as the name already implies - along
the tip, which forms due to the thickening of ectodermal cells (Wagner & Chiu, 2001). The
AER expresses several fibroblast growth factors (FGFs), which are relevant during
embryogenesis. For example, FGF8 and FGF10 play a vital role in the formation of the AER,
as well as in the initiation of the limb themselves (Kawakami et al., 2001). Experimental
manipulations of the AER or FGF result in deformed limbs, which confirms their important
role during embryogenesis (see e.g. Saunders, 1984; Sun et al., 2002). Another zone that is
important in limb development is the zone of polarizing activity (ZPA). It consists of
mesenchyme and is related to the AP axis signaling in the limb. This zone is situated at the
posterior margin of the limb. Transplanting the ZPA to the anterior side of the limb will
result in a duplication of some or all digits (Tickle et al., 1975). The morphogen active within
the ZPA is Sonic Hedgehog (Shh), which was confirmed in experimental studies (see e.g.

Drossopoulou et al., 2000; Tickle & Towers, 2017).

Over the years, different models have been described to explain the skeletal and general
growth patterns, as well as axis determination in limbs. In the following, one pattern,
namely the Turing pattern, will be shortly described, as it is often named as a model for

skeletal and digit patterning.

Turing (1952) described a system that can result in different patterns, based on the reaction
between chemical substances, so-called morphogens. These patterns emerge
spontaneously and with some kind of periodicity. Turing and Turing-like patterns have been

found in several organisms by now, for example, in the skin patterns of some fish (Kondo,



2009). Newman and Frisch (1979) presented a model based on the work by Turing, to
explain the PD sequence of developing skeletal elements in the wing bud of chick embryos.
They concluded that both the AER and possibly fibronectin, a cell surface protein, play
crucial roles in establishing the reaction-diffusion system needed to form the pattern. The
described model starts with one stripe of precartilage condensation (humerus), followed by
a two-element row (ulna and radius) and ultimately the formation of three elements (the
three digits in the avian forelimb) (Newman & Frisch, 1979). Later it was shown that by
adjusting the original models not only the skeletal wing bud patterns in chick embryos can
be explained by reaction-diffusion systems, but also the patterns emerging in mutant chick
embryos, as well as in fossils (e.g. Brachupterygius or Sauripterus; Zhu et al., 2010). The
basis for these adjustments in the model were studies on chondrogenesis, as well the local
autoactivation-lateral inhibition (LALI) framework, suggested by Meinhardt (2008), as
mentioned in (Zhu et al., 2010). The LALI system, as opposed to the former understanding of
reaction-diffusion models, also includes cellular reactors, in contrast to simple chemical
reactions (Zhu et al., 2010). A more recent study suggests that the Turing-like mechanisms
observed in digits of vertebrate limb do not actually form stripes, but spaced spots, that

elongate later in development (Hiscock et al., 2017).

Signaling and morphogens in developing limbs have been studied extensively (see e.g.
Bénazet & Zeller, 2009; Mariani et al., 2017; Yokoyama et al., 2017). Additional knowledge
about where and when cells proliferate would lead to a better overall understanding of limb
growth and development and would especially guide future experiments on vertebrate limb

development.

Previous cell proliferation studies

Even though not everything is yet known about the spatiotemporal distribution of
proliferating cells in growing limbs, there are some studies that focused especially on this
topic. Previous studies mainly relied on physical sectioning and 2D projection images of limb
buds. This fails to provide a complete picture of the developing limb, as it is a three-

dimensional structure and therefore should be studied in 3D. The studies introduced in this



section focus on chick limb development, and the stages mentioned follow the staging done

by (Hamburger & Hamilton, 1951).

Hornbruch and Wolpert (1970) did one of the first quantitative studies on mitosis during
limb bud growth, stating three questions about the development and growth of early limb
buds. First, what starts the early outgrowth? Second, how is the paddle shape of the limb
determined? And third, how do cell growth and the PD specification of regions relate to one
another? This shows that cell proliferation has been a topic of interest for several decades.
They note an overall high mitotic index in the mesenchyme at stage HH18 with about 10
percent and a drop to around 2 percent at stage HH30 (Hornbruch & Wolpert, 1970). The
mitotic index refers to the percentage of cells in the phase of mitosis. Also a lower overall
mitotic index of the ectoderm was observed in the latter stage and explained by the
volume-to-surface ratio of the growing limb (Hornbruch & Wolpert, 1970). They also
observe no difference in mitotic index of the proximal and distal end between the stages
HH18 and HH23, but a decrease in the proximal area at the stages HH24 to HH30. There are
some exceptions to this overall pattern at the stages HH21 to HH24, where some regions
show a high mitotic index, for example the elbow or wrist. Furthermore, the area of the
ulna, radius, wrist and hand seams to grow faster than the humerus region (Hornbruch &

Wolpert, 1970).

Ede and colleagues (1975) named cell proliferation by mitosis the most important factor
when it comes to the production of a complex structure as the vertebrate limb. They looked
at chick embryos at the stages HH24, HH25 and HH27, and found that in these stages a
gradient of cell proliferation is visible, with a higher level at the distal tip. They also noted
that the gradient in the mitotic cell count drops rather sharply close to the distal tip, and
then becomes more gradual. They observed less cell proliferation in stage HH27 compared
to stage HH25. In these two stages also a peripheral count was conducted. Stage HH25
showed a gradient from high levels distally to lower levels proximally, which was not
observed at stage HH27. More notable is a drop in overall mitoses in the central region
between the stages HH25 and HH27 (Ede et al., 1975). In regions of forming cartilage,
irregularities in the count of mitotic cells were mentioned. For example, there seems to be a

notably lower mitotic level in the region between the forming radius and ulna at stage
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HH25. This drop on the count is explained by a correspondence to the region of the ‘opaque
patch’ (OP), a region of cell apoptosis, which will later disappear again (Ede et al., 1975;
Hinchliffe & Thorogood, 1974). It is also worth mentioning that there was no significant
correlation of mitotic index with cell density at the periphery, but a high correlation along
the center of the PD axis of the developing limb (Ede et al., 1975). They concluded that
chondrogenesis, which starts with the more proximal elements and then spreads further
distally, goes along with less cell proliferation, but a higher density of cells. Areas of cartilage
differentiation result in an abrupt fall in the mitotic index, compared to a rise when leaving

these areas again (Ede et al., 1975).

The areas of higher cell density, that go along with a drop in mitotic activity, correspond well
to precartilage condensations. Therefore these condensations are not due to more cell

proliferation, but result more likely from cell movement (Ede et al., 1975).

Both studies described similar patterns when it comes to proliferating cells, especially a
higher mitotic index distally compared to proximally. The study by Hornbruch and Wolpert
(1970) looked at 11 different developmental stages, but only focused on a medial section
and two additional sections above and below. The second study by Ede and colleagues
(1975) looked at three different stages and again at a few sections only. Both investigated

the wing bud only and did not look at cell proliferation in the developing leg.

A more recent study by Ferndndez-Terdn and colleagues (2006) looked at both cell
apoptosis and cell proliferation in developing chick and mouse limbs. In terms of cell death
in the chick wing bud four main zones have been described in the past, namely the anterior
necrotic zone (ANZ) near the anterior margin of the developing limb, the posterior necrotic
zone (PNZ) near the posterior margin, the already mentioned opaque patch in the center,
and the interdigital necrotic zones (INZ) between the developing digits (Fernandez-Teran et
al., 2006). They found that up to stage HH21 cell death was not detectable by using the
terminal deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate nick end-labeling
(TUNEL) assay (Zakeri et al., 1993). At stage HH21 in the wing and HH22 in the leg, the ANZ
was detectable, and continues in the stages HH22 and HH23 in the wing, and up to stage

HH28 in the leg, without extending distally past the anterior end of the AER (Fernandez-
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Terdn et al., 2006). In the following stages the ANZ declined. At the stages HH25 to HH27
cell death was seen anteriorly between the zeugopod and autopod in the wing. Also the OP
was detected in the center of the limbs from stage HH22 up to stage HH26 in the wing, and
from stage HH23 up to stage HH26 in the leg. From stage HH24 on the OP was mostly seen
in the developing zeugopod, between the developing radius and ulna in the wing, and
between the fibula and tibula in the leg. By stage HH27 the OP is generally not visible

anymore.

Also the PNZ was detected in the wing at the posterior border of the limb bud, starting at
stage HH23, with a peak at stage HH24 and up to early stage HH26 (Fernandez-Terdn et al.,
2006; Saunders et al., 1962). In the leg the PNZ was detected at stage HH23, but for a
shorter time period than in the wing bud, with almost no detectable cells by stage HH24. For
both forelimbs and hindlimbs at stages HH28 to at least HH32 cell death was also seen at
the posterior margin, proximal to the forming autopod, which was correlated with shaping

the limb, but not with the PNZ (Fernandez-Teran et al., 2006).

In the wing the INZ began to appear at stage HH29 to HH30 proximal in the space between
digit 3 and digit 4. In the following two stages cell death happened extensively in the two
interdigital spaces of the forelimb. Also cell death was seen at the anterior border of digit 2
and posterior to digit 4. These are the most anterior and posterior digits, respectively, in the
forming wing. In the leg the INZ was first detected between the stages HH29 and HH30, in
three interdigital spaces and within them first proximally then distally. The proximal and
distal cluster of cell death later becomes a joined region of apoptosis. The INZ declines after

a peak at stage HH31 (Fernandez-Teran et al., 2006).

In terms of cell proliferation forelimb and hindlimb were described as very similar,
beginning with a uniform distribution of mitosis up to stage HH24, with the exception of the
areas of cell death described above, which showed noticeably less mitosis. Beginning at
stage HH24 fewer cells proliferated in the center of the limb, which corresponds to future
chondrogenic regions. They also noted that the distal mesoderm showed many mitotic cells
from stage HH27 on. As soon as the digits formed this area of high cell proliferation ended

up being just at the tips of the digits up to stage HH31. Thus the interdigital zones showed
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no mitosis. Regions of chondrogenesis showed clearly less cell proliferation. If well-defined
areas showed less to no cell proliferation, cell death was visible in the same region

(Fernandez-Teran et al., 2006).

It was also observed that the AER showed cell apoptosis throughout the studied time period
from when the AER starts forming. Cell death was uniform along its AP distribution, possibly
with a tendency towards anterior, and started before the mesenchyme showed detectable
signs of cell apoptosis. Cell death in the ectoderm was restricted to the AER, but cell
proliferation was more uniform among the whole ectoderm surrounding the growing limb.
This does include the AER where proliferating and apoptotic cells were observed at the

same time (Fernandez-Teran et al., 2006).

Fernandez-Terdn and colleagues (2006) gave an overview of several stages in terms of cell
death and cell proliferation. They used anti-phosphorylated histone H3
immunohistochemistry to stain sections of limbs for cell proliferation. They looked at
sections next to each other and stained either for proliferation or apoptosis. The limb
samples were sectioned in the three orthogonal planes. They therefore did look at the
pattern in three dimensions but still lack true 3D imaging. Furthermore, the data provided
to the reader consists of only two slices for each stages, which makes the images hard to
use for further research. Furthermore the focus was more on cell apoptosis (Fernandez-

Teran et al., 2006).

Ethynyl deoxyuridine (EdU): labeling dividing cells

One way to detect proliferating cells is using EdU (5’-ethynyl-2’-deoxyuridine), which will
incorporate into the DNA instead of thymidine during DNA synthesis (Cappella et al., 2008;
Chehrehasa et al., 2009; Salic & Mitchison, 2008). This works due to the very similar
structure of the two molecules. The advantage of using EdU instead of the former
commonly used BrdU (5-bromo-2'-deoxyuridine) is that it is less toxic, more reliable in terms
of outcome and can also be used for labeling live cells (Warren et al., 2009).

A copper-catalyzed click reaction (Rostovtsev et al., 2002; Tornge et al., 2002) results in a

covalent bond between the terminal alkyne group of the incorporated EdU and an azide
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molecule. By using a fluorophore-conjugated azide molecule in the reaction, detection using
for example fluorescence or light sheet microscopy is possible (Figure 1). The use of the click
reaction enables detection of the incorporated EdU without the need to denature the DNA

first (by using either heat or acid treatment), as would be needed when using BrdU (Warren

et al., 2009).

In this study chick embryos were used as a study species. Even though EdU labeling is mostly
used on sections of biological samples, a study by Warren and colleagues (2009) showed
that EdU resulted in good and time efficient staining of whole mount chick embryos up to
stage HH18 using a fluorophore-conjugated azide. In this work we studied chick embryos up
to stage HH31. We also tried to establish a protocol to adapt the EdU detection for other

imaging techniques.

DNA synthesis organic azide

—_— —_—
+EdU Cu(l)
C

Figure 1 EdU gets incorporated into the DNA during synthesis instead of thymidine (a). This will lead
to an available alkyne group than can be used for attaching an azide during a copper-catalyzed click
reaction (b). As a result, the group conjugated to the azide (R) will be attached to the DNA that had
EdU incorporated (c). After Cappella et al. (2008) and Salic & Mitchison (2008).

3D Imaging techniques

Visualization of biological samples is widely employed to reach a better understanding of
certain processes or structures. To get a good overall impression of those, a three-

dimensional (3D) representation is advantageous, and can be especially helpful in the field
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of developmental biology. A 3D image will for example allow for rotating, virtual slicing and

segmentation of subvolumes.

Ultimately, a 3D representation using suitable microscopic techniques will result in a
number of two-dimensional (2D) images that can be aligned and stacked. This can be
achieved by sectioning the used samples and taking pictures of each section. Of course this
is a very destructive method. Here we wanted to use a method that is not in need of

physical sectioning the samples.

X-ray Microtomography (microCT)

X-ray microtomography is a nondestructive method to get a 3D representation of biological
samples. By using X-rays on a rotating sample and a stationary detector many projection
images of a sample can be produced. There are also systems available using the clinical CT
setup of a stationary sample and a rotating X-ray source and detector. This is very
convenient for live samples. By using appropriate algorithms, cross-sections can be
calculated from the projection images. X-rays are good for visualizing hard tissues like bones
or teeth. Soft tissues can be visualized as well by using metal containing stains (Metscher,

2009).

As we want to visualize cell proliferation, we need a stain specific for dividing cells. By using
EdU labeling it was tried to produce a staining protocol that will lead to an accumulation of
metal at EdU sites. Molecule-specific staining for microCT has been shown to work (e.g.

Metscher & Miiller, 2011), but is not well established yet.

Fluorescence Microscopy

Fluorescence microscopy is similar to light microscopy, except that it uses fluorescence or
phosphorescence to create an image, instead of absorption and reflection. Usually a high
power LED lamp is used as a light source and by using different filter sets the microscope
can be adapted to image the used fluorophores. These fluorophores will be excited by the

light beam and emit light of a lower wavelength. This light can be imaged using a detector.
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This setup does not allow for 3D imaging as described above, but might still give an
overview of samples before mounting them for a different imaging system. It can also be
used to confirm the presence of fluorophores, even though the samples should not be

illuminated too long to avoid photobleaching.

Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) uses optical sectioning to reconstruct 3D
structures. It is one type of fluorescence microscopy used to create image stacks of both live
and fixed biological samples. This is done by illuminating the sample up to a certain plane,
but only focus on that particular plane when taking a picture. A focused light beam scans
over the current plane in focus, illuminating small areas one at a time. If a fluorophore is
present, it will emit light which will be collected by the objective. If the whole sample (or the
area of interest) is fully scanned this way, either the light beam or the sample can be moved
vertically to scan other sections at different heights. If all the images are acquired, software
can be used to align the pictures and create a 3D representation of the sample.

CLSM gives a quite good spatial resolution and is able to detect single fluorophore
molecules. But it does come with a few limitations. By illuminating not just the plane in
focus, but the whole sample down to that certain plane, unwanted signal from excited
fluorophores from planes out of focus might be detected. Furthermore, even with clearing
of the sample — meaning the process of making tissues more transparent and with that
allowing the light to penetrate the sample better — only a sample thickness of 100um to a
maximum of 200um is possible (see e.g. Jonkman & Brown, 2015; Wang & Larina, 2017). In
this study the interest was in chick embryo limbs which will be bigger than this limit even
early in development. A possibility to overcome this issue would be to cut 50pum to 100um
thick sections of the sample, image these sections using CLSM and then aligning the
different stacks to get one complete 3D representation. In the end it was decided against

using CLSM due to the constraints in sample size.

Light Sheet Fluorescence Microscopy (LSFM)

Light sheet fluorescence microscopy (LSFM) is similar to CLSM, but increases resolution by

creating a light sheet, meaning only illuminating the plane that is currently imaged. To make
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this possible the illuminated plane is perpendicular to the detection optics. The light sheet
can be produced from either one or two sides and will be only up to a few micrometers
thick (Figure 2). Depending on the fluorophores in the sample, lasers of different

wavelengths are used.

Samples are mounted within a solution-filled chamber. Depending on the solution’s
refractive index, suitable sample chambers might be used to increase the quality of the
images. Mounting of the samples can be done in numerous ways and will depend on the
system and adapters present. LSFM is also suitable for live samples as the efficient
illumination of the sample reduces stress or damage induced by the lasers. Imaging is fairly

fast and it is possible to get down to subcellular resolution.

Figure 2 lllumination of only one plane during imaging using light sheet
fluorescence microscopy. The thin illuminated plane (blue) is perpendicular to the
detection optics (top) that will image the emitting signal (green) from the
fluorophores in the sample. Picture by Zeiss
(https://applications.zeiss.com/C125792900358A3F/0/4D1D8D177F06CDF4C125
7A940041002D/SFILE/EN_41_011_005_LightsheetZ1_rel2-3.pdf)

Due to these advantages and a bigger possible sample size than with the CLSM it was

decided to image the samples using this method: more specifically with a Zeiss Lightsheet
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Z.1 system. Even though imaging of complete chick embryos was not possible, whole limbs
of stage HH31 chick embryos could still be imaged without sectioning them first. As in CLSM,
clearing of the tissue was needed and samples were mounted in agarose with the help of a
syringe (Figure 3). This allowed for very little to no movement of the samples and by that an

increase in the quality of the resulted image data.

Figure 3 The light sheet (blue) in the Zeiss Lightsheet Z.1 is created
from two sides. The sample is mounted within agarose with the help of
a syringe (top) and then lowered into the sample chamber (seen partly
in the center of the picture). Excited fluorophores emit light (green)
that is then detected by the optics perpendicular to the illuminated
plane. Picture by Zeiss
(https://applications.zeiss.com/C125792900358A3F/0/4D1D8D177F06
CDF4C1257A940041002D/SFILE/EN_41_011_005_LightsheetZ1_rel2-

3.pdf)

Optical Projection Tomography (OPT)

Optical projection tomography (OPT) uses the same principle as X-ray tomography, but uses
light instead of X-rays (Sharpe et al., 2002; Sharpe, 2004). OPT can be used for 3D imaging of
fluorescent samples. Clearing of the samples is necessary to allow the light to penetrate the
sample as needed. This allows samples up to 15mm thick to be imaged (Sharpe, 2002). One
big advantage of OPT is that it can be built rather easily, which avoids the need for an
expensive commercial setup. Designs for custom built OPT systems are available online for

free (see e.g. Wong et al., 2013)
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OPT would have been an interesting option to image the samples in our study, even though
the resolution would have probably been worse, compared to LSFM. Still, it might have
been good enough to get a useful representation of cell proliferation in the developing
limbs of chick embryos. Unfortunately, there was no OPT available to image our samples

with.

Cell proliferation patterns of developing bird limbs

The aim of this study was to produce 3D images of cell proliferation in whole developing
limbs. This work has resulted in a representation of proliferating cells in a series of
developmental stages. The resulting patterns were visualized and described. Imaging with
LSFM produced in 3D images that can be analyzed at single-cell resolution. Chick embryos
were used as a study species due to their easy accessibility as well as their important role as
a model species in understanding vertebrate limb development. The data available from this
research will allow for correlation of expression patterns and other phenomena in limb
development. To enable this, the data will be open-archived and annotated to provide a
basis for further research. Furthermore, it was of interest to explore the possibilities of EdU-
labeling for imaging techniques requiring X-ray dense stains. A reliable method has not been
established, but the work done and shown here contributes to a better understanding of

the potential of EdU labeling in that context.
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Methods

Specimens

Fertilized chicken eggs were ordered from Schropper GmbH, Gloggnitz, Austria, and
incubated in a humidified chamber at 39.4°C at the Department of Theoretical Biology,
University of Vienna. The incubation times were chosen according to Hamburger and
Hamilton (1951) and varied depending on the desired developmental stage (Figure 4). We
will from now on refer to these stages by adding ‘HH’ and the assigned numbers by the two
authors (e.g. HH21 would stand for developmental stage 21, as describe by Hamburger and
Hamilton in 1951). Staging was done after harvesting the embryos and before fixing them in
4% paraformaldehyde (PFA). The main focus for assigning the stages, when in doubt, was on

the limb development, rather than other features.

Within the European Union chick embryos can be used in experiments up to day 17 in
development without a permission by an ethics committee. The latest stage we used was

HH31 and the embryos were incubated for a maximum 6 days and 6 hours.

EdU Labeling of whole-mount chick embryos

Live Embryo Manipulation and Fixation

Eggs were windowed after confirming the position of the embryo within the egg by candling
and cleaning the surface with 70% Ethanol. First, a hole was drilled into the base of the egg
and about 0.5ml of albumen was drawn out using a syringe. Afterwards transparent tape
was put on the shell and a small square window (max. size of 1x1cm) was made through the
tape using an ampule file. If possible it was confirmed by sight that the forming heart of the
embryo was beating. Then 400ul of 500uM EdU (5’-ethynyl-2’-deoxyuridine) - or 400ul of
Phosphate-buffered saline (PBS) in the control group - was added with a pipette on top of
the embryo. 500uM is the saturation dose of EdU suggested by Warren and colleagues
(2009) and therefore was used in our experiments. Then the window, as well as the hole at
the base of the egg was sealed with tape. After windowing the eggs were put back into the

incubator for another 4 hours at 39.4°C before being fixed in 4%PFA in PBS for either 1 hour
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at room temperature or over night at 4°C. There were no differences in outcome due to

fixation duration.

Figure 4 Scaled pictures of 6 of the 9 chick embryos imaged. The number corresponds to the
Hamburger and Hamilton (1951) stage of the specimens. Pictures were taken after fixing the
embryos with 4% Paraformaldehyde. Embryos were cut into pieces that fit into the light sheet
microscope after taking these overview pictures. This mostly meant cutting of the head and
splitting the rest of the body into the upper and lower half. Pictures were obtained using a stereo
microscope.
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Fluorescent EdU Chemistry

The idea
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Cy3 conjugated
DNA synthesis azide
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Figure 5 EdU gets incorporated into the DNA during synthesis instead of thymidine (a). This will lead
to an available alkyne group. A Cy3-conjugated azide was attached via a copper-catalyzed click
reaction (b). As a result, the fluorophore will be attached to the DNA that had EdU incorporated (c)
and can then be visualized using a form of fluorescence microscopy. Cappella et al. (2008) and Salic
& Mitchison (2008).

The principle for fluorescent EdU chemistry was already described in the introduction (see
‘Ethynyl deoxyuridine (EdU) - labeling dividing cells’, page 13). To summarize briefly: EdU
gets incorporated into the DNA during synthesis. This will result in available alkyne groups.
These alkyne groups can be used to form a covalent bond to an azide via a copper-catalyzed
click reaction. Here we used a Sulfo-Cyanine-3-conjugated azide (Figure 5). Cyanine-3 (Cy3)
is a well established fluorophore and its excitation maximum was compatible with both the
fluorescent light microscope and LSFM used. This method has been used in chick embryo

studies before and worked well with our samples (Warren et al., 2009).

Permeabilization

After fixation, samples were rinsed 3 times for 5 min each in PBS. After rinsing in distilled

water for 5 min, samples were rinsed twice in 3% BSA in PBS for 5 min each and then
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permeabilized for 30 min in 0.5% Triton X-100 in PBS. Next were 3 washes in 3% BSA in PBS

for 5 min each.

Labeling of EdU incorporated cells with a fluorophore

The following steps were all done in the dark with the help of a red-filtered LED lamp to
avoid excitation of the fluorophores used. An EdU development reagent (100mM TBS; 4mM
CuSOy; 2uM Sulfo-cyanin-3 azide, Lumiprobe B1330; 100mM sodium ascorbate) was mixed
immediately prior to the application. This reagent contains the components needed for the
copper-catalyzed click reaction, as well as the Cy3 fluorophore that was used for visualizing
EdU-labeled cell nuclei in this study. The Cy3 used has its excitation maximum at a
wavelength of 548nm and its emission maximum at 563nm. The embryo was put into the
reagent for 30 min and afterwards rinsed in 3% BSA in PBS for 3 min. It was followed by a
rinse in PBS for 5 min, before the embryos were put into a DAPI (4’,6-diamidino-2-
phenylindole) solution (2ug/ml) for 35 min. DAPI is used as a counterstain as it binds to
adenine-thymine rich areas in the DNA and is therefore used as a stain for permeabilized
and fixed cell nuclei (Chazotte, 2011). Embryos were again rinsed 3 times in PBS and then

stored in fresh PBS at 4°C.

Signal confirmation

The signals of the fluorophores were first confirmed using a fluorescence microscope
(Figure 6) before selected samples — based on the condition of the embryo and signal

intensity — were imaged using LSFM (ZEISS Lightsheet Z.1).

To confirm that the Cy3-fluorophore only attached to EdU labeled cells, a control with PBS
instead of EAU was run. For these samples, when windowing the eggs instead of 400ul of
500uM EdU, the same amount of PBS was pipetted on top of the embryo. Otherwise the
exact same protocol was run. The control samples did not show any Cy3 signal under
fluorescent light (Figure 6), which confirms that the Cy3-fluorophore was only attached to

EdU labeled DNA.
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EdU + DAPI EdU + DAPI

Figure 6 Top row shows the comparison of a Cy3-EdU (red) stained chicken embryo limb
(right) and one limb from the control group, that was not exposed to EdU during
development (left). It is clearly shown, that no fluorophore staining is visible in the latter
sample, due to the lack of incorporated EdU into the DNA.

Bottom row shows the back or dorsal side of a chick embryo on the left, and a limb with
surrounding membranes on the right. The red dots correspond to the Cy3-EdU labeling
and blue areas to the cell nuclei stained with DAPI. Some cell nuclei show staining of both
fluorophores as expected.
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Silver staining of EdU labeled cells

The idea
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Figure 7 EdU gets incorporated into the DNA during synthesis instead of thymidine (a). This will lead
to an available alkyne group. Here a biotin-conjugated azide via a copper-catalyzed click reaction
was attached (b). By adding HRP conjugated streptavidin (streptavidin has a high affinity to biotin),
the peroxidase will be bound to the now attached biotin (c). As a next step silver ions are introduced
and will ideally be reduced to insoluble metallic silver (d). The silver will therefore be accumulated at
EdU labeled sites. Steps (a) und (b) after Cappella et al. (2008) and Salic & Mitchison (2008).

As mentioned in the introduction microCT is another form of visualizing objects or biological
samples in 3D. Early embryonic tissues have little to no X-ray density, which is why staining
is needed. For an overall staining of samples phosphotungstic acid (PTA) or Lugol’s solution
(IK1) can be used to stain soft tissues (Metscher, 2009). Specific staining of certain tissues is
much more complicated, but has been shown to be possible (Metscher & Miiller, 2011).
Based on the work by Metscher and Miiller (2011) a protocol was adapted to try to stain
EdU labeled cells. The idea was to use the fact that peroxidase will reduce positively charged
silver ions (Ag") to insoluble metallic silver (Ag®). To attach peroxidase to the EdU labeled
cells, first a biotin-conjugated azide was connected to the alkyne group of the incorporated
EdU. As a next step the samples were exposed to HRP (horseradish peroxidase) conjugated
streptavidin. Streptavidin has a strong affinity for biotin and will connect to it if exposed.

Thus peroxidase gets attached to the EdU labeled cells. By putting the samples in contact
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with silver, we hoped for a reduction of the silver ions to happen and by that an

accumulation of silver in the cell nuclei (Figure 7).

Permeabilization

After fixation samples were rinsed 3 times for 5 min each in PBS and then put into 1%
hydrogen peroxide for 15 min to inhibit endogenous peroxidase in the samples. After rinsing
in distilled water for 5 min, samples were rinsed twice in 3% BSA in PBS and were then
permeabilized for 30 min in 0.5% Triton X-100 in PBS. Next were 3 washes in 3% BSA in PBS

5 min each.

Labeling of EdU incorporated cells with silver

An EdU development reagent (100mM TBS; 4mM CuSO4; 4uM Biotin-PEG3 azide,
Lumiprobe C3730; 100mM Sodium Ascorbate) was made immediately prior to putting the
embryo in it for 30 min. Two rinses in 3% BSA in PBS followed. Samples were then put into a
1:1000 diluted HRP conjugated streptavidin (ThermoFisher N100) solution in 3% BSA in PBS
for 3 hours at room temperature on a rocker. Samples were then rinsed in 0.1% saponin in
PBS for 5 min, 30 min and over night. It was later observed that exchanging an over night
wash to another wash for 30 min is not resulting in different outcomes. Samples then were

washed twice with 0.1% Triton X-100 in PBS for 30 min each.

Then a postfixation was done for 20 min using 10% Formalin in 0.1% Triton X-100 in PBS.
After three more rinses (5 min each) in distilled water, samples were transferred to fresh
tubes to eliminate the presence of salts in the tube. Then equal parts of citrate buffer (0.4M,
pH 3.8-4) and silver acetate (4.8mg/ml) solution were added to the sample for 4 min. Next
followed a 0.4% hydroquinone solution with the same volume for another 4 min. Then
another equal volume of 0.3% hydrogen peroxide was added. As soon as the solution turned
gray - caused by precipitating silver - it was exchanged for distilled water and after 3 more

washes the embryos were stored in PBS at 4°C.
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Results

The outcomes from this protocol varied greatly. Mostly the silver staining did not seem to
be very specific to the cell nuclei (Figure 8a). On the other hand, some areas showed some
specific-looking stain that resembled to some degree the expected patterns for cell

proliferation, for example, in the limb (Figure 8b).

Figure 8 Chick embryo sample stained with silver. The silver is not very specific and shows
unevenly stained parts of the embryo. Some areas of the staining look rather superficial (a),
others seemed to stain areas within the embryo, as for example in the limb (b)

When leaving out the 15 min in 1% hydrogen peroxide after the fixation and washes in PBS,
one sample showed specific staining in the cell nuclei (Figure 9). It is not clear though how
well the stain penetrated and if only cell nuclei close to the surface of the embryo were
stained. Furthermore, it did not store enough silver to be imaged using microCT (results

from scan not shown).
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Figure 9 Chick embryo limbs labeled with EdU and then stained with silver. Both the limb (a)
and the back (b) show specific staining of cell nuclei. From the sample it was unclear how well
the stain penetrated the tissue.

Yet another sample showed contrast in X-ray imaging. Here again, the sample was not put
into hydrogen peroxide after fixation and there were no washes in 0.1% Triton X-100 in PBS
before postfixation. Additionally, a change in color of areas of the embryo, as well as of the
solution, was observed after adding the hydroquinone, so no hydrogen peroxide was added
in the end, but instead the reaction was stopped by changing the solution to distilled water.
It is not completely clear from the X-ray images if the staining is specific to the EdU sites in

the embryo, or if the pattern seen results from other sites of staining (Figure 10).
Samples were scanned using the Xradia MicroXCT imaging system (XRadia, Inc., Pleasanton,

CA). They were mounted in aqueous agarose within a plastic tube to keep them from

moving for the time of scanning.
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Figure 10 3D volume rendering based on a microCT scan of a chick embryo
possibly showing areas that were labeled with EdU and then stained with silver.
Visible are both hindlimbs in the bottom part of the pictures as well as the tail,
possibly somites (spots) and the left forelimb (top right).

DAB Staining of EdU labeled cells

The idea

DAB (3,3'-diaminobenzidine tetrahydro-chloride) is a brown to black stain that is commonly
used in histology. Furthermore, metal-enhanced kits exist or poststains involving metals are
in use. Here the idea was to get metal into the cells that contain EdU, to possibly produce a

specific X-ray dense stain.
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Figure 11 EdU gets incorporated into the DNA during synthesis instead of thymidine (a). This will
lead to an available alkyne group. Here a biotin-conjugated azide via a copper-catalyzed click
reaction was attached (b). By adding HRP conjugated streptavidin (streptavidin has a high affinity
to biotin), the peroxidase will be bound to the biotin (c). As a next step DAB is introduced and
reduced by the peroxidase, which should ideally lead to particles being accumulated in the cell
nuclei (d). Steps (a) and (b) after Cappella et al. (2008) and Salic & Mitchison (2008).

Similar to the staining containing silver - described in the previous section - a biotin-
conjugated azide was used and then HRP conjugated streptavidin to ultimately connect
peroxidase to the EdU labeled cells. The only difference was that instead of a silver solution
a DAB solution is used (Figure 11). Also via a reduction of added metal ions the brown
particles should be accumulated in the cell nuclei and allow for detecting EdU labeled cells
either by using light microscopy or microCT (in the case of the metal-enhanced DAB). The
metal-enhanced DAB kits available (e.g. 34065 Thermo Fisher Metal Enhanced Substrate Kit)
use cobalt or nickel, which both are not heavy enough to be visible in microCT scans.

Therefore, ultimately a poststain containing a heavier metal might be necessary when using

DAB.

Permeabilization

After fixation samples were rinsed 3 times in PBS for 5 min each, and then put into 0.3%
hydrogen peroxide in PBS for 5 min, followed by three more 5 min washes in PBS. After 2
rinses for 5 min each in 3% BSA/PBS, samples were permeabilized for 30 min in 0.5% Triton

X-100 in PBS. After rinsing twice for 5 min each in 3% BSA/PBS and twice for 5 min in PBS,
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samples were put into Proteinase K (20ug/ml) for 20 min. Next followed 3 washes for 5 min

each in PBS.

Labeling of EdU incorporated cells with DAB

Samples were put into an EdU developmental reagent (100mM TBS; 4mM CuS04; 4uM
Biotin-PEG3 azide, Lumiprobe C3730; 100mM sodium ascorbate) containing a biotin-
conjugated azide. Three more washes 5 min each in PBS followed, before the solution was
changed to HRP-conjugated streptavidin (Thermo Fisher N100) in 3% BSA/PBS (diluted
1:1000) for 3 hours on a rocker at room temperature. After rinsing three times in PBS and
twice in distilled water, samples were put into a metal enhanced DAB solution (DAB/Metal
Concentrate from the 34065 Thermo Fisher Metal Enhanced DAB Substrate in working
concentration) until desired staining (usually after 5 to 15 min) was accomplished. To stop

the process samples were rinsed in distilled water before storing them at 4°C.

Results

This protocol led to different results. One sample fell apart after the treatment with
Proteinase K, but the protocol was resumed anyway. This sample did show specific staining
of cell nuclei, even though no estimation of the penetration of the stain was done (Figure
12a-c). On the other hand, another embryo that was used at the same time, following the
exact same protocol, showed no obvious staining of cell nuclei, except for some areas of
membranes that were still attached ventrally to the embryo (Figure 12d-e). The only
difference observed in the course of the experiment was, that the latter sample floated
longer at the top of the used liquids, compared to the first one. But eventually both

embryos sank to the bottom of the tubes.
A poststain was not performed due to the varying results. Possible metal candidates to try

might be platinum - which has been used in combination with DAB before (see e.g. Hiraoka

& Hirai, 1992) — as well as gold or osmium tetroxide (see e.g. Newman et al., 1983)
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Figure 12 Chick embryos with EdU labeled cells that were then stained with
DAB. (a-c) Sample that showed specific cell nuclei staining, even though
penetration seems to be quite bad. (d+e) Sample that went through the same
steps as the shown in the pictures a to ¢, but showed almost no staining at all,
beside a few darker areas on the dorsal side of the embryo (e).
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Clearing

Light sheet microscopy requires optically cleared samples. The protocol used was adapted
from Susaki and colleagues (2014) and Tainaka and colleagues (2014) and kindly provided by
Julian Petersen (Brain Research Center, Medical University Vienna, Vienna, Austria). The
clearing protocol relies on a clearing and imaging method, named CUBIC (clear,
unobstructed brain imaging cocktails and computational analysis; Susaki et al., 2014). For
clearing, samples were first transferred into glass tubes and then put into the first clearing
reagent (25% urea; 25% N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenediamine; 15% Triton X-
100; all in distilled water) for at least 1 hour at room temperature or at 40°C by using a
heating block. Samples can also be left overnight in the solution. After confirming visually
that samples had cleared noticeably, they were switched to PBS for at least two washes of a
minimum of 30 min each. Samples were then transferred into the second clearing reagent
(50% sucrose; 25% urea; 10% 2,2°,2°-nitrilotriethanol; 0.1% Triton X-100; all in distilled
water) and left overnight on a rocker at room temperature. Samples were stored in the

same reagent at 4°C until imaged.

3D Imaging: light sheet microscopy

For mounting the samples in the LSFM (Zeiss LightSheet Z.1) it was first tried to glue the
samples to a thin string of plastic tube using super glue. As this resulted in damaged samples
and uncontrolled movement of the samples during the scan, this method was abandoned.
Samples were then exclusively embedded in a syringe using agarose instead. For this,
agarose was mixed using distilled water and the second clearing reagent in a ratio of 1:3.
The syringe is then put into the light sheet microscope using an adapter that is available for
the Zeiss LightSheet Z.1. Samples can be easily lowered into the chamber using the syringe,
which will only leave the agarose surrounding the sample (Figure 3). By filling up the
chamber with the second clearing reagent shortly afterwards to prevent drying of the
sample, mounting is completed. The sample chamber is specific to the refractive index
(n=1.45) of the clearing solution, as well as the agarose which increases the quality of the

images.
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The scan setup is done using ZEN, a software provided by Zeiss and specifically designed for
the Lightsheet Z.1. The needed lasers and filters, as well as the area of interest can be
selected, as well as parameters like exposure time and the alignment of the lasers. The
scans were performed using a multiview setup and the coordinates for the needed tiles
were created using LS Tile Scan. When everything is set, the scan will be started and usually

only takes a few hours to be completed.

Analysis

The resulting files were loaded into the Arivis Vision4D software for further editing. As two
different fluorophores were used (Cy3 and DAPI) there were also two channels from the
scan. In Arivis Vision4D the images taken of each plane were stitched and aligned using the
Tile Sorter, their brightness adapted and then saved as two TIFF image stacks — one per
channel. These stacks were loaded into ImageJ (http://imagej.net) to be transformed into 8-
bit images, scaled down and cropped. As the image stacks were huge in data size these
steps enabled us to reduce the size sufficiently to allow us to use Amira 6.4 (FEI Visualization
Science Group, Burlington, MA, USA) for further analysis. In Amira the stacks could then be
displayed as volume renderings and sliced in any direction necessary to get a good

impression of the existing cell proliferation patterns in 3D.
The image stacks obtained from the LSFM consisted of grayscale images. These were in

most cases later overlaid with colored transfer functions to allow for better representation

of the data.

34



Results

In total scans of seven forelimbs (Figure 13) and eight hindlimbs (Figure 14) of a total of nine
different developmental stages were analyzed. Stages range from HH18 to HH31. A minus
(“-‘) was attributed to the stages if the limbs did not yet show all the features of a stage as
described by Hamburger and Hamilton (1951), but were clearly distinct from the previous

stage.

We will assume in our analysis that the overall size of the embryos does not have an
influence on the cell proliferation patterns observed in the samples and described in the

following pages.

Figure 13 Scaled 3D volume renderings of all the forelimb samples used in the analysis. Limbs were
mirrored to all point in the same direction if needed. Numbers correspond to the Hamburger
Hamilton stages of the chick embryos. Red areas represent cells that have incorporated EdU during
synthesis and have been stained with Cy3. The blue color represents the outline of the limbs, based
on DAPI staining in the sample.
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Figure 14 Scaled 3D volume renderings of the chick embryo hindlimbs used in the analysis. If
needed images were mirrored so all limbs point towards the right side. Numbers correspond to the
Hamburger Hamilton stages of the chick embryos. Red areas represent cells that have incorporated
EdU during synthesis and have been labeled with Cy3. The blue color represents the outline of the
limbs, based on DAPI staining in the sample.

Stage HH18

Forelimbs

Cell proliferation is seen throughout the whole limb, with no clear sign of any differences in
density. Proliferation seems to be uniform (Figure 15 andFigure 16). There are no clear areas
where no cell proliferation is happening. On the virtual sections a small border can be seen

around the outside of the forelimb, followed by a one-cell-deep layer around it (Figure 15).
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Figure 15 Virtual section through
the right forelimb of a chick
embryo at stage HH18. White dots
represent cells that have
incorporated EdU during synthesis
and have been stained with Cy3.

A: anterior, P: posterior, R: right, L:

left

Hindlimbs

Figure 16 Cross section through a chick embryo at stage HH18,
showing sections through both forelimbs. At the top of the
picture the spine is visible at the dorsal side of the embryo. White
dots represent cells that have incorporated EdU during synthesis
and have been stained with Cy3.

D: dorsal, V: ventral, R: right, L: left

Similar to the forelimb at the same stage, cell proliferation seems uniform with no

distinction between different areas within the limb (Figure 17). There might be slightly less

EdU labeled cells at the proximal part of the limb (Figure 19). A small border — a couple of

cells thick — can be observed around the outside of the limb (Figure 18).
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Figure 17 Virtual cross section through a chick  Figure 18 Close up of a virtual cross section
embryo at stage HH18 that shows both through the right hindlimb of a chick embryo at
hindlimbs on the right and left side. At the top of stage HH18. In this picture a thin layer of cells
the image - the dorsal side - the neural tube can around the limb is visible. White dots represent

be seen. White dots represent cells that have cells that have incorporated EdU during synthesis
incorporated EdU during synthesis and have and have been stained with Cy3. The top of the
been stained with Cy3. D: dorsal, image points dorsally and the left side to the right-
V:ventral, R: right, L: left wing side of the embryo.

Figure 19 Virtual dorsal plane through both
hindlimbs of a chick embryo at stage HH18.
Red dots represent cells that have
incorporated EdU during synthesis and
have been stained with Cy3. Blue dots
show the cell nuclei that were stained with
DAPI. A: anterior, P: posterior, R: right,

L: left
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Stage HH20

Forelimbs

There are fewer cells proliferating in the center of the limb (Figure 20Figure 21). Besides
that, the pattern of cell proliferation seems uniform. On the virtual sections a small border
can be seen around the outside of the forelimb, followed by a one cell thick layer around it.
The DAPI stain shows an even distribution of cell nuclei throughout the whole limb, which
confirms, that the pattern of lesser density in the center of the limb is due to a lower

amount of EdU labeled cell nuclei (Figure 21).

Figure 20 Virtual cross section through the body  Figure 21 Virtual dorsal plane through the body
and especially left forelimb of a chick embryo at  and left forelimb of a chick embryo at stage HH20.

stage HH20. Dorsally the neural tube can be Apart from the limb at the right side of the image,
seen. In the limb more cells have been labeled parts of the spine and somites are visible. Red
with EdU distally. White dots represent cells that dots represent cells that have incorporated EdU
have incorporated EdU during synthesis and during synthesis and have been stained with Cy3.
have been stained with Cy3. Blue dots show the cell nuclei that were stained
D: dorsal, V: ventral, R: right, L: left with DAPI.

A: anterior, P: posterior, R: right, L: left
Hindlimbs

Cell proliferation looks quite uniform in the whole limb (Figure 22Figure 23). There seem to

be fewer cells proliferating on the proximal side of the limb though, as well as more labeled
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cells near the distal outskirt of the limb (Figure 22Figure 23). Furthermore, the border

around the limb can be observed here in the same manner as at stage HH18 (Figure 22).

Figure 22 Virtual cross section through the body  Figure 23 Virtual dorsal section through the
and left hindlimb of a chick embryo at stage lower body and the left hindlimb of a chick
HH20. At the top of the image the neural tube can embryo at stage HH20. At the bottom of the
be seen. More cells in the limb were EdU labeled  image the neural tube of the tail can be seen.

distally. Red dots represent cells that have More cells were labelled with EdU distally of the
incorporated EdU during synthesis and have been limb. Red dots represent cells that have

stained with Cy3. Blue dots show the cell nuclei incorporated EdU during synthesis and have
that were stained with DAPI. been stained with Cy3. Blue dots show the cell
D: dorsal, V: ventral, R: right, L: left nuclei that were stained with DAPI.

A: anterior, P: posterior, R: right, L: left

Stage HH21

Forelimbs

Cell proliferation is uniformly distributed and occurs in the whole limb. There seems to be
less cell proliferation proximally and close to the body (Figure 24). Also, there are fewer
proliferating cells visible on the anterior margin (Figure 25). There is a thin layer of EdU
labeled cells (couple of cells thick) around the limb (Figure 25). It is visible in the images that
the aligning of the tiles after LSFM imaging was not done perfectly (noticeable as sharp

edges seen in Figure 24). Still the labeled cells and their positions can be seen nicely.
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Figure 24 Virtual cross section through  Figure 25 Virtual dorsal section through the left forelimb of
the right forelimb of a chick embryo at  a chick embryo at stage HH21. In the right part of the
stage HH21. In this image sharp edges  image parts of the spine as well as somites can be seen. The

can be seen due to bad alignment of proliferating cells in the limb show a quite uniform pattern.
the tiles after LSFM imaging. Still the White dots represent cells that have incorporated EdU
overall pattern of proliferating cells during synthesis and have been stained with Cy3.

can be observed. Growth seems to be  A: anterior, P: posterior, L: left, R: right
uniform throughout the limb. White

dots represent cells that have

incorporated EdU during synthesis and

have been stained with Cy3.

D: dorsal, V: ventral, R: right, L: left

Hindlimbs

Growth looks quite uniform, but with less proliferation closer to the body of the embryo
(Figure 26Figure 27). Both proximal in the limb, as well as in the center of the limb less EdU
labeled cells can be observed. As the DAPI stain is uniform throughout the whole limb, this
lack is due to less cell proliferation and not a lack of cell nuclei in general. The just a few
cells thick layer around the limb is still visible at this stage, but less obvious than in earlier
developmental stages (Figure 27). There seems to be more proliferating cells at the
posterior margin, as well as dorsally (Figure 26Figure 27). Here as well an insufficient

alignment of tiles after LSFM is visible as sharp edges in the images (Figure 26Figure 27).
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Figure 26 Virtual cross section of a chick
embryo at stage HH21 at the level of the
hindlimbs. In the top part of the image the
spine is visible. The limb shows
proliferating cells throughout the limb, but
in higher density distally. A sharp edge is
visible in this image, which results from
inexact alignment of the images acquired
from the LSFM. Red dots represent cells
that have incorporated EdU during
synthesis and have been stained with Cy3.
Blue dots show the cell nuclei that were
stained with DAPI.

D: dorsal, V: ventral, R: right, L: left

Stage HH25-

Forelimbs

Figure 27 Virtual dorsal section through the right
hindlimb of a chick embryo at stage HH21 visible in the
left part of the image. Due to imperfect alignment of
the images taken with the LSFM a sharp edge is visible
in the image, but does not eliminate the possibility to
make statements about the cell proliferation pattern.
Proliferating cells can be seen throughout the limb with
a higher density distally. Red dots represent cells that
have incorporated EdU during synthesis and have been
stained with Cy3. Blue dots show the cell nuclej that
were stained with DAPI.

A: anterior, P: posterior, R: right, L: left

There is less or even a lack of cell proliferation in the center of the forelimb, which in the

cross section is seen as a circle shaped area (Figure 29). The distal third of the limbs shows

overall more cell proliferation than the other two thirds (Figure 28). The center shows

hardly any cell proliferation (Figure 28Figure 29). DAPI staining was not strong in this

sample, which resulted in a low contrast scan, but the pattern looks uniform nonetheless

(Figure 28Figure 29).
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Figure 28 Virtual section through the left forelimb of Figure 29 Virtual section through the left
a chick embryo at stage HH25-. Just a few to almost  forelimb of a chick embryo at stage HH25-.
no proliferating cells are visible in the center of the There are less cells proliferating in the
limb. There also seems to be more cell proliferation center of the limb, compared to the areas

happening distally. Red dots represent cells that closer to the surface. Red dots represent
have incorporated EdU during synthesis and have cells that have incorporated EdU during
been stained with Cy3. Blue dots show the cell nuclei synthesis and have been stained with Cy3.
that were stained with DAPI. Blue dots show the cell nuclei that were

A: anterior, P: posterior stained with DAPI. A: anterior, P: posterior,

V:ventral, D: dorsal

Hindlimbs

On the distal part of the limb the amount of cell proliferation seems to be higher than in the

rest of the limb. The center area shows no or only small signs of cells proliferating (Figure
30Figure 32). Cells on the ventral side of the limb close to the body seem to show less
proliferation compared to the dorsal side close to the body (Figure 32). Furthermore, the
area in the middle of the limb shows less EdU labeled cells than the distal and also very

proximal part of the limb (Figure 31). The distal widening of the limb is visible at this stage
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Figure 30 Virtual section through the left hindlimb of a chick embryo at stage HH25-.
In the center of the limb almost no proliferating cells can be observed. Distally there
are more cells that have EdU incorporated. Red dots represent cells that have
incorporated EdU during synthesis and have been stained with Cy3. Blue dots show
the cell nuclei that were stained with DAPI. A: anterior, P: posterior

v oy
Figure 31 Virtual section through the left
hindlimb of a chick embryo at stage HH25-. The
limb is visible in the left part of the image; at
the top right corner a part of the spine is visible.
The density of proliferating cells seems to be
higher distally. There are no to very few cells
that have incorporated EdU visible in the center
of the limb. White dots represent cells that have
incorporated EdU during synthesis and have
been stained with Cy3.

200um

Figure 32 Virtual section through the left
hindlimb of a chick embryo at stage HH25-.
The ventral side of the limbs shows more cells
proliferating than the dorsal side. Red dots
represent cells that have incorporated EdU
during synthesis and have been stained with
Cy3. Blue dots show the cell nuclei that were
stained with DAPI.

A: anterior, P: posterior, V: ventral, D: dorsal
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Stage HH25

Forelimbs

No cells were labeled with EdU or DAPI in the center of the forelimb (Figure 33). There is a
thicker area of cell proliferation on the dorsal side compared to the ventral side of the limb
(Figure 34). It seems as if there is a bit more proliferation at the distal part compared to the
more proximal part of the limb (Figure 33). There seems to be an area on the ventral side of
the limb that has not been labeled with EdU. Based on the DAPI staining no damage to the
limb is seen that could explain this lack of proliferating cells (Figure 35 — DAPI volume
rendering that shows no hole). In the 3D volume rendering of the limb, based on the DAPI
staining, the AER is clearly visible on the distal outskirt of the limb (Figure 35). There is cell

proliferation visible in the AER, but more just proximal to it (Figure 33).
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200pm

Figure 33 Virtual section through the right forelimb of a chick  Figure 34 Virtual section through

embryo at stage HH25. There are only a few to no cells the right hindlimb of a chick
stained in the center of the limb. Red dots represent cells that  embryo at stage HH25. More cell
have incorporated EdU during synthesis and have been proliferation is visible dorsally,
stained with Cy3. Blue dots show the cell nuclei that were compared to the center and
stained with DAPI. A: anterior, P: posterior ventral side of the limb. Red dots

represent cells that have
incorporated EdU during synthesis
and have been stained with Cy3.
Blue dots show the cell nuclei that
were stained with DAPI.

A: anterior, P: posterior, D: dorsal,
V:ventral
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Figure 35 3D volume renderings of the right forelimb of a stage
HH25 chick embryo. Top: Rendering based on EdU labeled cells. On
the ventral side of the limb an area of non-labeled cells is visible.
Bottom: Rendering based on DAPI staining. In this image cells were
labeled in the same area that shows a lack of proliferating cells in
the top image.

Hindlimbs

There is no cell proliferation visible in the center of the limb. There seems to be more
proliferation on the distal part of the limb compared to the rest (Figure 36). Furthermore,
there is a bit less cell proliferation on the ventral side of the limb compared to the dorsal
side (Figure 37). The alignment of the tiles after LSFM imaging was not done perfectly,

which is visible as a sharp edge in the images (Figure 36).
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Figure 36 Virtual section through the right hindlimb of a chick
embryo at stage HH25. A sharp edge is visible in the image due to
bad alignment of the images after LSFM. An area of no cell
proliferation or cells labeled with DAPI is visible in the center of the
limb. Red dots represent cells that have incorporated EdU during
synthesis and have been stained with Cy3. Blue dots show the cell
nuclei that were stained with DAPI. A: anterior, P: posterior

Stage HH26-

Forelimbs

300pm

Figure 37 Virtual section
through the right hindlimb of
a chick embryo at stage
HH25. The ventral side and
the center of the limbs shows
little to no cell proliferation.
Red dots represent cells that
have incorporated EdU
during synthesis and have
been stained with Cy3. Blue
dots show the cell nuclei that
were stained with DAPI.

A: anterior, P: posterior,

D: dorsal, V: ventral

There is a lack of cell proliferation in the center of the limb, as well as a smaller area that

lacks cell nuclei staining by DAPI as well (Figure 38Figure 39). The area of cell proliferation

on the dorsal side of the limb is slightly thicker compared to the ventral side (Figure

38Figure 41). The bend of the elbow is already clearly visible at this stage. Areas proximal of

the elbow bend show a smaller amount of EdU labeled cells (Figure 40).
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Figure 38 Virtual section through  Figure 39 Virtual section through the left forelimb of a chick
the left forelimb of a chick embryo  embryo at stage HH26-. In the center of the limb no cell

at stage HH26-. There is no cell proliferation is visible. There is a higher density of proliferating
proliferation visible in the center of cells on the distal side of the limb. Red dots represent cells that
the limb. The area on the dorsal have incorporated EdU during synthesis and have been stained

side of the limb seems to be thicker with Cy3. Blue dots show the cell nuclei that were stained with
than on the ventral side. Red dots  DAPI. A: anterior, P: posterior

represent cells that have incorpo-

rated EdU during synthesis and

have been stained with Cy3. Blue

dots show the cell nuclei that were

stained with DAPI. A: anterior, P:

posterior, D: dorsal, V: ventral

Hindlimbs

The LSFM scans of the hindlimbs at this stage were too bad in quality to be included in the
analysis. The alignment was quite bad, but would have still allowed for describing the
pattern if taken into account. Unfortunately, the sample seemed to have moved during the
scan, or was not perfectly in focus which led to quite blurry images (Figure 42). This was the

main reason for excluding this sample from the analysis.
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Figure 40 Virtual cross section through the left Figure 41 Virtual section through the left forelimb

forelimb of a chick embryo at stage HH26-. of a chick embryo at stage HH26-. The center of the
There is no cell proliferation visible in the limb shows no cell proliferation. Also the density of
center of the limb. Red dots represent cells proliferating cells closer to the surface is rather low.
that have incorporated EdU during synthesis  Red dots represent cells that have incorporated EdU
and have been stained with Cy3. Blue dots during synthesis and have been stained with Cy3.
show the cell nuclei that were stained with Blue dots show the cell nuclei that were stained
DAPI. with DAPI.

A: anterior, P: posterior, D: dorsal, V: ventral

Figure 42 3D volume rendering of the hindlimb of a chick
embryo at stage HH26-. It is clearly visible that the
alignment of pictures after LSFM is quite bad. The
individual cells are also quite blurry and therefore limit
the possibilities of describing cell proliferation patterns in
this limb. Therefore, this sample was excluded from the
analysis.
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Stage HH27-

Forelimbs

The quality of the scan of the forelimbs at this stage was unfortunately too poor to be used

for analysis.

Hindlimbs

The distal part of the limb is wider and flatter than the rest at this developmental stage
(Figure 43). Within the distal part (foot) are three areas of less cell growth, which
corresponds to the developing digits (Figure 43 andFigure 44). In the leg the center does
only show very little to no cell proliferation (Figure 45Figure 46). There seems to be another
area of little to no EdU labeled cells between the part within the leg and the three areas in
the foot (Figure 43 and Figure 44). Near the surface there seems to be more proliferating
cells anterior and posterior than in the midline, throughout the limb (Figure 44Figure 45).

More labeled cells are visible distally compared to proximally (Figure 43).
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Figure 43 Virtual section through the right hindlimb of a chick embryo Figure 44 Virtual cross
at stage HH27-. Little to no proliferating cells can be observed in the ~ section through the right

center of the limb as well as in parts of the foot paddle. Red dots foot paddle of a chick
represent cells that have incorporated EdU during synthesis and have embryo at stage HH27-.
been stained with Cy3. Blue dots show the cell nuclei that were Different densities of cell
stained with DAPI. A: anterior, P: posterior proliferation can be

observed with the biggest
lack in the center of the
paddle.
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Figure 45 Virtual section through the right leg of a Figure 46 Virtual section through the right
chick embryo at stage HH27-. The center of the limb  hindlimb of a chick embryo at stage HH27-.
shows no proliferating cells. Red dots represent cells Areas towards the body show little to no cell

that have incorporated EdU during synthesis and proliferation. The density of cells that have
have been stained with Cy3. Blue dots show the cell  incorporated EdU is highest at the tip of the
nuclei that were stained with DAPI. A: anterior, P: limb. Red dots represent cells that have
posterior, D: dorsal, V: ventral incorporated EdU during synthesis and have

been stained with Cy3. Blue dots show the
cell nuclei that were stained with DAPI.
D: dorsal, V: ventral

Stage HH28

Forelimbs

The quality of the scan of the forelimbs at this stage was unfortunately too poor to be used
for analysis. The sample was probably damaged while mounting, as it is hardly possible to

identify the limb and other parts of the sample from the obtained images (Figure 47).
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Figure 47 3D volume rendering of a chick embryo at stage HH28, at the
level of the forelimbs. The sample looks quite damaged and it is not
possible to get information about cell proliferation patterns from this
image stack. Red areas represent cells that have incorporated EdU
during synthesis and have been stained with Cy3. Blue areas show the
cell nuclei that were stained with DAPI.

Hindlimbs

In the distal and wider part of the limb, the foot paddle, three areas of no or little cell
growth can be observed (Figure 48). The cross section shows that these areas are somewhat
circular shaped and have dorsoventral dents between them (Figure 49). This corresponds
well with the position of the forming digits. Furthermore, in the center of the circular shapes
cell proliferation is visible, which results in a more ring shaped area of only a few to no EdU

labeled cells.
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In the leg two long tube-shaped areas show a bigger amount of cell proliferation compared

to other areas in the arm (Figure 48Figure 50). Between these two areas there are less EAU

labeled cells (Figure 48 and 50). The distal part of the foot as well as the distal part of the leg

near it, have more cells labeled compared to the proximal part of both (Figure 48Figure 50).
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Figure 48 Virtual section through the left hindlimb of a chick embryo
at stage HH28. The well defined foot paddle shows separate areas of
very little cell proliferation. Also the leg shows areas of little cell
proliferation in the center and more uniform and denser areas
around it. Red dots represent cells that have incorporated EdU
during synthesis and have been stained with Cy3. Blue dots show the
cell nuclei that were stained with DAPI.

A: anterior, P: posterior

Figure 49 Virtual section
through the left foot paddle
of a chick embryo at stage
HH28. Forming digits can be
seen as areas of few
proliferating cells along the
center plane of the paddle.
Red dots represent cells that
have incorporated EdU
during synthesis and have
been stained with Cy3. Blue
dots show the cell nuclei that
were stained with DAPI.

A: anterior, P: posterior,

D: dorsal, V: ventral
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Figure 50 Virtual section through the left hindlimb of a chick embryo at stage HH28.
In the middle of the leg cells are proliferating less than in areas closer to the
surface. At the tip of the foot — seen in the bottom of the image — a presumed
forming digit can be seen as a zone of very little cell proliferation. Red dots
represent cells that have incorporated EdU during synthesis and have been stained
with Cy3. Blue dots show the cell nuclei that were stained with DAPI. D: dorsal, V:
ventral

Stage HH31

Forelimbs

The distal part of the limb is wider and flatter than the rest and by that the autopod can be
distinguished from the arm. Within the autopod, areas of high as well as little to no cell
proliferation can be observed (Figure 51). These areas resemble presumably the forming
skeletal elements of the digits (low cell proliferation), as well as the areas close to the future
joints (high cell proliferation). Proximal to the assumed digits another area of only a few EdU
labeled cells can be observed, which corresponds well with the position of the developing

metacarpus and carpus (Figure 51).
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As the elbow is visible, the arm can now be clearly distinguished into zeugopod and
stylopod. In the first two tube-like areas of little to no cell proliferation, as well as no cell
nuclei stain by DAPI, can be seen (Figure 51Figure 52Figure 53). The stylopod shows mostly
no or only little cell proliferation, which might have resulted from insufficient staining
(Figure 53). With the help of the DAPI staining the outline of the femur can be seen, as well
as the outlines of both the ulna and radius (Figure 51Figure 53). Also cell proliferation is

partly happening in the areas of the forming ulna and radius (Figure 51Figure 53).
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Figure 51 Virtual section through right Figure 52 Virtual cross section through the right
forelimb of a chick embryo at stage HH31. In zeugopod of a chick embryo at stage HH31. Two
the hand paddle areas of little to no cell circular areas in the center of the limb show
proliferation are visible. These areas almost no cell proliferation nor stained cell
correspond well to the position of forming nuclei. These two areas correspond well to the
phalanges, metacarpus and carpus. In the position of the forming radius and ulna. Red dots
zeugopod the areas of little to no cell represent cells that have incorporated EdU
proliferation correspond well to the position of  during synthesis and have been stained with Cy3.
the forming radius and ulna. Red dots Blue dots show the cell nuclei that were stained
represent cells that have incorporated EdU with DAPI.
during synthesis and have been stained with A: anterior, P: posterior, D: dorsal, V: ventral

Cy3. Blue dots show the cell nuclei that were
stained with DAPI. A: anterior, P: posterior
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Figure 53 Virtual section through the right forelimb of a chick embryo at stage
HH31. Areas of no to little cell proliferation, as well as no stained cell nuclei in
general correspond well to the forming bones in the limb. Red dots represent
cells that have incorporated EdU during synthesis and have been stained with
Cy3. Blue dots show the cell nuclei that were stained with DAPI. D: dorsal, V:
ventral
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Hindlimbs

The forming digits are now clearly visible within the autopod from both the DAPI staining
and EdU labeling (Figure 55). More cell proliferation is visible at the base of the bones
forming the digits and in the areas where the future joints will be, compared to the rest of
the area along the future bones which shows almost no EdU labeled cells (Figure 54). This
also includes the tips of the toe bones, where no cell proliferation is seen (Figure 55).
Furthermore, dorsoventral dents are visible in between the forming digits (Figure 56).

The zeugopod and stylopod can be distinguished based on the visible knee bend, as well as
the outlines of the forming skeletal elements identifiable due to the DAPI staining (Figure
59). At the distal end of the limb many EdU labeled cells are visible, and at the mid-section
through the foot they correspond well to the position of the AER (Figure 55, left). The
spaces between the forming bones in the foot show only a few proliferating cells close to
the midsection (Figure 55, left), but more labeled cells further away (Figure 54Figure 55,

right).

There is an area of less proliferation proximal to the forming digits, which corresponds well
to the forming metatarsus and tarsus (Figure 58). In the leg, the outline of the epiphysis of
the tibia can be seen as an area of higher cell proliferation (Figure 58). The proximal part of
the leg shows less to no cell proliferation in the center, which might have resulted from
insufficient penetration from the EdU (Figure 54). The DAPI stain shows the outlines of the
forming tibia and fibula, as well as of the humerus proximal to the knee (Figure 59). In the
cross section through the zeugopod two circular shapes of little to no cell proliferation is
visible, as well as a spot in between these two that also shows less proliferation than the

surrounding area (Figure 57).

There is one edge visible in the foot paddle which resulted from bad alignment of the tiles

after the LSFM (Figure 55Figure 56). This error in alignment did not hinder the description of

the pattern of proliferating cells, though.
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Figure 54 Virtual section through the left hindlimb of a chick embryo at stage HH31. In the foot
paddle small areas of no cell proliferation that correspond well to the forming phalanges can be
seen. Proximal to the foot paddle and in the zeugopod the edges of the forming radius, ulna as well
as some of the metatarsal and tarsal bones are visible. Red dots represent cells that have
incorporated EdU during synthesis and have been stained with Cy3. Blue dots show the cell nuclei
that were stained with DAPI. A: anterior, P: posterior
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Figure 55 Virtual sections through the left foot paddle and zeugopod of a chick embryo at stage
HH31. Both sections show that the amount of proliferating cells varies around the forming
phalanges, seen as areas of little to no cell proliferation interrupted by areas of many EdU
incorporated cells. The right section is closer to the ventral side of the embryo compared to the
left image, which is close to the middle. Red dots represent cells that have incorporated EdU
during synthesis and have been stained with Cy3. Blue dots show the cell nuclei that were
stained with DAPI. P: posterior, A: anterior
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Figure 56 Cross section through
the left foot paddle of a chick
embryo at stage HH31. The edge
in the middle of the image
resulted from bad alignment of
the images after LSFM. Dents
towards the center are visible as
well as areas of little to no cell
proliferation in the center of the
limb. These areas correspond
well to forming phalanges. Red
dots represent cells that have
incorporated EdU during
synthesis and have been stained
with Cy3. Blue dots show the cell
nuclei that were stained with
DAPI. A: anterior, P: posterior,

D: dorsal, V: ventral

Figure 57 Virtual section through the left zeugopod of a chick
embryo at stage HH31. Areas of little to no cell proliferation in
the center of the limb correspond well to the forming tibia and
fibula. Red dots represent cells that have incorporated EdU
during synthesis and have been stained with Cy3. Blue dots
show the cell nuclei that were stained with DAPI.

A: anterior, P: posterior, D: dorsal, V: ventral
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Figure 58 Virtual section through the left hindlimb of a
chick embryo at stage HH31. In focus here the area of
forming tarsal and metatarsal bones. Also the
epiphysis of the tibia can be seen as a zone of higher
cell proliferation compared to its surrounding
Furthermore, the lack of stained cell nuclei in the lower
leg represent the forming tibia and fibula. Red dots
represent cells that have incorporated EdU during
synthesis and have been stained with Cy3. Blue dots
show the cell nuclei that were stained with DAPI. P:
posterior, A: anterior

Data for possible further analyses

Individual cell counts
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Figure 59 Virtual section through the left
hindlimb of a chick embryo at stage HH31.
The forming bones in the leg can be seen
as areas of no stained cell nuclei. Red dots
represent cells that have incorporated EdU
during synthesis and have been stained
with Cy3. Blue dots show the cell nuclei
that were stained with DAPI. V: ventral, D:
dorsal

Due to their single-cell-resolution it is possible with the acquired data to count individual

cells. A test run was done on a part of the image stack of the hindlimb at stage HH31 by

using the Image) Plugin ‘3D Object Counter’ (Bolte & Cordelieres, 2006). The resulting

information showed that the centroid of single cell nuclei can be detected and localized

(Figure 60). A more sophisticated method would be needed to actually count all cells in the

limb, probably requiring a transformation of the stack into binary images first. This can be

done as the brightness of individual labeled cells does not matter: cell nuclei are either
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labeled or not. The brightness might vary due to the position of the sample within the LSFM,
the amount of incorporated EdU or a combination of both. Thus segmentation of the images

to generate a binary mask that localizes the cell nuclei would be possible.
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Figure 60 Virtual section through the hindlimb of a chick embryo at stage HH31. Dots with
numbers next to them refer to the cell nuclei centroids counted by the Imagel plugin ‘3D Object
Counter’. Gray dots represent cells that had EdU incorporated during synthesis.

Cell density

With the data produced in this project cell density analysis can be performed. To
demonstrate this, a simple and quick way to get a quantitative representation of cell density
was used. All the following steps were performed using Image), if not stated otherwise.

First the images of the used stack were transformed into binary images, by setting a global
threshold. This led to images showing EdU labeled cells in white and the background in
black. As a next step the ‘3D Gaussian Blur’ filter implemented in ImageJ was used. This
resulted in different gray values in the stack, where brighter and darker areas depend on
the density of the cells. Areas of cells that were close to each other would blur together to
brighter areas than cells that have a bigger distance between them. As this process results

in a histogram of different gray values, with bright values representing high density, a
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colored transfer function can be used to overlay the data. This was done in a volume

rendering in Amira.

The result shows areas of high density as yellow and low density as blue (Figure 61). In the
test sample (the hindlimb at stage HH25) we can observe higher density within the limb,
compared to the area close to the surface. Also differences in density between the distal
and proximal areas can be seen. Here again more sophisticated procedures can be used to

quantify cell densities and their changes during limb development.

Figure 61 3D volume renderings of a hindlimb of a chick embryo at stage HH25 showing the
density of cells that had EdU incorporated during development. Left: The whole hindlimb.

Right: virtual section through the middle of the hindlimb. Yellow — high proliferating cell density,
blue — low proliferating cell density
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Discussion

This study has demonstrated one method for 3D imaging of cell proliferation in whole limb
buds and produced a series of high-resolution volume images for developing chick limbs.
This allows direct measurements of local density of proliferating cells, potentially along with
simultaneous measurement of overall cell density. Fluorescent EdU chemistry was
successfully used to label proliferating cells in whole chick limbs up to stage HH31. It was

also shown that the labeled cells can be visualized at single-cell resolution in 3D using LFSM.

The data shown here corroborate the conclusions of the cell proliferation studies reviewed
in the introduction (see page 9; Ede et al., 1975; Ferndndez-Terdn et al., 2006; Hornbruch &
Wolpert, 1970). In the imaged limbs more cell proliferation was observed distally than
proximally, except for the stages HH18 and HH20 (see e.g. Figure 17Figure 23), which
showed more or less uniform cell proliferation in the limb. The developing limb consists of
mesenchyme that is surrounded by a layer of ectoderm. That particular layer could be
observed as a layer of proliferating cells in both forelimbs and hindlimbs at the stages HH18,
HH20 and HH21 (see e.g. Figure 18). In the subsequent stages the ectoderm layer was also
visible, but not as clearly, and it consisted of fewer EdU labeled cells. Also the areas of
precartilage condensations showed less cell proliferation (see e.g. Figure 29Figure 48).
Furthermore, the patterns in the wing and leg are generally quite similar to each other

during development.

At the stages HH25-, HH25 and H26- a zone of very little cell proliferation and also just a few
stained cell nuclei were observed in the center of the limb. This area corresponds well with
the OP, an area of cell death described in the core of the developing limb (Fell & Canti,
1934). At the stages HH25- and HH26-, the area in the center might not show sufficient
staining of DAPI, which results in the dark area in the middle (see e.g. Figure 39Figure 46).
The EdU labeling looks better in terms of penetration of the tissue, even though we might
still miss few proliferating cells that have not been stained in the core of the limb in these
two stages. At stage HH31 the regions between the zeugopod and stylopod, and the area
close to the body show basically no EdU labeled cells, which is probably due to insufficient

penetration of the tissue by the EdU (Figure 59). Even if there really were almost no
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proliferating cells at least a few labeled cell nuclei would still be expected in these areas,
which we cannot see in the image data. It has been reported that in whole embryos older
than 72 hours (which would refer to a developmental stage of around HH20) EdU did not
necessarily fully penetrated the tissue (Warren et al., 2009). The present data do show
however, that at least the limbs, except for the areas mentioned, did show good EdU

labeling even past stage HH20.

At stage HH25- there are only a few cells proliferating in the middle of the limb on the
anterior margin (Figure 28Figure 30). This might correspond to the ANZ, an area of cell
death described by (Saunders Jr. et al., 1962). A similar zone in terms of position was
described in that study at stage HH27, which we can also see as a region of just a few
proliferating cells along the anterior margin of the developing limb (Figure 43). At stage
HH28 cell death in the region of the elbow is described, which might correspond to only a
few labeled cells at the same stage in the data shown here (Figure 50). Cell death in this
case is interpreted as a way to form the overall shape of the developing limb in chick
embryos (Saunders Jr. et al., 1962).

These authors also describe the PNZ, a zone of cell death located close to the body wall and
posteriorly of the limb at stage HH24 (Saunders Jr. et al., 1962). In our images at stage
HH25- we see fewer proliferating cells posteriorly in the forelimb (Figure 29), but a rather
uniform distribution of EdU labeled cells in the hindlimb (Figure 32). At stage HH25 cell
apoptosis should still take place posteriorly, but in our data we do see cell proliferation in
these areas, with maybe fewer proliferating cells in the hindlimb (Figure 33Figure 36). It was
shown by Fernandez-Terdn and colleagues (2006) that areas of little cell proliferation
correlate well with regions of cell death. So it is reasonable to assume that the areas, in
which less cells were labeled with EdU, are regions where cell apoptosis is likely to occur.
At stage HH27- the hindlimb shows three, in cross section partly fused, areas of little to no
proliferating cells as well as no stained cell nuclei (Figure 43Figure 43). There are two
dorsoventral dents visible in the cross section through the limb, that correspond to the
interdigital space. In the leg a circular shaped zone of no proliferating cells, which
corresponds well to the area of forming cartilage, can be seen (Figure 45). From the images
it still might be possible that the EdU labeling and the DAPI stain did not fully penetrate. In

the work done by Fernandez-Terdn and colleagues (2006) quite uniform cell proliferation
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was detected in the leg and foot paddle. In the data shown here we clearly see fewer
proliferating cells in the center of the foot paddle (Figure 44). This area can be split into
three more or less separate areas that fit well with the expected positions of the forming
digits. Even though in the leg it is not completely guaranteed that the lack of labeled cells is
due to insufficient penetration of the EdU, in the foot paddle there is no doubt that the EdU
labeling worked as expected, as still a few labeled cells are visible within the areas of less

cell proliferation.

At developmental stage HH28 the foot paddle showed areas with little cell proliferation,
which in cross section show a ring-shaped pattern (Figure 49). Furthermore, in the leg two
long and tube-shaped areas also showed only a little cell proliferation (Figure 50). In the
study by Fernandez-Terdn et al. (2006) a similar and even more distinctive pattern was
observed at HH29. Also at stage HH28 in their study, the proliferation looks more or less
uniform within the limb, which does not fit together with the data shown here. This may
result from the fact that only a selected cross section is shown and by that does not fully

capture the pattern of the whole foot paddle.

Saunders and colleagues (1962) describe the INZ, as areas of cell death between the forming
digits of chick embryos at stage HH31 in the forelimb. The same was reported by Fernandez-
Teran et al. (2006) in both the fore and hindlimb. This pattern was also observed in the data
shown here, but especially in the midsection through the autopod (Figure 55). Moving just
slightly away from that mid section, cell proliferation was still happening in the areas
between the forming digits. This again shows that 3D data is essential to take proliferating

cells like this into account when modeling for limb and digit development.

Cell apoptosis usually occurs in regions where forming skeletal elements are fused in the
wrist or ankle, as well as in the autopod (Saunders Jr. et al., 1962). The data do show few
proliferating cells in areas of forming skeletal elements or chondrogenesis, most obviously
in areas where the DAPI stain shows the outline of the cartilage very nicely (see e.g. Figure
52Figure 53Figure 57). On the other hand, we still do see cell proliferation in the forming
skeletal elements, for example in the digits (see e.g. Figure 51), at the epiphysis of the tibia

(Figure 58), or where the joints in the forming digits are expected (Figure 55). Thus it seems
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as though cell proliferation is less in these regions, but does not completely stop. In the data
shown by Fernandez-Terdn et al. (2006) at stage HH31 and HH32, proliferating cells also
were labeled both in the forming digits and at their outline. This again fits well with our

data.

The fact that the data shown in this work corresponds well to the already known cell
proliferation patterns confirms that our chosen method of fluorescent EdU chemistry does
capture proliferating cells accurately. And doing so in 3D will add another dimension to
understanding growing developing limbs. As chick embryos are often used as a model
species in vertebrate limb development, the data is a valuable foundation for further
research. It was shown that even with very simple computing cell densities can be
illustrated based on the image data (Figure 61), and that cell counts can be conducted
(Figure 60). These would enable, for example, the evaluation of the mitotic index in
different areas of the limb, or the comparison and correlation of the imaged patterns with

known and new gene expression patterns and signaling pathways (e.g. Fabre et al., 2018).

It is planned to publish an indexed set of the 3D image data and provide them to other
interested researchers as an open-access resource, which will allow for easy inclusion in
future projects (see Appendix, page 75). Understanding the normal distribution of
proliferating cells is necessary as the basis to study deviations from it. The 3D files will be
annotated and will consist of both the DAPI and Cy3 image sets for each developmental
stage. It is noteworthy that in the early stages (HH18, HH20 and HH21) not only limbs but
also the rest of the whole body was imaged (excluding the head) and in these cases also

other areas besides the limbs could be analyzed if they are of interest.

Understanding how patterns and certain shapes develop is of great interest in biological
research. Computer modeling can help to explore the boundaries and factors needed to
achieve the formation of a certain structure or pattern, such as that of the vertebrate limb.
On one hand the pattern produced by the skeletal elements in the limb is mostly explained
by a self-organizing Turing pattern (Newman & Frisch, 1979; Raspopovic et al., 2014). In

modeling morphogenesis in 3D, the vertebrate limb is one of the structures of interest
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(Chaturvedi et al., 2005). The understanding of where and when cells proliferate will refine

these models by ensuring that boundaries for the simulated cells can be set correctly.

This study contributes fundamental data to the documentation of the time course of growth
during the development of limbs. These data can be used to guide future experiments that
want to examine phenomena in limb development or want to manipulate them: knowing
when and where to manipulate the tissue is crucial. One method to manipulate limb
development is to place beads soaked in cell signaling proteins (e.g. FGF) or other solutions
(e.g. retinoic acid) in certain areas and observe the emergence of morphological changes
(see e.g. Bangs et al., 2010; Cohn et al., 1995). With the data produced in this work, not only

the location of the manipulation can be estimated but also its timing in development.

The 3D images will be of most use in studies focusing on the growth and patterning of limbs,
but do not limit it to these two topics. Just to name one other example, also evolutionary
studies can profit from the data. Within this area, comparisons in a phylogenetic context will
allow testing hypotheses about the roles of changing cell proliferation patterns in the
evolution of different limb morphologies, such as digit origin, identity or reduction (de
Bakker et al., 2013; Capek et al., 2014; Saxena et al., 2017). Also, a comparison between
species can be done, for example, with mice, which also are used in different limb
development studies, focusing on for example gene expression and patterning of the
skeletal elements (Ahn & Joyner, 2004; Benazet et al., 2009; Petit et al., 2017). Thus
patterns specific for mammals or birds can be distinguished from a general vertebrate limb

development pattern.
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Appendix

Index of Image Data

Stage HH18

../HH18_Cy3_forelimb.zip, Voxel size: 0.914x0.914x4.876pum, 4.42GB
../HH18_DAPI_forelimb.zip, Voxel size: 0.914x0.914x4.876pum, 4.42GB
../HH18_Cy3_hindlimb.zip, Voxel size: 0.914x0.914x4.876pum, 9.55GB
../HH18_DAPI_hindlimb.zip, Voxel size: 0.914x0.914x4.876um, 9.55GB

Stage HH20

.../HH20_Cy3_bothlimbs.zip, Voxel size: 0.914x0.914x4.876um, 13.3GB
.../HH20_DAPI_bothlimbs.zip, Voxel size: 0.914x0.914x4.876um, 13.3GB
../HH20_Cy3_bothlimbs_reduced.zip, Voxel size: 1.827x1.827x9.752um, 2.42GB
.../HH20_DAPI_bothlimbs_reduced.zip, Voxel size: 1.827x1.827x9.752um, 2.42GB

Stage HH21

.../HH21_Cy3_bothlimbs.zip, Voxel size: 0.914x0.914x4.802um, 19.4GB
.../HH21_DAPI_bothlimbs.zip, Voxel size: 0.914x0.914x4.802pm, 19.4GB
../HH21_Cy3_bothlimbs_reduced.zip, Voxel size: 1.827x1.827x9.604um, 2.42GB
../HH21_DAPI_bothlimbs_reduced.zip, Voxel size: 1.827x1.827x9.604um, 2.42GB

Stage HH25-

.../HH25-_Cy3_forelimb.zip, Voxel size: 1.305x1.305x3.996um, 3.47GB
.../HH25-_DAPI_forelimb.zip, Voxel size: 1.305x1.305x3.996um, 3.47GB
.../HH25-_Cy3_hindlimb.zip, Voxel size: 1.305x1.305x3.996um, 4.3GB
.../HH25-_DAPI_hindlimb.zip, Voxel size: 1.305x1.305x3.996um, 4.3GB
.../HH25-_Cy3_bothlimbs.zip, Voxel size: 1.305x1.305x3.996pum, 62.8GB
.../HH25-_DAPI_bothlimbs.zip, Voxel size: 1.305x1.305x3.996um, 62.8GB
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Stage HH25

../HH25_Cy3_forelimb.zip, Voxel size: 0.761x0.761x4.802um, 38.3GB
../HH25_DAPI_forelimb.zip, Voxel size: 0.761x0.761x4.802um, 38.3GB
../HH25_Cy3_forelimb_reduced.zip, Voxel size: 1.523x1.523x9.604um, 4.78GB
../HH25_DAPI_forelimb_reduced.zip, Voxel size: 1.523x1.523x9.604um, 4.78GB
../HH25_Cy3_hindlimb.zip, Voxel size: 0.761x0.761x4.802um, 22.1GB
.../HH25_DAPI_hindlimb.zip, Voxel size: 0.761x0.761x4.802um, 22.1GB
../HH25_Cy3_hindlimb_reduced.zip, Voxel size: 1.523x1.523x9.604um, 2.76GB
../HH25_DAPI_hindlimb_reduced.zip, Voxel size: 1.523x1.523x9.604um, 2.76GB

Stage HH26-

../HH26-_Cy3_forelimb.zip, Voxel size: 0.914x0.914x4.876um, 24.2GB
.../HH26-_DAPI_forelimb.zip, Voxel size: 0.914x0.914x4.876um, 24.2GB
../HH26-_Cy3_forelimb_reduced.zip, Voxel size: 1.827x1.827x9.753um, 3.02GB
.../HH26-_DAPI_forelimb_reduced.zip, Voxel size: 1.827x1.827x9.753um, 3.02GB

Stage HH27-

../HH27-_Cy3_hindlimb.zip, Voxel size: 0.914x0.914x4.876pum, 10.4GB
../HH27-_DAPI_hindlimn.zip, Voxel size: 0.914x0.914x4.876um, 10.4GB

Stage HH28

.../HH28_Cy3_hindlimb.zip, Voxel size: 0.914x0.914x4.844um, 16GB
.../HH28_DAPI_hindlimb.zip, Voxel size: 0.914x0.914x4.844um, 16GB
../HH28_Cy3_hindlimb_reduced.zip, Voxel size: 1.827x1.827x9.688um, 2GB
.../HH28_DAPI_hindlimb_reduced.zip, Voxel size: 1.827x1.827x9.688um, 2GB

Stage HH31

../HH31_Cy3_forelimb.zip, Voxel size: 0.914x0.914x4.844pm, 18GB
../HH31_DAPI_forelimb.zip, Voxel size: 0.914x0.914x4.844um, 18GB
../HH31_Cy3_hindlimb.zip, Voxel size: 0.914x0.914x4.876um, 34.7GB



.../HH31_DAPI_hindlimb.zip, Voxel size: 0.914x0.914x4.876um, 34.7GB
../HH31_Cy3_forelimb_reduced.zip, Voxel size: 1.827x1.827x9.688um, 2.24GB
../HH31_DAPI_forelimb_reduced.zip, Voxel size: 1.827x1.827x9.688um, 2.24GB
../HH31_Cy3_hindlimb_reduced.zip, Voxel size: 1.827x1.827x9.753um, 4.33GB
../HH31_DAPI_hindlimb_reduced.zip, Voxel size: 1.827x1.827x9.753um, 4.33GB

77



