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Abstrakt
Rentgenová počítačová mikrotomografie (µCT) je metoda pro trojrozměrné (3D) zobrazo-
vání vnitřní struktury objektů. Laboratoř rentgenové počítačové mikro a nanotomografie
na CEITEC VUT (Středoevropský technologický institut, Vysoké učení technické v Brně)
se zaměřuje zejména na nedestruktivní analýzu v průmyslovém odvětví. Ukázalo se ale,
že tato metoda nachází široké uplatnění i v dalších vědeckých oblastech včetně vývojové
biologie. Tato práce poskytuje propojení mezi materiálovými a živými vědami. Kompletní
proces vedoucí k vytvoření 3D modelu různých anatomických struktur je detailně popsán.
Tento postup zahrnuje kontrastování vzorků, samotné µCT měření a analýzu dat. Právě
zpracování dat je mnohdy považováno za nejdůležitější část v rentgenové počítačové tomo-
grafii a proto je této oblasti věnována v práci největší část. Úpravou měřicích parametrů
byl dále optimalizován µCT přístroj GE v|tome|x L 240 za účelem umožnění automatické
segmentace. Navíc je diskutována možnost měření na synchrotronu za účelem zvýšení pro-
storového rozlišení a diferenciálního kontrastu. Předpokládá se, že v blízké budoucnosti
získají průmyslové µCT přístroje podobné zobrazovací vlastnosti, a to jak díky nedávnému
vývoji v oblasti hardwaru, tak v oblasti zpracování dat.

Abstract
X–ray computed microtomography (µCT) is an imaging method for three-dimensional
(3D) observation of the inner structure of objects. The laboratory of X-ray computed
micro and nanotomography at CEITEC BUT (Central European Institute of Technology,
Brno University of technology) is predominantly focused on non-destructive analysis in
the industry. However, it has resulted that this approach can also be applied in vari-
ous scientific fields including developmental biology. This thesis provides a connection
between the world of material and life sciences. The complete procedure for creating a
3D model of diverse anatomical structures is described in detail. This process consists of
staining, a µCT measurement and data-processing. Analysis of data is often considered
the most important part of CT method, so the most part of this thesis is devoted to this
area. In addition, the parameters of GE v|tome|x L 240 were optimised to automate the
segmentation process. Furthermore, the possibility of synchrotron measurement is pro-
posed in order to increase the spatial resolution and differential contrast. It is envisioned
that in the near future industrial µCT setups will acquire similar imaging properties due
to the recent development in both hardware and data-processing directions.
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Introduction

One of the greatest enigmas of modern biology is how the shape diversity observed among
living organisms is defined and controlled during its development and growth [1–4]. For
example, the embryo patterning is a highly dynamic process implicating multiple molec-
ular mechanisms and cell interactions at the basis of organ formation. Defects in such
cellular processes can affect the developmental programme and lead to congenital disor-
ders [4–6]. To describe these processes in detail, the use of strong imaging techniques is
required.

Traditionally, histological imaging methods have been used to study developmental
processes [7]. However, the major limitation on understanding complex biological struc-
tures is the lack of methods that would enable to fully depict the developmental processes
in three dimensions (3D). Imaging methods have been improved significantly in recent
years and this has enabled to shift from traditional 2D to 3D analysis and thus to ob-
tain an accurate visualisation of complex 3D information [8, 9]. New imaging techniques
have provided an increasingly accessible and higher throughput imaging of the embryonic
morphology. Combined with some novel quantitative approaches, this enables to conduct
analysis and visualisations that are intuitive and accessible to developmental biologists
and geneticists [10].

One convenient method for 3D imaging is X-ray computed microtomography (µCT),
which enables to scan samples with a high-resolution (typically down to 1 μm3 spatial voxel
resolution) in a non-destructive manner. The sample information is obtained by measur-
ing the X-ray attenuation coefficient or the phase change from different angles. With a
mathematical reconstruction, 3D information about the objects can be acquired [11, 12].

Today, due to the possibility of a fast measurement (in the order of minutes to hours)
and simple sample preparation, this method finds its application both in the industry
and various scientific fields including biology. Modern developmental biology requires
both qualitative and quantitative 3D information about the studied objects, which is not
provided by conventional 2D imaging methods. In addition, the complexity of biological
structures often requires a comprehensive approach to compare shapes, sizes and volumes.
To address this topic, numerous algorithms have been developed to study image segmen-
tation and the evaluation of 3D volumes [13–19]. On the other hand, every topic requires
its own approach and different parameters, which is hard to generalise for all 3D datasets.

This thesis follows up the bachelor’s thesis [20] with the goal of providing a connection
between the technical and biological approach. The theoretical part of this work is divided
into three chapters. In the first chapter, the basic principle of X-ray µCT is explained
including a description of the advantages and disadvantages of conventional instruments
and devices using synchrotron radiation. Particular emphasis is placed on the artefacts
that can be observed in the samples from developmental biology. The second and the
third chapters address the challenges of 3D imaging in biology and consequently with the
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INTRODUCTION

image analysis of such data. The experimental part starts with the fourth chapter and
it describes an optimization of the setup GE v|tome|x L 240. The fifth chapter deals
with the data processing and analysis of the acquired data. Diverse anatomical structures
were analysed by different software on the selected examples from developmental biology.
Further examples can be found in the publication attached to this thesis [1, 2, 21, 22].
Finally, the tomographic data from the conventional X-ray setup GE v|tome|x L 240
at CEITEC1 was compared to the data from the synchrotron facility at the SYRMEP
beamline of Elettra2. As the synchrotron enabled quantitative analysis of cell distribution
in a salamander’s limb, some very promising results were achieved.

1Central European Institute of Technology, Brno University of Technology, Czech Republic
2Synchrotron radiation for medical physics, Elettra Trieste, Italy
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1. X-ray computed tomography

1.1. Basic principle

Wilhelm Conrad Röntgen first detected X-rays on the evening of 8th November 1895.
Röntgen found that when running a high-voltage discharge tube enclosed in thick black
cardboard, which excluded all visible light, in his darkened room, a paper plate covered
on one side with barium platinocyanide would nevertheless fluoresce, even when it was as
far as two metres from the discharge tube. Röntgen concluded that the discharge must
be emitting a new form of invisible radiation that could escape the confines of the glass
discharge tube and the surrounding covering – their unknown nature led him to name
them X-rays [23]. In 1901, he was awarded the first Nobel Prize in physics in recognition
of the extraordinary services he had rendered by the discovery of the remarkable rays
subsequently named after him [24].

At that time, it was hard to imagine how the power of X-ray based imaging techniques
would increase in the next hundred years. One of the first tomographic slices was acquired
by R. N. Bartholomew and R. M. Casagrande in 1957 when they were discovering the
density of the particles of the fluid layer inside steel piping [11]. The first CT machines
used for medical purposes started to appear in the 1970s of the last century and in 1979
Allan M. Cormack and Godfrey N. Hounsfield received the Nobel Prize for physiology
and medicine “for the development of computer assisted tomography” [25]. Since the
late 1990s, CT has been used to a large extent for the control of industrial samples
and for laboratory purposes [12]. Today, it is possible to perform X-ray imaging at the
resolution in the order of nanometres and to visualise and quantify complex 3D structures
[26]. Nowadays, X-ray imaging is a standard tool in many diverse fields and disciplines,
ranging from medical sciences to materials engineering.

Computed tomography for non-life sciences uses the same principle as CT scanners
used for medical diagnosis. In contrast to the strategy used for medical purposes, the
sample is mounted on a rotating stage between a static X-ray source and a detector
[27]. The X-ray projections from different angles of the rotating sample are recorded
through the detector to generate computer-processed virtual cross-sections of the studied
sample (Figure 1.1).

The basis of X-ray computed tomography is similar to all X-ray imaging techniques.
When radiation goes through a studied object, the intensity of the passed beam is changed [28].
The internal structure of the sample can be inspected in this way because of the differences
in the attenuation of the X-rays, along the trajectories from the source to the detector.
The intensity at the detector is described by the Beer-Lambert law

I = I0e−µx, (1.1)

3



1. X-RAY COMPUTED TOMOGRAPHY

where I is the intensity at the detector, I0 defines the intensity generated by the source,
x thickness of a sample and µ attenuation coefficent, which is specific for every material.

For non-homogenous material, attenuation coefficient µ is not constant. Its value can
diverse in x, y and z directions. Along the direction of beam propagation, the absorption
coefficient can be defined as

ˆ
µ(x) dx = − ln

(
I

I0

)
. (1.2)

at each point of its path.
When a non-chromatic beam passes through the objects, the spectral density j0(E)

must be considered. Therefore, the intensity of the radiation after the object is passed
can be computed as

I =
ˆ

j0(E) exp
(ˆ

µ(x, E) dx

)
dE, (1.3)

where dE is the energy spread of X-ray spectra.
After passing the beam through a studied object, a change in the intensity is acquired

at the detector by X-ray projection. The greyscale values of pixels on the projection
correspond to absorption of the object. Specifically, a ratio of I/I0 is recorded. Dark
pixels represent areas with higher absorption and light pixels with lower or no absorption.
A function f can be derived from the Equations (1.2) and (1.3)

f =
ˆ

µ(x) dx = − ln

´ j0(E) exp
(´

µ(x, E) dx
)

dE

I0

 . (1.4)

One of the basic principles of X-ray computed tomography for obtaining information
inside objects is to find this function f [29].

Figure 1.1: Schematic of the set-up for conventional X-ray imaging: The beam generated
by the X-ray beam creates a projection on a detector.
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1.2. TOMOGRAPHIC RECONSTRUCTION

1.2. Tomographic reconstruction
Tomographic reconstruction is a mathematical process, where 2D projections are taken as
an input variable and reconstructed tomographic slices are the result of the mathematic
operations. There are several different approaches to tomographic reconstruction. The
methodological basis used for describing reconstruction is presented in detail in the work
of Kak and Slaney [30] and Rosenfeld and Kak [31]. Another important work is written by
Herman [32], which describes reconstruction methods such as the algebraic reconstruction
technique. In this chapter, the analytical methods of Kak and Slaney are used as an
example to explain the basic steps of tomographic reconstruction.

An object O(x, y, z) is considered as a superposition of n layers of the same thickness
along the z axis, all located in planes parallel to the plane (x, y) and perpendicular
to z. Each layer represents one tomographic slice corresponding to one pixel row of a
detector. It is considered as a 2D function fn(x, y) and describes the distribution of linear
attenuation coefficients (or also phase change) as a function of the position or any other
2D function that can be measured and where the measurement signal is described by a
full line. Any function maybe considered in tomography in condition to be limited and
finite in a given region and equal to zero outside this region. The purpose of tomography
is the reconstruction of this 2D function, representing a layer or slice of the object, from
the measured projections in a unique way [33].

As described in the Chapter 1.1, the aim of the tomographic reconstruction is to find
the function f(x, y) = µ(x, y). A new square and rotational coordinates system (t, s)
is defined to express the object rotatable in comparison to the fixed detection system
coordinates system. In the transformation from the system (x, y) to the system (t, s), t is
given by

t = x cos (ϑ) + y sin (ϑ), (1.5)
s = −x sin (ϑ) + y cos (ϑ). (1.6)

The expression of the path of the ray through the sample expressed with substitution
of s is: δ (t − x cos (ϑ) + x sin (ϑ)). The Dirac function δ ensures that only the points in
obedience to the Equation (1.5) that are related to the beam contribute to the projection
Pϑ(t). Such projection can be defined by

Pϑ(t) = ln I

I0
=
ˆ

path

µ(x, y) ds =
+∞ˆ

−∞

+∞ˆ
−∞

δ (x cos (ϑ) + y sin (ϑ) − t) µ(x, y) dxdy, (1.7)

where the result is a form of the Radon transform used for determining a function from
its integral according to certain directions. More mathematical details can be found in
[33].

In other words, this means that the inverse transformation of the Fourier transform
can be directly used to produce the 2D reconstructed layer of µ(x, y). However, a more
efficient and more elegant way has been developed called filtered back projection (FBP).
This method makes the reconstruction process less expensive and less complicated when
compared to the direct calculation of the inverse Fourier transform [30, 31]. Tomographic
reconstruction with FBP can be described as computing a value of the integral in one
point and then the value is assigned to each point of the line (back projection) [29].

5



1. X-RAY COMPUTED TOMOGRAPHY

This can be briefly described in a few steps:

• Getting projections Pϑ(t),

• 1D Fourier transform of the projections,

• frequency domain filtering,

• inverse 1D Fourier transform,

• back projection f(x, y).

1.3. X-ray sources
The X-ray source is one of the most important components of a CT system. Indeed,
X-ray sources supply the necessary X-ray photons to perform the scan. When the first CT
started to be used, pulsed X-ray tubes were the first types of the sources [34]. In the pulsed
mode, the tubes produced X-ray radiation in short-duration pulses (1–4 milliseconds). The
non-operating period was typically 12 to 15 milliseconds during which no X-ray photons
were emitted because X-ray detectors could not take measurements while the signals were
sampled. Some benefits of the pulsed X-ray tube include the elimination of a large number
of signal integrators, the ability to reset the electronics between pulses or the ability to
adjust pulse length (and therefore photon flux) [35]. With the advances in electronics and
tube technology, the advantages of the pulsed X-ray tube have diminished.

Nowadays, there are many types of X-ray sources. In this chapter, the X-ray sources
suitable for X-ray Computed Tomography are discussed. The emphasis is placed on the
conventional source of the CT device GE v|tome|x L 240 and synchrotron generation of
radiation, as these sources are used for experiments in the experimental part of this thesis.

1.3.1. X-ray tube
Although the size and appearance of the X-ray tube have changed significantly since its
invention by Wilhelm Conrad Röntgen, the fundamental principles of X-ray generation
have not changed. The basic components of an X-ray tube are a cathode and an anode,
both stored in a vacuum. The cathode supplies electrons and the anode provides the
target. When a target is bombarded with electrons, X-ray photons are produced. The
intensity of the radiation produced is proportional to the atomic number of the target
material (e.g. copper, chrome, molybdenum) and to the number of electrons bombarding
the target. This number is controlled by the tube current. The energy of the generated
X-ray photons depends on the difference of the electric potential between the cathode and
the anode [35].

The production of X-rays by electron bombardment of a target is highly inefficient.
Less than 1 % of the input energy to an X-ray tube is converted to X-ray photons and
over 99 % of the energy becomes heat. Thus, cooling of the system should be provided.
Another parameter, also important to the tube performance, is a focal spot. Its size can
significantly impact the spatial resolution. By increasing the size of the spot, the spatial
resolution becomes lower. Both, the temperature dependence during the measurement
and the focal spot size on the machine GE v|tome|x L 240 was discussed in the previous
work [20].
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1.3.2. Synchrotron
Synchrotron storage rings are very powerful sources of X-rays. Synchrotron research facili-
ties are nowadays designed and dedicated to generating tuneable beams of electromagnetic
radiation from the far infrared to the hard X-ray regime with intensities of many orders
of magnitude greater than those produced by laboratory-based sources [36].

The first observation of synchrotron radiation came on 24th April 1947, at the General
Electric Research Laboratory in Schenectady, New York although it was not being sought
and was not immediately recognised for what it was. A more formal description of the
findings came later and can be found in [37, 38]. Initially, synchrotron radiation was seen
as an unwanted but unavoidable loss of energy in accelerators designed to produce intense
beams of X-rays by directing accelerated electrons onto a suitable target. In 1961, a pi-
lot experimental programme exploiting synchrotron radiation began when the National
Bureau of Standards modified its 180-MeV electron synchrotron in Washington, D.C. to
allow access to the radiation via a tangent section in the machine’s vacuum system. Thus,
the Synchrotron Ultraviolet Radiation Facility (SURF I) was born, the first facility cater-
ing for regular users of synchrotron radiation. Because most of these early facilities had
storage-ring energies around or below 1 GeV, experiments were concentrated in the ultra-
violet and soft X-ray regimes. One of the first synchrotrons where energy was extended
to the hard X-ray generation (6 GeV) was in DESY (Deutsches Elektronen-Synchrotron)
in Hamburg in 1964. The inclusion of insertion devices in storage rings (wigglers and
undulators) defines the third generation of synchrotron sources, which are designed for
optimum brilliance, that is, the amount of power per unit frequency, surface area and
solid angle. Beyond this, the fourth generation of synchrotron radiation facilities has
come of age in the first decade of the 21st century, which is defined by a greatly improved
performance, especially with regard to the coherence and brilliance of the X-rays, using
so-called energy recovery linacs and free electron lasers [36].

Synchrotrons consist of an evacuated storage ring in which high-energy electrons circu-
late at highly relativistic velocities, and so-called beamlines that utilise synchrotron light
emitted by the electrons tangentially to their orbital path. A scheme of a synchrotron
facility is in Figure 1.2. The main components of synchrotrons are:

• A source of electrons in an electron gun that are accelerated in a linear accelerator
(LINAC).

• A booster ring for further acceleration, where electrons may either be accelerated
to the energy of the electrons in the main storage ring, or to a lower energy.

• The storage ring where electrons are maintained on a closed path by an array of mag-
nets. The ring consists of arced sections containing bending magnets and straight
sections used for insertion devices, which generate the most intense synchrotron ra-
diation. The electrons have kinetic energies in the order of GeV, and their velocities
are highly relativistic.

• Radio frequency supply, which supplies the electrons with extra energy, which is
lost due to the emission of synchrotron radiation.

• Beamlines that run off tangentially to the storage ring, along the axes of the insertion
devices and tangentially at bending magnets. The first section of a beamline has a
safety function and various other functions such as isolation the beamline vacuum
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from the storage ring vacuum, monitoring of the position of the beam etc. The
beam is then focused and can be monochromated in the optics hutch, before it
enters the experimental stage. The beamlines generating high-energy X-rays are
shielded using lead-lined and thick concrete walls to protect users from X-rays and
also from gamma rays and high-energy neutrons, that can be produced in the storage
ring when the electrons collide with gas particles.

Figure 1.2: A schematic of the most important components of a synchrotron facility. Elec-
trons from a source are accelerated in a linear accelerator into an evacuated booster ring,
where they undergo further acceleration. In the storage ring, they are maintained in a
closed path using bending magnets. The beamlines use the radiation emitted from inser-
tion devices and from the bending magnets. The energy lost by radiation of synchrotron
light by the electrons is replenished by a radio frequency supply [36].

The properties of a generated beam can be defined by the flux, brilliance and energy of
the electrons within the storage ring which generate X-rays and thus the range of photon
energies. Both flux and brilliance indicate the quality of a synchrotron beamline facility.
The spectral flux is defined as the number of photons per second per unit bandwidth
(normally 0.1 %) passing through a defined area. The brilliance states how the flux is
distributed in space and the angular range and determines the smallest spot onto which
an X-ray beam can in principle be focused. It is the flux per unit source area and unit
solid angle and is defined as

Brilliance = photons/second
(angular range)(source area)(bandwith) . (1.8)

The brilliance of third generation synchrotrons is about ten orders of magnitude higher
than that of a conventional rotating anode and only two or three orders of magnitude lower
than high-quality visible laser sources. This is one of the reasons why synchrotrons have
become such important research tools [36].
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1.4. Magnification
Magnification expresses the ratio between the size in the captured image and the real
size of the sample. The principle of magnification differs in different tomographic devices.
Conventional industrial CT machines usually use the geometry of the cone beam generated
by the X-ray tube.

The cone of the X-ray beam has a theoretical top in the focal spot, where the X-ray
beam is generated, and its base is located on the detector. Geometrical magnification
M is defined as the ratio between the distance from a source and a detector |SD| and the
distance from a source to the studied object |SO|):

M = |SD|
|SO|

. (1.9)

For a fixed distance between a source and a detector, magnification can be changed by
shifting the position of the sample along the source–detector direction. When the sample
is very close to the detector, magnification is low (Figure 1.3a). By putting the sample
near a source and far away from the detector, magnification is high (Figure 1.3b).

One of the challenges for tomographic measurement is to find the geometry that is
convenient for the experiment. When the cone has a large top angle, cone beam artefacts
can appear.

(a) Low magnification.

(b) High magnification.

Figure 1.3: The magnification of the system given by the geometry of the cone beam.
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1.5. Artefacts
Artefact in computed tomography is a term used for any systematic discrepancy between
reconstructed slice and a real studied object. Artefacts can seriously degrade the quality
of computed tomographic images, sometimes to the point of making them unusable. To
optimise image quality, it is necessary to understand why artefacts occur and how they
can be prevented. CT artefacts originate from a range of sources. Physics-based artefacts
result from the physical processes involved in the acquisition of CT data. Scanner-based
artefacts result from imperfections in scanner function. Design features incorporated into
modern CT scanners minimise some types of artefacts, and some can be partially corrected
by data post-processing. However, in many instances, the optimum selection of scanning
parameters is the most important factor in avoiding CT artefacts [39].

In this chapter, artefacts that can appear during the measurement of biological species
ex-vivo are discussed. These mainly comprise beam hardening, cone beam artefact, ring
artefacts and sparse sampling.

1.5.1. Beam hardening
An X-ray beam is composed of individual photons with a range of energies. As the beam
passes through an object, it becomes “harder”, that is to say its mean energy increases,
because the low energy photons are absorbed more rapidly than the higher-energy photons
(Figure 1.4). Two types of artefact can result from this effect: so-called cupping artefacts
and the appearance of dark bands or streaks between dense objects in the image [39].

Figure 1.4: Beam hardening of an X-ray beam as it passes through a layer of water and
wolfram. Simulated in SpekCalc [40].

Cupping artefacts can be observed e.g. in the middle part of a uniform cylindrical
phantom, where the X-ray are hardened beam than those passing though the edges be-
cause they are passing through more material. As the beam becomes harder, the rate at
which it is attenuated decreases, so the beam is more intense when it reaches the detectors
than would be expected if it had not been hardened. Therefore, the measured attenuation
profile differs from the real profile that would be obtained without beam hardening. How-
ever, this phenomenon is not often observed in biological samples as they are not uniform
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and the mass is usually randomly distributed within the sample. The phenomenon that
appears more often is streaks and dark bands.

In very heterogeneous cross sections, dark bands or streaks can appear between two
dense objects in an image. These occur because the portion of the beam that passes
through one of the objects at certain tube positions is hardened less than when it passes
through both objects at other tube positions. This type of artefact can occur both in
bony regions of the body and also in scans where a contrast medium has been used [39].
An example of beam hardening in bony regions is in the Figure 1.5.

Beam hardening can be minimised by using filtration, where a flat piece of attenuating
material (aluminium, copper, tin etc.) is placed directly in front of an X-ray tube. This
filter absorbs photons with lower energies and thus “pre-hardens” the beam.

Another option to reduce beam-hardening is calibration correction, where a phantom
with known thickness and chemical composition is used to simulate the expected beam-
hardening effect. A different range of phantoms can be used.

The last option is to use post-processing algorithms for removing beam hardening
artefacts from the data. Some of the algorithms work on 2D X-ray projections, some of
them on reconstructed CT slices [41].

Figure 1.5: An example of light beam hardening on the bones of a mouse embryo.
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1.5.2. Cone beam artefacts
Cone beam artefacts are induced by discrepancies between the mathematical modelling
and the actual physical imaging process.

The projection planes in the detector (defined by the X-ray source and the detector
row) are not exactly parallel to the axial plane except for the centre detector row). In
the filtered back projection reconstruction, the projection planes for each detector row are
assigned to the closest axial plane based on where they intersect the centre of rotation.
If there is a high contrast edge in the z direction between the axial plane and the projec-
tion plane, this can create streaks, as well as stair-step artefacts [42]. These effects are
worse with an increased number of detector rows. An example of these types of artefacts
measured on a stained sample is in Figure 1.6. The streaks are detectable in tomographic
slices and can also cause problems regarding image segmentation and the creation of 3D
models.

Cone beam artefacts can be reduced with adaptive reconstruction algorithms [41].
However, it is better to try to avoid them when setting the geometry for the experiment.
It is important to avoid a large top angle, as well as not putting the sample and detector
too far away from the source, because of the loss of a signal. Finding an optimum distance
for the sample and the detector with the respective top angle of the beam is crucial for
setting the CT measurement.

(a) Reconstructed 3D object. (b) Tomographic slice.

Figure 1.6: Cone beam artefacts on the example of a mouse embryo visible on the border
of the detector.

1.5.3. Ring artefacts
Ring artefacts occur as concentric circles in reconstructed slices and are caused by the
different sensitivity of each detector pixel. At each angular position, the acquired infor-
mation is influenced by the sensitivity of a pixel. With tomographic reconstruction, the
differences in sensitivity will result in a circular artefact (Figure 1.7).
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The simplest way to reduce ring artefacts is detector calibration. This means to
capture the so-called dark and flat images. Dark images are projections captured with
a turned off X-ray generator. Flat images are taken when the detector is illuminated
without putting the sample between the source and the detector. Thus, the pixels are
calibrated to the same minimum and maximum value for the whole detector.

It can happen that some non-functional pixels are also detected, which are called dead
pixels. To avoid circular artefacts in reconstructed data, these pixels should be marked
and the final value of the pixel given by the average value of neighbouring pixels. With
an increased number of dead pixels, the resolution of the detector decreases.

Some novel hardware methods have begun to appear in recent years. One approach
used in conventional systems is to randomly change the position of the detector at each
projection. The system remembers this value and this is taken into account when the data
is reconstructed. This method is implemented for instance in system GE v|tome|x L 240.

(a) No ring artefacts. (b) Ring artefacts.

Figure 1.7: An example of ring artefacts on the larynx of a mouse embryo.

1.5.4. Sparse sampling
A primary parameter of the CT measurement is the number of projections that are ac-
quired. Clearly, reducing the number of projections used for the reconstruction can reduce
the radiation dose and it is more time and cost-effective. However, reducing the number
of projections will also reduce image quality because of the sparser sampling of image
data. An important task is to estimate how many projections are needed to obtain an ad-
equate image quality [43]. In addition, the materials with higher absorption coefficients
have a better signal to noise ratios, which is not the case with soft tissue. Figure 1.8
demonstrates the problem of a deficient number of projections, where the low absorbing
parts start to disappear from the reconstructed slices.

The question of how many projections are needed for a good reconstruction has been
answered by the Nyquist-Shannon theorem [33]. This theorem announced that a unique
reconstruction of an object sampled in space is obtained if the object was sampled with a
frequency greater than twice the highest frequency of the object details. For a sampling
for S points per projection line, a number of P projections are needed to accomplish the
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theorem in tomography. If D is the diameter of the object to be scanned, and ∆x is the
difference between two points of scanning, then the number of points (sampling) in each
projection line to be scanned is given by

S = D

∆x
. (1.10)

For a scanning of the object over 360◦, each point is scanned again after a path equal
to πD and this for each point situated on the surface of a circular object of a diameter D
(the highest frequency). For this case, the number of projections must be equal to

P = πD
∆y

. (1.11)

According to Nyquist-Shannon’s theorem it is required for a good reconstruction that
∆y ≥ 2∆x. If this condition is fulfilled, a relationship between the number of scanned
points S in one projection line (sampling of the object) and the number of necessary
projections P is obtained as

P ≥ π
2

S. (1.12)

(a) 180 projections. (b) 90 projections. (c) 60 projections.

(d) 45 projections. (e) 30 projections. (f) 18 projections.

Figure 1.8: The impact of decreasing the number of projections on the quality of tomo-
graphic data. Modified from [43].
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2. 3D Imaging in biology

Answering the question of how the developmental mechanisms result in the morphogenesis
is a key goal of developmental biology. The study of molecular mechanisms underlying the
morphogenesis has become increasingly quantitative. Understanding the developmental
processes requires an accurate visualisation and parametrisation in 3D. However, the
diversity of imaging data in developmental biology means encountering some complex
challenges in the morphometrics. These challenges must be met in order to understand
the mechanistic basis for variation in complex morphologies. On the other hand, some
recent studies have shown how volumetric imaging and morphometrics can significantly
help the understanding of morphogenesis at the developmental basis [10].

For decades, imaging has relied on optical and then also on electron microscopy of
histological sections, which provides high-resolution 2D data [18]. However, 2D data does
not provide sufficient information about the morphometrics of the studied objects. See
Figure 2.1, where the area of craniofacial cartilage is imaged. 2D slices show very similar
shapes of the structures; however, the 3D image directly shows significant changes between
two samples such as a shortened nasal capsule, curved meckel cartilage and so on. These
changes were not observed in the 2D slice.

Over the past two decades, the development of methods for visualising and analysing
specimens digitally, in three and even four dimensions, has transformed the study of the
organisms [7]. These techniques usually use electromagnetic radiation with wavelengths of
visible light or X-rays. All the imaging methods have their own advantages and limitations,
mainly due to the shape and composition of the investigated samples. 3D biological struc-
tures in their natural shape may be thick and highly scattering, preventing, for example
visible light from penetrating them without significant distortion. In biology, the optical
microscopy, magnetic resonance imaging (MRI) and contrast-enhanced X-ray computed
tomography are important tools for investigating soft-tissue anatomy [8, 9]. Thanks to
these technologies, more anatomical information with more details can be recovered from
diverse types of organisms. The resulting datasets are often reconstructed and presented
as 3D digital models, which are themselves sometimes used in the downstream analysis.
Thereby, it is facilitating quantitative tests of functional and evolutionary hypotheses
[44].

With sufficient contrast imparted to soft tissues, linear and volumetric size changes
in development can be readily measured, and comparisons of those measurements can be
made between species or between control and genetically or experimentally manipulated
specimens [8].
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Figure 2.1: The importance of 3D imaging in biology. The top image shows the red plane
of interest and the corresponding 2D tomographic slices of two different samples with
their craniofacial cartilage that seems similar with 2D perspective. The 3D segmentation
highlights the differences in the complex structure.
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2.1. Challenges of biological samples with CT
One of the most convenient tools for imaging mouse embryonic samples from 12 to 17 days
of embryonic development is X-ray computed tomography [45]. It is the oldest tomography
imaging technique [46]. The major advantage of applying the CT method to biological
projects is that a large variety of tissues, including internal structures, can be detected and
visualised in the whole body context non-destructively and without the need of tissue/cell
type specific staining (Figure 2.2).

There are two basic approaches for imaging the soft tissues of biological samples. Be-
cause of a very similar attenuation coefficient of the tissues (hydrogen, oxygen and carbon),
staining chemical substances are used. However, the staining has some limitations: gen-
erally, it is usually applied only on ex-vivo samples; shrinking of tissue can appear with
longer staining time; penetration of stains is limited etc. In some cases, phase-contrast
imaging is more convenient. The combination of both methods can give a good differen-
tial contrast and a higher resolution [47, 48]. The staining and phase-contrast approach
are discussed in more detail in this chapter.

Figure 2.2: 3D visualisation of a mouse embryo at 15.5 days post fertilisation using the
µCT method. The tongue and associated skeletal components, the heart and the liver.
The virtual clipping planes show the internal structure organisations non-destructively.
The right panel shows a validation of µCT analysis and a subsequent 3D modelling [1].
The yellow dotted line shows the area that is presented as a corresponding 3D model in
bottom image. Colour-coded arrowheads mark the same areas of the raw tomographic
slice and the subsequently segmented 3D model.
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2.1.1. Staining

Even though the X-ray Computed Tomography has a potential to produce quantitative
3D images of small biological samples, its widespread use for non-mineralised tissues has
been limited by the low X-ray contrast of soft tissues. In the case of lab-based CT systems,
it is necessary to use contrasting agents (i.e. stains) to increase the X-ray absorption of
soft tissues. There are various methods for staining biological samples. Staining methods
that enable a high-contrast imaging of embryonic tissues at histological resolutions using
a commercial CT system are demonstrated e.g. in [8, 9, 18, 22]. The stains can usually
be used after any common fixation and after storage in aqueous or alcoholic media, and
on a wide variety of species. These methods establish the µCT imaging as a useful tool
for comparative developmental studies, embryo phenotyping, and quantitative modelling
of development.

Historically, the most successful contrast stain used for the CT imaging of soft tissues
was osmium tetroxide [49, 50]. Its well-known tissue binding properties [51] make osmium
tetroxide a natural candidate for an X-ray contrast stain. Moreover, osmium staining is
a well-established technique for imaging by electron microscopy. On the other hand,
the tissue penetration is limited, as it does not work well on the tissues that have been
preserved in alcohol. Moreover osmium is volatile, toxic, and expensive to purchase and
to dispose of [9].

The stains, based on phosphotungstic acid (PTA) and inorganic iodine, are easier to
handle and much less toxic than osmium and produce high-contrast X-ray images for a
wide variety of soft tissues [8].

PTA was utilised as a standard histological technique for light and electron microscopy
thanks to its capability to increase the contrast of soft versus mineralised tissues or dif-
ferent types of soft tissues. PTA also confers a strong X-ray contrast when attached to
the collagens, fibrils [52, 53] and to various other proteins. It is considered to be suitable
for the visualising of soft connective tissue in general. Moreover, the cartilage is stained
in a significantly weaker way in comparison to the surrounding tissue; therefore, it is
particularly suitable for discriminating and outlining cartilage in a µCT analysis [1–3,
18].

The various inorganic iodine stains usually produce similar results and are extremely
simple to prepare and use. Tissues stored in alcohol are stained well with 1% iodine
in absolute ethanol or methanol. Iodine potassium iodide (one formulation of Lugol’s
solution) works well on fixed tissues that are still in an aqueous medium. A big advantage
of iodine staining is the rapid penetration of the sample in comparison with PTA. Also
its imparted contrast with various tissues is excellent. An example of brain imaging by
iodine staining can be found in Figure 2.3 and in the publication in the attachment to this
thesis [22]. Applying 1% iodine in 90% methanol for 24 hours, enabled to clearly recognise
some structures such as corpus callosum, anterior commissure, cerebral peduncle etc. All
the mentioned structures demonstrated well-defined edges in the µCT data. Moreover,
the preparation time of the staining protocol was only one day in comparison with PTA
staining that requires a much longer staining time (ten days in this case).

To summarise, very simple contrast-enhanced CT imaging can produce quantitative,
high-resolution, high-contrast volume images of soft animal tissues, without destroying
the specimens and with the possibility of use in combination with other preparation and
imaging methods. Such images are expected to be useful in comparative, developmental,
functional, and quantitative studies of morphology [8].
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Figure 2.3: Comparison of the coronal sections of brains following different staining pro-
tocols. A – Coronal section of a brain, B – 1% PTA in 90% MeOH for 14 days, C – 1%
PTA in 100% MeOH for 16 days, D – 1% PTA for 10 days + 1% iodine in 90% MeOH
for additional 24h, E – 1% iodine in 100% EtOH for 24h, F – 1% iodine in 100% EtOH
for 48h, G – 1% iodine in 100% EtOH for 7 days, H – 1% iodine in 90% MeOH for 24h.
According to [22].

2.1.2. Phase contrast imaging
The second approach is based on observing the phase change of X-rays after the interaction
with the sample. By using the phase-sensitive techniques it is also possible to generate
contrast in relation to the phase shifts imparted by the sample. These techniques also
enable to extend the capabilities of X-ray imaging to the details that don’t possess enough
absorption contrast to be visualised only by measuring the decrease in X-ray intensity [54].

It is not possible to directly measure the phase of electromagnetic waves at optical
frequencies. Phase-contrast imaging techniques use the phase perturbations introduced
by the sample to modulate the intensity recorded at the image receptor, in such a way
that these effects can be detected and interpreted.

X-ray phase-contrast imaging techniques are evolving fast, and a large variety and dif-
ferent approaches exist. The most well-known phase-contrast imaging method is probably
interferometry. In an X-ray interferometer, phase-coherent beams are formed by dividing
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the incoming X-ray beam at the beam splitter then after passing the transmission element
they converge again at the analyser, where an image is formed. In an ideal case, the wave
is perfectly planar and the field would be perfectly uniform until a sample is introduced
in one of the arms of the interferometer.

Another convenient technique for the phase-contrast imaging is the grating based
or an analyser based method; however, the most common approach to X-ray computed
tomography imaging is the free-space propagation technique. Free-space propagation
techniques are perhaps the ones requiring the simplest set-up because the introduction
of an appropriate propagation distance between the sample and the image detector can
be sufficient to make the phase effects detectable. The intensity of phase contrast is
dependent on the effective propagation distance D

D = z0z1

z0 + z1
, (2.1)

where z0 is the distance between the source and the sample and z1 is the distance between
the sample and the detector.

This phenomenon of free-space propagation can be interpreted in terms of Fresnel
diffraction. The imaging regimes can be described by the value of Fresnel number NF

NF = dM
2

λD
, (2.2)

where dM is a transversal dimension of a sample and λ is the wavelength of the radiation.
According to the Fresnel number, four different regimes could be observed (Figure 2.4):

• z = 0 Absorption regime.

• NF ≪ 1 Near field, edge effect.

• NF ∼ 1 Fresnel diffraction.

• NF ≫ 1 Far field, Fraunhofer diffraction.

Figure 2.4: The effect of the distance from the object to the detector on the diffraction
of a planar wave [29].
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The intensity projection image, acquired with a certain propagation distance between
the sample and the detector, will always contain a mixture of contributions from both the
absorption and the phase shifts in the sample [47, 48]. Other experimental parameters,
such as the X-ray energy, the geometrical magnification, the radiation coherence and the
system resolution, determine the modulation of intensity at the detector. The process that
aims at making this type of imaging quantitative by calculating the phase and amplitude
of the sample is called phase retrieval. An example of the phase-retrieval algorithms can
be found in [29, 55].

Moreover, to observe phase change, the X-ray beam needs to have a high spatial coher-
ence and parallel geometry [29]. These are typical characteristics of a synchrotron beam.
However, under certain conditions, the laboratory-based CT machines are also capable of
the phase-contrast imaging. Synchrotron-based CT systems are capable of much finer res-
olutions because the synchrotron’s electron beam can be used to generate high-brilliance
x-ray beams that have narrow bandwidths at chosen energies (see Chapter 2.1.1). The
use of a synchrotron is more challenging in this context. Besides, the fact that the access
to synchrotron is rather challenging is due to the limited availability and high costs of
beamtime at the synchrotron’s light sources. Therefore, this method will be dedicated
to the analysis of selected specimens and feasibility studies. This is a fact, which is not
going to be changed in the near future despite many light sources which have recently
started operations [56].

2.2. Complementary methods
Traditionally, histological and two-dimensional (2D) imaging methods have been used to
study developmental processes in both normal and disease situations. Modern genomic,
mutational, and quantitative methods have been recently adopted as complementary ap-
proaches for developmental studies. However, the major limitation in the field has been
the lack of methods that would allow a proper understanding of developmental processes
in 3D. Over the past few years, novel imaging methods such as episcopic imaging tech-
niques, light-sheet fluorescence microscopy (LSFM) and Optical Coherence Tomography
(OCT) have been developed [8, 57–59]. This has permitted the shift from traditional 2D
to 3D analysis and thus the accurate the visualisation of complex 3D information. Due
to the diverse shape and composition of the investigated samples all the imaging methods
have their own advantages and limitations. A brief overview of imaging techniques used
for 2D and 3D imaging in biology is in Table 2.1.
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Table 2.1: Comparison of different imaging techniques used in developmental biology.1

Method Preparation Adavantages Disadvantages

2D Traditional/
confocal
microscopy

Histology/
Immuno-
histochemistry

Cost effective

Destructive
(tissue is sectioned)

3D information is lost

Only a few hundred
microns in depth can
be scanned in
non-sectioned samples

3D Episcopic
microscopy

Staining and
resin embedding 3D information Destructive

(tissue is sectioned)

LSFM
Whole mount
immunostaining
and tissue clearing

Non-destructive Expensive
(use of antibodies)

3D information

Long sample
preparation to
allow antibody
penetration
in large samples

OCT

In-situ
hybridization,
immunostaining
or X-gal staining,
tissue clearing

Non-destructive
Need to perform a
specific staining
on the sample

3D information Experienced eye for
image segmentation

CT Tissue dehydration
and contrasting Non-destructive

Low contrast of soft
tissue without
contrasting

3D information Experienced eye for
image segmentation

Simple sample
preparation

1Created in a cooperation with Dr. Eglantine Heude and Dr. Glenda Comai.
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3. Image analysis

The purpose of image analysis is to extract information from an image or prepare it for a
certain task, such as viewing or a quantitative analysis. The image quality may be poor,
consequently the image may need to be pre-processed. Some specialised concepts and tools
are usually implemented to solve practical problems. Many research groups works in this
field and develops instructions for solving problems by combining various tools in different
sequences. To solve a given problem, one approach may call for image pre-processing
followed by a feature extraction and finally the object recognition. Another approach
may skip the preprocessing and the feature extraction, and it will instead perform the
recognition directly. Once an approach is selected, it may require a number of parameters,
which depending on the practical constraint, may need to be optimised to obtain the best
result, taking into account the image quality, dimension, and content [60].

3.1. Representation of tomographic data
The result of a tomographic reconstruction is a series of 2D greyscale images (see Chap-
ter 1.2). A greyscale image is one in which the value carries only intensity information.
Images of this sort are composed exclusively of shades of grey, varying from black at the
weakest intensity to white at the strongest [61]. Greyscale images are distinct from one-
bit, in which the image contains only black and white colours (also called binary images).
In the tomographic data, greyscale images usually have more shades of grey in between.
The most frequently used type of data varies from 8-bit to 32-bit data, alternatively even
more. In 8-bit data, an image consists of 28 (256) greyscale values – 0 corresponds to
black and 255 to white. In 16-bit data, an image consists of 216 (65 536) greyscale values –
0 corresponds to black and 65 535 to white. This pattern can be applied analogously.

In the image processing context, a histogram is usually used for a data analysis. The
histogram of an image normally refers to a histogram of the pixel intensity values. This
histogram is a graph showing the number of pixels (voxels in 3D data) in an image for
each different intensity value found in that image. This is usually obtained by plotting the
number of pixels with their intensity levels at different range intervals [60]. An example
of a histogram of tomographic data is shown in Figure 3.1c and 3.1f.

3.2. Segmentation
As mentioned above, the image segmentation is a process of partitioning an image (or 3D
dataset) into multiple segments (sets of pixels). The goal of segmentation is to simplify
or change the representation of an image into something that is more meaningful and
easier to analyse [62]. The growing size of the medical images and also their increas-
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(a) Tomographic slice. (b) 3D model. (c) Histogram.

(d) Tomographic slice. (e) 3D model. (f) Histogram.

Figure 3.1: An example of thresholding of a histogram for two different greyscale values.
The yellow colour in the tomographic area represents the area visualised in 3D models.
The corresponding histograms are divided into two parts – the grey colour that is not
segmented and the yellow colour, which represents the segmented greyscale values in the
data.

ing number have given rise to the use of computers in order to facilitate processing and
analysing of these images. Therefore, automatised tools are required to help users process
and efficiently analyse their data. In particular, computer algorithms for the delineation
of anatomical structures and other regions of interest are becoming increasingly impor-
tant in assisting and automating some specific tasks [63]. Unfortunately, fully automatic
segmentation approaches generally function deficiently when being used on biological im-
ages because of low local contrasts, high noise levels and numerous structures or artefacts
surrounding the objects of interest [13]. In this chapter, various segmentation algorithms
suitable for the segmentation in developmental biology are described. To find an appro-
priate algorithm for a segmentation which could differ for different structures is one of
the greatest challenge in data processing.

3.2.1. Thresholding
Thresholding approaches segment scalar images by creating binary partitioning of the
image intensities. The thresholding procedure attempts to determine an intensity value,
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called threshold, which separates the desired classes. Segmentation is then achieved by
grouping all pixels with intensities greater than the threshold into one class and all other
pixels into another class [63].

An example of thresholding is shown on the dataset of a mouse embryo which is
composed of series of 2D tomographic slices represented by greyscale images, 16-bit in
this case. Subfigures 3.1c and 3.1f show the histograms of the whole 3D dataset. Each
histogram is split in two parts by a threshold; a segmented area for a visualisation of
the 3D model (yellow colour) and a background (grey colour). The data of this sample
represent an example, where the visualisation of the 3D model can be made simply by
finding the appropriate greyscale value to divide the background and the sample (Figures
3.1a–3.1c). However, for visualisation of the internal organs of the embryo with higher
greyscale values, the segmentation is not so straightforward (Figures 3.1d–3.1f). The
reason is that not only the organs have lighter greyscale values but also other structures
such as veins and eyes also have these values. These structures act as a disturbing element
in the 3D model. Determination of more than one threshold value is a process called
multithresholding.

3.2.2. Region growing
Region growing is a technique for extracting an image region that is connected based on
predefined criteria. These criteria can be based on intensity information and edges in the
image. In its simplest form, region growing requires a seed point that is automatically
or manually selected by the operator and extracts all pixels connected to the initial seed
based on predefined criteria. For example, one possible criterion might be to grow the
region until an edge in the image is met. One disadvantage of this method is that it usually
requires manual interaction to obtain the seed point. Thus, for each region that needs to be
extracted, a seed must be planted [63]. Also, defined edge greyscale value can differ in the
volume data. It can happen that criteria suitable in one part of the data is not sufficient
in the whole 3D dataset. Then, adaptive determination of the criteria is required. On the
other hand, the region growing method is particularly suitable for cartilage segmentation
on stained samples where the cartilage is stained significantly weaker in comparison to
the surrounding tissue; therefore, this has the advantage of discriminating and outlining
cartilage in the µCT analysis [18]. An example of the importance of setting the edge
threshold is in Figure 3.2. A too low threshold does not reach the border of the cartilage.
Similarly, a too high threshold does not notice the border as well and the segmented area
continues into other anatomical structures.

(a) Position of a seed. (b) Low threshold. (c) Suited threshold. (d) High threshold.

Figure 3.2: Importance of setting a suitable threshold for image segmentation in region
growing segmentation. An example of semi-automatic segmentation on meckel cartilage.
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3.2.3. Active contour
Active contours (also known as snakes) have received particular attention in recent years.
Snakes combine image data and elasticity constraints to iteratively refine an initial,
coarsely located contour. However, the elasticity constraints and the gradient-based driv-
ing forces generally prevent snakes from entering into invaginated structures and correctly
following the contours [63].

Generally, active contours are iterative methods that refine an initial, user-provided
coarse delineation of an object of interest. The final contour position is optimal in the
sense that it minimises an energy functional defined over the space of candidate contours.
The energy encompasses a term that favours solutions passing through pixels with high
gradient magnitude. Another term enforces regularisation of the solution by favouring
contours that satisfy geometrical constraints such as smoothness. The evolution of the
snake towards its final position is generally driven by the local gradient direction. Thus,
snake points are attracted towards the nearest candidate contour points. This makes it
very difficult for snakes to follow boundary concavities and enter into structure invagina-
tions [13].

Choosing a set of parameters that yields correct segmentation results is another dif-
ficulty encountered when using snakes. This issue is demonstrated in Figure 3.3. On
the one hand, low regularisation levels are required to capture morphological details. On
the other hand, a strong regularisation is also required, in particular during the first it-
erations, to converge towards the global shape of the structure of interest and to avoid
erratic behaviour by the snake.

(a) Starting contour. (b) Few iterations. (c) Suited iterations. (d) Many iterations.

Figure 3.3: Importance of setting suitable parameters as the number of iterations for
image segmentation in active contour segmentation. An example of semi-automatic seg-
mentation on meckel cartilage.

3.2.4. Machine learning
Machine learning methods have become increasingly successful methods of image segmen-
tation in recent years. The first concept of an artificial neural network was introduced
in the 1980s and since that time many discoveries have appeared that have made the
training of deep networks practical and effective [64–66]. Supervised learning techniques,
which learn mapping from input data to output (labels) from a set of training examples,
have shown great promise in image analysis. Artificial neural networks are a machine
learning technique inspired by biological neural networks. They are similar in the sense
that they both use a large number of identical and connected simple computational units
to achieve high performance on complex tasks [65].
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With improvements in computer hardware it has become feasible to train more and
more complex models, and thus in the last few years, the use of supervised learning
in the image segmentation, recognition, and registration has accelerated. The trained
appearance models are replacing the simple intensity and gradient models as a component
in segmentation systems. Similarly, the statistical shape models that describe the typical
shape and shape variations in a set of training shapes have replaced in many cases some
free form deformable models [64].

Machine learning approaches appear to be taking over the field and have become
increasingly successful, not only in image segmentation. However, many scientific and
practical challenges still need to be addressed to unlock their full potential, including how
to train strong models on little data, how to improve access to data, and how to interpret
results [64].

3.3. Evaluation of 3D models
The next step after the image segmentation is the evaluation of the created 3D mod-
els. Some parameters of the models can be observed simply by the eye; however, the
precise characterisation and quantification help to compare the samples or find related
characteristics. The quantitative studies of morphology have been fairly peripheral [10].
However, they started to play a significant role in recent years and has attracted much
attention [67–71]. Many approaches have been developed for the evaluation of 3D models
lately. Despite this, one must always ask whether the applied method generates some
useful quantifications because there are occasions when using more than one approach
and interpreting the differences among them leads to a greater insight into the biological
question at hand [10]. This chapter reviews the theory that enables the application of
modern shape comparison to the developmental biology.

3.3.1. Shape comparison
To perform a shape comparison analysis means to find appropriate morphometrics meth-
ods. Morphometrics is the quantification and statistical analysis of form. The form is the
combination of the size and shape of a geometric object in an arbitrary orientation and
location. Shape is what remains of the geometry of such an object once it is standardised
for size. There are several approaches to morphometrics and all of these approaches have
both their advantages and limitations. There is no single correct approach to morpho-
metrics that would be applicable to all problems. Approaches usually answer correctly
the question being asked. However, they are correct or appropriate only in the context
of that question. For this reason, it is critical to understand what different morphometric
techniques do and to be aware of their respective limitations [10].

Traditional morphometrics relied on phenotypic measurements such as linear distances,
angles, weights, and areas. However, most of the modern morphometric approaches are
based on an analysis of landmarks. An assumption of landmark-based methods is that
landmarks are homologous across individuals. A particular landmark should effectively
correspond to the same point across the stages etc. Landmarks have been classified into
three types based on their information content [69]:

• Type one represents discrete identifiable points that usually occur at the intersection
of distinct anatomical structures.
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• Type two represents points of maximum curvature along definable features.

• Type three is defined along extremes that are often determined by other points.
This might be deficient because it relies on information from other landmarks.

The homology is a difficult problem for morphometrics [71]. Figure 3.4 shows a stan-
dard landmark set that was used for two developmental stages of a mouse embryo. While
these landmarks were chosen with care, the meaning of homology is sometimes unclear,
as was demonstrated in this case. This issue becomes much more difficult when com-
paring samples across wider ranges, developmental stages or mutations. This underlines
the importance of taking care with the definition of landmark sets. Poorly or improperly
defined landmarks can lead to false conclusions. Reliance on manual landmarking is a sig-
nificant barrier. Manual landmarks can vary among users. For that reason, landmarking
protocols have been developed. However, they are also exceedingly difficult to standardise
across research laboratories [70]. Development of automated methods that could handle
a large number of datasets is the key point of landmark-based morphometrics. However,
due to the complexity of biological structures, the majority of morphometric work is still
dependent on the manual landmarking.

(a) Mouse embryo at 10 days post fertilisation.

(b) Mouse embryo at 12.5 days post fertilisation.

Figure 3.4: Definition of landmarks on a mouse embryo for two different developmental
stages [70].

Once the landmarks are set, the evaluation of the defined geometry is needed. Mor-
phometric data based on 3D landmarks are multivariate. The statistical techniques for
describing variation within groups and comparing that across groups rely heavily on ma-
trix algebra [10]. For instance, this includes geometric morphometrics [72], finite element
analysis [67, 73], multibody dynamics analysis [74] or for example computational fluid
dynamics [75].
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3.3.2. Wall thickness analysis
One of the sample properties that can help to precisely define the object is the thickness
of its wall. The wall thickness analysis module processes a voxel data set for areas within
a defined wall thickness interval. As a result of such an analysis, a detailed report of the
detected wall thicknesses and a colour-coded data set is computed [76].

Basically, two principles exist for the computing the thickness of the wall. The “ray
method” which is ideal for typical near-parallel surfaces, and the “sphere method” which
is suitable for measuring the thickness of curving and branching topologies [77]. In the
ray method, the software searches the opposite surface by sending a measurement line
perpendicular to the current surface. The surface area of the opposite surface considered
in relation to the end point of the measurement line is defined by a search cone. The
search angle specifies the aperture angle of this search cone (Figure 3.5a). Compared
to that, the sphere method consists in fitting the spheres inside the wall and then the
diameter of the sphere is considered as the thickness (Figure 3.5b).

(a) Ray method. (b) Sphere method.

Figure 3.5: Comparison of the ray and sphere methods for wall thickness analysis.
A – surface of the object, B – search angle, C – measured distance for the ray method,
D – fitted sphere, E – measured distance for the ray method.

One suitable structures for such an analysis can be the craniofacial cartilage of a mouse
embryo. This structure consists of a flat cartilage that forms, for example, a nasal capsule
or basisphenoid as well as the round meckel cartilage. Thus, this structure was taken as a
test example for comparing the ray and the sphere methods. The analysis was performed
in Volume Graphics MAX 3.0 software [77] which enables the implementation of both the
methods described.

Figure 3.6 demonstrates an expected result of the analysis. The wall thickness is
the same for the near-parallel surfaces; however, some errors can be observed in the ray
method for curving and bending structures.

Although, the results of both methods seem similar in Figure 3.6. Quantitative anal-
ysis shows some differences (table 3.1). One of the parameters that could influence the
ray method is the value of the search angle. This mainly impacts the maximum thickness
found. The sphere method seems to be more stable in this way. However, it is always
important to consider the set parameters and morphology of the analysed sample.
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(a) Ray method. (b) Sphere method.

Figure 3.6: Comparison of different methods for wall thickness analysis in Volume Graph-
ics software. An example of craniofacial cartilage of a mouse embryo at 15.5 days post
fertilisation. The arrows on the 3D models show inaccuracy of the ray method.

Table 3.1: Comparison of the ray and sphere methods in the example of craniofacial
cartilage of a mouse embryo from Figure 3.6.

Ray method
search angle 15°

Ray method
search angle 30° Sphere method

Min. wall thickness [mm] 0.01 0.01 0.00
Max wall thickness [mm] 0.50 0.40 0.26
Mean wall thickness [mm] 0.06 0.07 0.12

Wall thickness deviation [mm] 0.04 0.04 0.06
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The quality of tomographic data is crucial for subsequent image processing as segmenta-
tion of diverse biological structures or quantitative analysis. There are many parameters
that influence the quality of the data obtained. It is generally known that higher exposure
time and a higher number of projections reduce the noise in reconstructed tomographic
slices. However, this leads to increasing the scanning time, which is uneconomical for large
amounts of samples. Another way how to increase the signal in the tomographic data is
to optimise the X-ray tube settings. Previous works [20, 78] have given some recommen-
dations for the measurement of diverse types of samples. However, only a few works have
focused on experiments with biological tissues measured on industrial CT machines.

The aim of this chapter is to find out how contrast and dynamic range can be improved
by optimising the X-ray tube settings for conventional GE v|tome|x L 240 CT device. This
can lead to an increase in data quality for segmentation and subsequent data processing.

4.1. Parameters of the X-ray tube
The producer of GE v|tome|x L 240 has given some recommended tube settings for op-
timising the CT machine for selected materials used in industry and material sciences
(Table 4.1). These values can be useful in cases where the user knows the composition of
a studied sample.

Biological samples are usually composited from light elements such as hydrogen, car-
bon, oxygen etc. and staining techniques are implemented (described in Chapter 2.1.1).
However, it is very difficult to determine the distribution of staining substances along the
sample. Thus, the precise simulation of interaction X-ray radiation with the sample is
difficult.

Table 4.1: Recommended settings for optimising CT measurement. Modified from [79].

Typical start values for optimization of beam quality
Material Wall thickness [mm] Voltage [kV] Filter [mm]

Al Cu Sn
Plastic 1–10 80–100 0.5 × ×

10–30 100–150 × 0.1–0.5 ×
Aluminium 3–10 200 × 0.1–0.5 ×

10–50 220–260 × 0.5 0.5–2.5
Steel 1–10 220–260 × 0.5 1.0–1.5

10–50 220–260 × 0.5 1.0–2.5
Plastic with metal 200–260 × 0.5 0.5–2.0
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This work follows up the bachelor’s thesis [20], where the quality of data was sufficient
for segmentation and 3D visualisation of craniofacial cartilage. The thesis suggests accel-
erating voltage U of 60 kV and tube current I of 200 μA. The power of the X-ray tube
can be computed as

P = UI. (4.1)

As a result, the power of a tube was 12 W. To find the right value for the power, it is im-
portant to follow up the detail detectability of the system (Figure 4.1). The detectability
limit is approximately equal to focal spot size and by increasing the power, the focal spot
size will be enlarged. For instance, this means that if the resolution is 2 μm, the power
should not exceed 10 W. For higher power, the detail detectability will be limited.

For the next simulation, an example of a sample that should be scanned with voxel
resolution of 7 μm was chosen. This is a typical number for samples about 7 millimetres
long like the mouse embryos 14.5–17.5 days post fertilisation, which are typical models
for genetic experiments.

For this detail detectability, the maximum power allowed is 19 W. In comparison with
the original setting, the power of a tube can be increased by 30 %. This can be done by
increasing accelerating voltage, tube current, or by a combination of both (Table 4.2).

Figure 4.1: Detail detectability for the diamond window on GE v|tome|x L 240. The
green cross corresponds to the original settings of the tube (60 kV, 200 μA). The blue cross
highlights the maximum power on target 19 W for detail detectability 7 μm. Modified
from [79].

Table 4.2: Suggested X-ray tube settings of GE v|tome|x L 240.

U [kV] I [μA] P [W]
Original settings 60 200 12

Suggestion 1 60 330 19.8
Suggestion 2 100 200 20
Suggestion 3 80 250 20

SpekCalc [40] open-source software, which simulates X-ray spectra emitted from tung-
sten anode X-ray tubes was implemented for the simulation of X-ray spectra with different
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accelerating voltages and different thicknesses of the aluminium filter. Intensity of radi-
ation is given in arbitrary units because the software does not allow to set the value for
the tube current. Nevertheless, the current is only responsible for the size of the intensity,
not for X-ray spectra distribution.

Figure 4.2a shows the X-ray spectra for the original settings of the tube. The alu-
minium filter stopped the slow photon responsible for the beam hardening artefact (dis-
cussed in Chapter 1.5). The spectra for increased voltage to 80 kV is shown in Figure 4.2b.
To evaluate the signal, the area under the curve was computed, which corresponds to the
integral over the energy. The results are in Table 4.3. It shows that by applying a 1 mm
aluminium filter, the signal is half in comparison to non-filtered spectra. On the other
hand, the signal is comparable with the spectrum gained by accelerating voltage of 60 kV
and 0.2 mm Al. By increasing the tube current, the intensity also will be increased. The
combination of increased voltage and current could help increase the contrast and the
dynamic range.

Table 4.3: The signal for different settings represented by the area under the curve.

Voltage [kV] Filter Area [a.u.]
60 × 16.2
60 0.2 mm Al 11.4
80 × 22.8
80 0.2 mm Al 17.6
80 1 mm Al 11.5
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(a) 60 kV.

(b) 80 kV.

Figure 4.2: X-ray spectra from tungsten anode for different accelerating voltages and the
influence of aluminium filter. Spectra generated by SpekCalc [40].

4.2. Experiment using optimised values

The optimisation of industrial GE v|tome|x L 240 CT device is demonstrated on an ex-
ample of a mouse embryo 15.5 days post fertilisation. In biomedical research, a mouse
attracts a lot of attention because of various human-related pathologies that can be mod-
elled in transgenic animals and also because of the high homology between the human
and mouse genome [80]. The quality of the data was compared by implementation of two
different parameters of the X-ray tube: The original settings (60 kV, 200 μA, 0.2 mm Al)
and optimised settings based on the simulation in the previous chapter (80 kV, 220 μA,
1 mm Al).

34



4.2. EXPERIMENT USING OPTIMISED VALUES

4.2.1. Preparation of the sample
All animal concerned work had been approved and permitted by the Ethical Committee on
Animal Experiments (Norra Djurförsöksetiska Nämd, ethical permit N226/15 and N5/14)
and was conducted according to The Swedish Animal Agency’s Provisions and Guidelines
for Animal Experimentation recommendations.

After excision, the 15.5 days old mouse embryo was fixed with 4% formaldehyde in
phosphate buffer saline (PBS) for 24 hours at +4 ◦C. The sample was then washed with
PBS and dehydrated by ethanol grade (30%, 50%, 70%), each concentration for 1 day.
Experimentally, the best tissue contrast and penetration with PTA was found [18]. There-
fore, the sample was transferred from 70% ethanol to an ethanol-methanol-water mixture
(4:4:3) and then into 80% and 90% methanol, each bath for 1 hour. After that, a 0.7%
PTA-methanol solution was used to stain the sample for 6 days and exchanged each day
with a fresh one. The staining was followed by rehydration of the sample in methanol
grade series (90%, 80%, 70%, 50% and 30%) to end up in sterile distilled water.

For the stability of µCT measurement, the sample was embedded in 1% agarose gel
and placed in a plastic tube to avoid the movement artefacts during CT scanning [18, 22].

4.2.2. CT measurement
The plastic tube was fixed on a plastic rod with a silicone gun. The rod was mounted in the
chuck which provides the position of the sample in the rotation axis. The optimised µCT
scan was carried out in an air-conditioned cabinet (21 ◦C) at 80 kV acceleration voltage
and 220 μA tube current. Thus, the power of the X-ray tube was 17.6 W. In comparison
with the simulated values in the Table 4.2, the power is slightly less than the maximum
allowed power of 20 W. However, with increasing power, the system signalised an over-
saturated detector with the designed geometry of the system: Distance from source to
detector 553 mm; magnification 30 and voxel size 6.7 μm. The data was acquired using a
flat panel detector DXR250 with 2048 × 2048 pixels, 200 × 200 μm2 pixel size. Exposure
time was 900 ms and 3 images were averaged for reducing the noise. 2200 projections
were taken over 360◦.

Thus, the parameters of the detector were the same as in the original, non-optimised,
settings, so the new parameters of the X-ray tube can be compared. The arrangement of
the experiment inside the GE v|tome|x L 240 cabinet is shown in Figure 4.3.

4.2.3. Results
There are several ways for comparing the data quality of tomographic slices. A comparison
of histogram and contrast was realized in the same way as in [8] and [81] where the data
quality of stained biological samples was investigated. Firstly, the histogram of the sample
was compared for the original (60 kV, 200 μA, 0.2 mm Al) and the optimised (80 kV,
220 μA, 1 mm Al) settings. The dynamic range of the histogram is slightly broader for
the optimised settings and demonstrate that the new settings improved the quality of the
tomographic data. The histogram is shown in Figure 4.4a. To compare the exact range of
the histogram, the following process was implemented: Greyscale minimum and maximum
values were found for the different minimum number of voxels (10, 100 and 1000). This
excludes the coincidence of the measurement and the contingency of noise detection in
this analysis. Improvement in dynamic range was observed for the all number of voxels.
Moreover, by increasing the number of voxels, i.e. increasing volume, the improvement in
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Figure 4.3: The geometry of the experiment inside the GE v|tome|x L 240 cabinet. A – flat
panel detector; B – X-ray tube; C – aluminium filter; D – embryo embedded in agarose
gel; E – chuck [18].

the dynamic range was simultaneously increasing. The exact range of values is shown in
Table 4.4.

Secondly, the distance from two intensity peaks was also compared (Figure 4.4b). In
terms of segmentation, this parameter is more important than the range of the whole
histogram. The aim of the segmentation is to divide the histogram into two or more
parts (see Chapter 5). For most of the segmentation algorithms, it is easier to find a
threshold when the intensity peaks are more distant. Two intensity peaks were chosen
to measure the distance between them. For the original settings, the range was 2078
greyscale values and for the optimised settings, the range has increased to 2694. This
gives an improvement of almost 30 %.

Table 4.4: Comparison of the dynamic range for the histogram for original (orig.) and op-
timised (optim.) settings. Greyscale value for the different minimum number of detected
voxels. Minimum, maximum and their difference (∆). Improvement (impr.) is expressed
as a percentage increase.

10 voxels 100 voxels 1000 voxels
min max ∆ min max ∆ min max ∆

orig. 2 882 57 813 54 931 5 120 51 842 46 722 7 445 48 408 41 043
otim. 3 566 59 864 56 298 5 154 53 868 48 714 6 128 49 948 43 855
impr. 2.5 % 4.3 % 6.9 %

The next way how to measure the quality of the data is to compare intensity profiles
along a structure. In this case, the profile was drawn in the area of the nasal capsule where
the cartilage of a septum is formed. The result of this measurement is in Figure 4.5. A red
rectangle and yellow line show the measured area and the profile, respectively. Although, it
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(a) Histogram of greyscale values for the volume of the same sample for the original and optimised
settings.

(b) Detail of the histogram showing a different distance for two intensity peaks.

Figure 4.4: Histograms of the same sample of a mouse embryo for two different settings.

is almost impossible to see any difference in the 16-bit data with the human eye, the exact
greyscale value shows a higher range between the maximum and the minimum in some
areas. This observation means that applying automatic or semi-automatic segmentation
tools will work better in the case of the data from optimised settings.
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To summarise, the quality of the data was improved by implementing different param-
eters of the X-ray tube: the voltage and current were increased from 60 kV to 80 kV and
from 200 μA to 220 μA, respectively. By pplying these parameters, filtration was increased
from 0.2 mm to 1 mm of aluminium to avoid beam hardening artefacts. As a result, the
higher dynamic range of the data was obtained. Other ideas for improvement include a
studies of the impact of the detector settings as increasing exposure time and averaging
more projections for reducing noise, on the other hand, this will lead to increasing of the
scanning time, which is neither time nor cost effective.

Figure 4.5: Comparison of the original and the optimised setting on one tomographic slice
with cartilage of a septum. Intensity profile lines are represented by yellow lines. The
graph shows the greyscale value along the profile line. The measured area is shown in the
right image. The analysis was done in ImageJ [19].
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Because of the complex structures of biological samples, it is hard to find an appropriate
algorithm for segmentation and evaluation of the data. Moreover, the staining of soft
tissues gives the same greyscale value to various types of tissue. Thus, it is almost im-
possible to segment data into anatomical structures using the conventional segmentation
method. On the other hand, due to the staining, a large variety of tissue can be observed
by the human eye. The manual segmentation by the user is taken as a golden stan-
dard [63]. However, this approach can be very time-consuming and suffers from operator
variability [18].

In this chapter, various samples from developmental biology are taken as an example
for possible segmentation and evaluation approaches to various types of tissue. Further
examples can be found in the publications attached to this thesis.

5.1. Testing segmentation software
Numerous software has been developed in recent years for the fast, precise and automatic
segmentation of various types of samples. However, the automatic segmentation of bio-
logical samples is not as straightforward as in the case of samples with well-defined shapes
and edges.

For example, the possibility of automatic segmentation of cartilage is demonstrated
in Figure 5.1. Setting the greyscale value interval to segment out only the cartilage is
not very elementary. The cartilage is stained significantly weaker in comparison with the
surrounding tissue, so only its border is detectable. Automatic detection works appropri-
ately near the area of the septum, but in comparison with manual segmentation, large
deficiencies are evident.

In addition, when the embryo is growing, the ossifications of cartilage start to appear
in some areas of the cranium [1]. When ossification appears, the segmentation of the data
becomes even more challenging. In the tomographic data, ossification is described as areas
with a porous structure (Figure 5.2). Also, before the ossification starts to appear, the
density of the cartilage drops significantly, which is observed in the tomographic data as a
darker area. These areas are called hypertrophic zones and these also make segmentation
more demanding.

The complexity of segmentation is demonstrated by histograms of manually segmented
data, which are shown in Figure 5.3. First, when the histogram of the whole segmented
cranium is observed in the context of the whole dataset, there is no direct clue how to
extract the segmented area just from the histogram. A similar problem appears on the
histogram of the divided anatomical structures – cartilage, bone, and the hypertrophic
zone. As predicted, the hypertrophic zone covers darker greyscale value, but because of
the overlapping of individual histograms, the thresholding method can not be used.

39



5. DATA PROCESSING AND ANALYSIS

(a) Fully-automatic segmentation. (b) Semi-automatic segmentation.

Figure 5.1: Comparison between automatic and manual segmentation [18].

(a) Raw CT slice.

(b) Segmented slice with colour-coding for different anatomical
structures.

Figure 5.2: Original tomographic slice and the same segmented slice of ossifications and
cartilage in the chondrocranium on a postanatal mouse 1 day after the birth [1].
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(a) Greyscale distribution of the whole dataset and the segmented cranium.

(b) Greyscale distribution of bone, cartilage and hypertrophic zones along the seg-
mented cranium.

Figure 5.3: Histogram of greyscale distribution in the sample of a postanatal mouse.
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In this case, data processing cannot be fully automated yet, but using suitable software
tools enables relatively fast and precise manual segmentation of the craniofacial cartilage.
In this chapter, various examples of software suitable for the segmentation of biomedical
images are described. Particular emphasis is given to explaining the advantages and
possibilities for users who would need to segment such type of data.

5.1.1. Avizo
Avizo is suitable software for image segmentation of biomedical data, which enables the
use of fully-manual segmentation using, for example a brush, although there are a num-
ber of semi-automatic methods that can also be implemented (e.g. the region growing
method). Moreover, it is not necessary to segment all the dataset and there is an option
for interpolating between the slices. This shortens the segmentation time. After interpola-
tion, the interpolated slices need to be checked by the user to avoid inaccuracies as errors
in interpolation can sometimes appear. This can happen when the structure is changing
rapidly. The scheme of the segmentation procedure is shown in Figure 5.4. First, the user
manually segments the required structure into a few slices of part of the dataset (Figure
5.4a) and then the segmented structure is interpolated between the non-segmented slices
(Figure 5.4b). In this way, piece by piece, the whole 3D model is created (Figure 5.4c).

An example of cartilage segmented in this way is shown in Figure 5.5. In this model,
manual segmentation was carried out with a semi-automatic tool using the region growing
method and one of five slices was segmented manually. The whole segmentation procedure
for craniofacial cartilage together with the segmentation manual in Avizo is described in
detail in the bachelor’s thesis [20] and the publication [18].

(a) Manual segmentation. (b) Interpolation. (c) 3D model.

Figure 5.4: The individual segmentation steps in Avizo.
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(a) Top view.

(b) Front-side view with clipping plane.

Figure 5.5: Manual segmentation of ossifications and cartilage in the chondrocranium on
a postanatal mouse 1 day after birth [1]. Segmented in Avizo according to [18].

5.1.2. Biomedisa
To reduce the segmentation time, software implementing a more automatic approach
was searched for. One of the best results was achieved with the Biomedical Image Seg-
mentation App (Biomedisa) [15]. It is a web application for segmentation of computed
tomography scans or any other volumetric images. Its segmentation process is based on
a highly scalable diffusion method, which is free of hyperparameters and thus eliminates
the need for elaborate and tedious configuration by the user. The process requires just
two main steps: uploading the image data and the labelled slices. Labelling of the slices
is not solved by this software and it is up to the user. This can be done, for example,
manually in Avizo or ImageJ. The application can even work on one labelled slice, but
then more errors appear. By running the segmentation process, several weighted random
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walks begin in the pre-segmented reference slices and diffuse into the volume. Over time,
the voxels are hit by numerous random walks. Based on the respective number of hits,
it is possible to determine the probability that a voxel belongs to one particular segment.
The segmentation can thus be performed by assigning each voxel to the region from which
most of the hits originate.

The Biomedisa application was tested on part of a mouse embryo head consisting
of meckel cartilage and a tongue. For the purpose of the segmentation, the 3D dataset
volume was 512×362 pixels of 304 CT slices. The aim of the segmentation was to extract
both structures. The dataset was manually labelled in ImageJ, but only 5 out of 304 slices
among the whole volume were labelled (see Figure 5.6). The computation was completed
in 28 seconds and the algorithm was able to find the desired structures. Some of the
tomographic slices containing the computed segmented area are shown in Figure 5.7. It
is evident that the segmentation work precisely and only small deviations can be found
that need to be corrected e.g. for purposes of quantitative analysis.

The Biomedisa application has been proven to be a suitable tool for the segmentation
of biological samples, where conventional algorithms usually fail. On the other hand, the
main disadvantage of this application is that data is stored on-line and thus, it is not
suitable for sensitive user data.

(a) Original raw CT data. (b) Labelled slices. (c) Result after computation.

Figure 5.6: Individual steps in Biomedisa.

(a) (b) (c)

Figure 5.7: Some of segmented slices by Biomedisa. The red color corresponds to tongue
and the yellow colour to meckel cartilage.
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5.1.3. ABSnake

ABSnake [13, 14] is segmentation software that uses active contour and can be installed
as an ImageJ plug-in [19]. The following example shows semi-automatic segmentation of
the cartilage of a salamander limb. The data was obtained at synchrotron and cellular
resolution is observed. However, this makes the segmentation more challenging. This
is due to the fact that conventional segmentation algorithms using the region growing
method [16] are not suitable because there are white spots inside the cartilage. These spots
represent cell nuclei. The individual segmentation steps by ABSnake are: determination
of the starting contour for segmentation (this is done manually by the user), the gradient
threshold used in the edge detection, and the number of iterations of the segmentation
cycles. Nevertheless, by applying contour to the original tomographic slices, the iteration
process did not converge to the border of the cartilage. This was due to the previously
mentioned cell nuclei in the cartilage. Thus, the segmentation was not precise enough for
the analysis. To avoid this problem, the median-filtered data was used for this analysis.
By filtering, the iteration procedure converged and the result of the process was the real
cartilage border. The final contour was smooth and precise (see Figure 5.8). Further
details about this segmentation procedure can be found in [82].

(a) (b) (c)

(d) (e) (f)

Figure 5.8: Automatic segmentation of a skeletal element performed by ABSnake [13, 14].
The images (a)–(c) show the contour applied on non-filtered tomographic slices; however,
the rough border caused errors. The images (d)–(f) show the contour applied on the
filtered image. The mask was obtained without any errors and the shape of the resulting
data is almost perfect.
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5.1.4. Pore3D
Another example of software is presented on the dame dataset, but for a different purpose.
This time, the segmentation of cells inside cartilage is needed. This is another important
step in the automatic quantification of cells. For this purpose, the Pore3D software
library developed by Elettra was employed [17]. The 3D K-means clustering algorithm
was used to sort data into three classes. The first class represents nuclei of cells, the
second class symbolises the extracellular matrix and the third class corresponds to the
background. The K-means algorithm converts an input image into vectors of equal size
and then minimises the sum of the squared distances from all points in a class to the class
centre. In this way, the binary images were obtained. The segment in a binary image is
usually called a blob (binary large object). Because one blob corresponds to one cell nuclei
(one cell in this case), quantification of the blobs means to quantify the number of the
cells in a cartilaginous element. Individual segmentation steps are shown in Figure 5.9.

(a) A tomographic slice (b) One cartilage element. (c) Blobs – cell nuclei.

Figure 5.9: Individual segmentation steps. The green arrows show one cartilage element
to be segmented.

5.2. Example on a mutant and a wild type
To demonstrate the complexity of the comparison of two samples, the following example
was selected: a mutant and its control of the mouse embryo E16.5 days post fertilisation.
One protein has been affected on the mutant, which plays a role in the neuronal commit-
ment. The goal of the comparison is to show if there are also any morphological variations
in the head between the mutant and the control embryo.

Generally, a mutant is an organism arising or resulting from an instance of mutation,
which is an alteration of the DNA sequence of a gene or chromosome of an organism [83].
It is described as having a phenotype, which is the composite of an organism’s observable
characteristics or traits, such as its morphology, development, biochemical or physiolog-
ical properties. However, the goal of this thesis is to focus on the methodology for the
evaluation of biological 3D models, thus genetic mutations are not described or named in
detail.

The heads of the samples are shown in Figure 5.11. The coloured 3D model inside
the head show segmented facial cartilage and the yellow plane shows one representative
tomographic slice. Despite the fact, that the samples may seem very similar, in order to
state if the samples are morphologically the same, there is a need for further analysis. In
following sections, the shape comparison analysis of these samples is discussed.
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(a) Control embryo.

(b) Mutant embryo.

Figure 5.10: Head of the control and mutant embryo 16.5 days post fertilisation. The
pink colour represents the facial cartilage on the control embryo; the green colour on
the mutant. The yellow plane on the 3D models shows the place of the corresponding
tomographic slice and the detail of the nasal capsule’s cartilage. Modified from [3].

First, the shapes of the head were compared. To conduct this type of analysis, two
approaches can be taken. The first is to define landmarks on the models; the second
approach is to transfer the model into triangular mesh and measure the distances between
each triangle of the mesh.

The data for the heads was imported into one coordinate system and registered by the
least squares method in VG Studio MAX 2.2 software. The result of the registration is
shown in Figure 5.11. Then, all anatomical structures suitable for the position of the land-
marks were overlapped (i.e. ears, eyes, dermal disparities etc.), thus the landmark-based
methods lack significance. To compare the distance between tiny changes, the models
were converted to the STL (stereolithography) model and then subjected to further anal-
ysis. The STL format is an example of the format mainly used for rapid prototyping, 3D
printing and computer-aided manufacturing, and can also find its application in develop-
mental biology. An STL file describes a raw, unstructured triangulated surface by the
normal unit and vertices of the triangles using a 3D Cartesian coordinate system. The
STL files were then imported to GOM Inspect software. This software is mainly used
for the analysis of 3D measuring data for quality control, product development and pro-
duction. The GOM software is used to evaluate 3D measuring data derived from GOM
systems, 3D scanners, laser scanners, CTs and other sources [84]. By applying technical
approaches, it was possible to calculate the distance between the triangles from mutant
and control and it was found, that the dimensions in the head are no greater than 100 μm.
The result of the analysis is shown in Figure 5.12.
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Figure 5.11: Location of the heads in the coordinate system used for further analysis. The
pink colour represents the control embryo and green represents the mutant.

Figure 5.12: Comparison of the differences in the GOM inspect software. The green colour
shows no deviation from the control embryo. Modified from [3].

The second step was the evaluation of facial cartilage. Because the nasal capsule
is composed of a flat cartilaginous structure, it is a suitable object for conducting wall
thickness analysis. The thickness of the cartilage is shown in Figure 5.13. This analysis has
also shown that although there is a functionality difference between the mutant and the
control embryo, there are almost no morphological variations between these two samples.
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Figure 5.13: Wall thickness analysis on the cartilage of the nasal capsule. The control
embryo is on the left and its mutant is on the right. The analysis does not show any
significant changes in the formed nasal capsule. Modified from [3].
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6. Synchrotron experiments

6.1. Motivation

Based on the previous studies, it is known that cellular density in skeletal tissues is
uneven, and thus, might be used as a powerful shaping and scaling tool [4–6]. Therefore,
the hypothesis that the extensive matrix production at certain locations may attribute
not only the necessary physical properties to a given part, but also may serve for achieving
the functional geometry needed to be tested. To test these ideas embryonic and larval
craniums and limbs from salamander were scanned. The Spanish ribbed newt (Pleurodeles
waltl) was chosen, because it is an ideal model of limb regeneration and development [85].
The developing cartilage of these limbs is a suitable size and is in the active growing and
shaping phase. The regions with high and low cellular density needed to be provided with
cellular resolution. Then, several embryonic successive stages have been analysed for the
purpose of study correlations between geometrical changes and local diversity of cellular
density. An advantage of 3D reconstruction has been taken to address this topic.

Because of the easier access to an industrial rather than a synchrotron CT device,
a conventional GE v|tome|x L 240 µCT device was used for the first experiments with
salamander limbs. First, the quality of staining was checked on an X-ray projection
(Figure 6.1). In some cases, staining was not strong enough to provide sufficient contrast
for the whole sample and these were restained according to [18]. After that, multiple
trials were realised on µCT GE v|tome|x L 240 and the exceptional quality of chemical
contrasting of the samples was achieved. However, even in this case the resolution provided
by a µCT turned out to be insufficient to analyse the shape development and growth when
taking into account the cellular and matrix proportion per locality. Still, the resolution
delivered by µCT was near-cellular, which meant that with a synchrotron beam it would
most likely achieve the cellular resolution for the necessary analysis.

It was proposed to use phase-contrast synchrotron radiation microtomography at the
SYRMEP beamline of Elettra (Trieste, Italy) to image salamander limbs of various ver-
tebrate models to decipher cell dynamics and matrix production during development,
growth and regeneration of bone and cartilage. At the synchrotron facilities, the small
angular source size, the high intensity, and the almost parallel geometry of the X-ray
beam made it possible to obtain a high spatial resolution on macroscopic samples. More-
over, this enabled to access propagation-based phase-contrast imaging with a very simple
experimental approach [11, 86]. With synchrotron µCT measurements, different regions
of large-scale objects (centimetre sized) can be imaged at high spatial resolution [47, 87,
88]. Furthermore, the application of phase-contrast techniques allows distinguishing dif-
ferent tissues with similar chemical composition and radioscopic density [89, 90], which is
typical for biological samples.
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(a) Properly stained sample. (b) Partially unstained sample.

Figure 6.1: Quality check of the staining. The red arrows show unstained tips of the
fingers.

6.2. Synchrotron measurements
Experiments at SYRMEP beamline were conducted using the white beam radiation mode.
The X-ray spectrum of the beam was filtered by 2.5 mm of silicon and 0.025 mm of
molybdenum. At the beginning, the sample to detector distance was set to 100 mm. The
first set of experiments was realised with voxel resolution of 2.5 μm and according to the
size of the sample it was tuned up to 1 μm.

The samples were fixed in 1% agarose gel in polyimide or plastic tubes. During the
first measurements, many artefacts occurred in the tomographic data. After a short
investigation, small bubbles were found in the agarose gel (Figure 6.2a). These were
probably caused by overheating the samples. A change in the colour of the samples
to blue during measurement also indicated this hypothesis. Because of these problems,
the strategy was changed and the samples were removed from the agarose gel and put
only into the plastic tips without the gel. This solved the problems with moving the
samples although tomographic reconstruction and applying phase-contrast became more
complicated because the phase-effect occurred on the border air-sample, which was not
desirable in this case (Figure 6.2b). To put the samples back into agarose gel and reduce
the time of scanning appeared to be the best solution. Thus, the scanning time was
reduced from original 40 minutes to 16 minutes. Due to the shorter scanning time, a great
number of measurements was realised over four days with different scanning parameters
and different regions of interest. The total number of CT measurements was 71 including
all successful and unsuccessful attempts.

The phase retrieval algorithm [55] was implemented on the tomographic reconstruction
that turned out to be crucial for the visualisation of cells. The borders of the cells were
detected and cellular resolution was achieved (Figure 6.3). The comparison of measure-
ments with the industrial GE v|tome|x L 240 CT system with synchrotron measurement
is in Figure 6.4. The quality of synchrotron measurements could provide the possibility to
analyse cell numbers and draw comparisons between the developmental and regenerative
processes, which were not feasible using conventional µCT machine.
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(a) Growing air bubble. (b) Phase effect on the border air-sample.

Figure 6.2: Artefacts occurring during the measurements. The red arrows show the
artefact and the green arrows the desired result.

Figure 6.3: Tomographic cross-section of a growing salamander limb. Applied phase
retrieval enabled to detect the borders of the cells.
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(a) 3D model of a salamander limb with a plane of interest.

(b) Industrial CT measurement. (c) Synchrotron measurement.

Figure 6.4: Comparison of industrial CT GE v|tome|x L 240 with synchrotron measure-
ment on an embryonic salamander limb. The yellow plane on the 3D model shows the
area of corresponding tomographic slices.
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6.3. Results

6.3.1. Quantitative cellular resolution
To perform quantification of the data, the analysis can be divide into four main steps:

• Segmentation of cartilaginous elements.

• Segmentation of cells inside these elements.

• Quantification of the segmented cells.

• 3D visualisation.

Segmentation of cartilaginous elements and cells is described in detail in Chapter 3.
After the segmentation steps, the data is well-suited for determining the number of cells.
To obtain the final number of cells, the blobs corresponding to cell nuclei were implemented
for further blob analysis in the Pore3D software library [17]. In this analysis, individually
separated blobs were counted.

Quantitative analysis of cells in cartilaginous elements enabled to determine the num-
ber of cells, the volume of each cartilaginous element, the average size of one cell and the
density. The analysed 3D data are shown in Figure 6.5 and calculated numbers are in
Table 6.1. The difference between diaphysis and epiphysis is evident: the density of cells
in the diaphysis is half in comparison with the density in the epiphysis, which suggests
that a hitherto unknown mechanism controls the scaling and shaping of the cartilage.

Table 6.1: Results of quantitative analysis. Number of cells, average size, density and the
volume of one cartilaginous element [82].

Cartilaginous element Epiphysis Diaphysis Epiphysis
Number of cells 888 429 595

Volume of the element [mm3] 0.005 2 0.007 1 0.002 7
Average size of one cell [mm3] 5.81 × 10−6 1.65 × 10−5 4.47 × 10−6

Density of cells [mm−3] 171 296 60 791 233 684

Figure 6.5: 3D visualisation of one cartilaginous element of an embryonic salamander’s
limb forearm. The white spots represent the nuclei of the cells [82].
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6.3.2. Multipurpose approach
One of the greatest advantages of µCT measurement is the large variety of tissues that
can be detected and visualised in 3D without the need for specific tissue staining. The
information about all structures in the sample is included in one dataset obtained by one
measurement. This enables to show the position and connection between the structures
at one time. The organisation of cartilage with muscle fibres surrounded by a one-cell
layer of skin epithelium inside the salamander’s limb is shown in Figure 6.6. Moreover,
analysing and observing of the sample is made possible by virtual clipping planes through
the model in any direction (Figure 6.7).

By applying chemical contrasting of samples with PTA, followed by synchrotron µCT
measurement and subsequent 3D data-processing and analysis, single-cell resolution suit-
able for quantitative analysis was obtained. To conclude, the spatial and contrast resolu-
tion implemented at the SYRMEP beamline at Elettra was sufficient for cellular resolution.
The possibility of the phase-contrast mode enables visualisation of individual cells in 3D.
Moreover, the cells inside cartilaginous elements were quantified and visualised in the
context of other anatomical structures in the whole salamander limb [82].

Figure 6.6: 3D model of a part of the salamander limb and the possibility of visualisation
of different anatomical structures: cartilage (yellow), muscle fibres(violet), one-cell layer
of skin epithelium (blue).
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(a) Transversal clipping plane.

(b) Sagittal clipping plane.

Figure 6.7: Possibility of non-destructive internal imaging by virtual clipping planes on
the 3D model of a salamander limb.
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Conclusion

This thesis addresses the implementation of an industrial CT machine and technical ap-
proaches in the application of developmental biology. The theoretical part describes the
basis of X-ray computed tomography. The relevant information for µCT users dealing
with biological samples is described; it includes the preparation of the sample for a µCT
measurement, the selection of suitable parameters for the experiment and a subsequent
data analysis of 3D datasets. The staining of the samples was optimised and is described
by using a rodent brain as an example. A publication dealing with this topic can be found
in the attachment [22].

The optimisation of the GE v|tome|x L 240 machine was performed and it is shown that
increasing tube power with the corresponding filtering of the beam leads to an increase
in the dynamic range of the histogram. Moreover, beam hardening artefacts are excluded
when using this approach. This is important for the automation of segmentation process.

The tomographic data was subsequently tested using different segmentation software
(Avizo, Biomedisa, ABSnake and Pore3D). Biomedisa and ABSnake offer good alterna-
tives to Avizo, which predominantly uses manual segmentation. Nevertheless, the manual
segmentation achieved great quality and segmented 3D models are published in the pub-
lications attached to this thesis: Publication [1] and [2] addresses the formation of cranio-
facial cartilage and facial development in general. In addition, the designed segmentation
approach was used not only for tomographic data but also for the 3D dataset from elec-
tron microscopy. The whole procedure describing the method for creating 3D models by
using the example of a stem cell spheroid can also be found in the attachment [21].

The last part of the thesis describes an experiment at the synchrotron facility where
an experiment at the SYRMEP beamline of synchrotron Elettra in Trieste, Italy was pro-
posed. The goal of the experiment was to increase the spatial resolution of the samples of
salamander limbs, which are an ideal model of limb regeneration and development. The
spatial and contrast resolution at the synchrotron facility was improved significantly and
the individual cells were observed. The cells inside the cartilage were quantified and visu-
alised in 3D. The data obtained includes the number of cells in a 3D volume, the density,
zonal distribution, and the total volume of cartilage. The methodological procedure has
been submitted for publication [82]. Moreover, the 3D data will be used as an input into
the computer model simulating growth and shaping using the cell dynamics calculations
in further studies. Nevertheless, by using the industrial µCT GE v|tome|x L 240, the
resolution turned out to be near-cellular. The data obtained by a conventional setup
enabled the visualisation of many well-resolved internal structures. It is believed that
conventional laboratory setups will acquire similar imaging properties capable of cellular
resolution in the near future.
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Analysis of neural crest–derived clones reveals
novel aspects of facial development
Marketa Kaucka,1* Evgeny Ivashkin,1,2* Daniel Gyllborg,3 Tomas Zikmund,4 Marketa Tesarova,4 Jozef Kaiser,4
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Andreas Hellander,13†‡ Igor Adameyko1,5†‡

Cranial neural crest cells populate the future facial region and produce ectomesenchyme-derived tissues, such as
cartilage, bone, dermis, smooth muscle, adipocytes, and many others. However, the contribution of individual neu-
ral crest cells to certain facial locations and the general spatial clonal organization of the ectomesenchyme have not
been determined. We investigated how neural crest cells give rise to clonally organized ectomesenchyme and how
this early ectomesenchyme behaves during the developmental processes that shape the face. Using a combination
of mouse and zebrafish models, we analyzed individual migration, cell crowd movement, oriented cell division,
clonal spatial overlapping, and multilineage differentiation. The early face appears to be built frommultiple spatially
defined overlapping ectomesenchymal clones. During early face development, these clones remain oligopotent and
generate various tissues in a given location. By combining clonal analysis, computer simulations, mouse mutants,
and live imaging, we show that facial shaping results from an array of local cellular activities in the ecto-
mesenchyme. These activities mostly involve oriented divisions and crowd movements of cells during morphoge-
netic events. Cellular behavior that can be recognized as individual cell migration is very limited and short-ranged
and likely results from cellular mixing due to the proliferation activity of the tissue. These cellular mechanisms re-
semble the strategy behind limb bud morphogenesis, suggesting the possibility of common principles and deep
homology between facial and limb outgrowth.

INTRODUCTION

The facial compartment is arguably the most sophisticated and heter-
ogeneous part of our body. Despite the keen attention to the biology of
facial development, the functional and adaptive placement and spatial
integration of sensory organs, skeletal structures, nervous system, and
feeding apparatus are still not well understood. Numerous congenital
craniofacial abnormalities affect the form and function of the face. These
may result in, for instance, deformities, distractions, elongations, shorten-
ings, asymmetries, and generally aberrant structures. Explanations to
these malformations still await the fundamental understanding of the
underlying failure of morphogenesis (1). Cells of the facial compartment
arise from four main sources: neural crest stem cells, paraxial mesoderm,
epidermis, and endoderm. The nonepithelial tissues in the facial region
originate frommigratory neural crest stem cells and the paraxial mesoderm

(2). Embryonic epidermis and endoderm generate epithelialized struc-
tures, including covering tissues, various glands, epithelial compartments
of the hair follicles, and teeth (3, 4). The paraxial mesoderm produces
progenitors of striated muscles and endothelial cells and forms the vas-
cular tree in the face and the head in general (5, 6). The neural crest, the
largest contributor to the developing face, gives rise to cartilage, bone,
dentin and pulp of the teeth, dermal papillae of hair follicles, smooth
muscles of the vessel walls, ligaments, fascia, adipose tissue, dermis, peri-
cytes in the forebrain, epithelial cells in the ear, pigment cells, peripheral
glial cells, subpopulation of sensory neurons in trigeminal ganglia,
sympathetic and parasympathetic neurons, and some other cell types
found in the head (7). Neural crest cells have long been considered to
be multipotent within the neural tube and later during their active mi-
gration (8–11). However, current evidence has suggested that early cell
fate restrictions in the neural crest may already exist at the level of the
neural tube (12, 13). Still, a very recently performed clonal analysis of
neural crest populations in the trunk has supported the concept of
multipotency of the premigratory and migratory neural crest (14). De-
spite this, questions concerning neural crest heterogeneity, multi-
potency, and progressive specification are far from resolved. This is
especially evident when considering the intrinsic differences between
neural crest populations that delaminate from different parts along the
anterioposterior axis and also along the time scale. For example, only
cranial neural crest cells give rise to the ectomesenchyme as an inter-
mediate embryonic cell type that, in turn, will produce most of the struc-
tures in a developing face (7, 15). These neural crest–derived early
ectomesenchymal cells are the main focus of this study. Little is known
about their behavior before the formation of bones, cartilages, and other
tissues in the face.
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In the limb bud, similar mesenchymal cells of a different origin also
play a major role in tissue morphogenesis and shape development (16).
Previous studies have demonstrated that elongation and shape formation
of the embryonic limb are achieved mostly as a result of directional cell
activities that include oriented cell divisions, cell allocation, and mi-
gration. The shaping largely results from orientation signals and their
interpretation in the tissue, rather than only from local differences in
proliferation speed (17, 18). The directional activities are regulated by
Wnt5a/JNK (c-Jun N-terminal kinase), whereas continuous rearrangements
of mesenchymal cells are controlled by the FGF (fibroblast growth
factor)/MAPK (mitogen-activated protein kinase) pathway (17). Planar
cell polarity (PCP) pathway members (including Wnt5a) are well
known to control orientation of cells (19) and are heavily involved in
coordinated outgrowth and shape development of multiple embryonic
structures (20). As an example, knockout and overexpression of Wnt5a
result in the shortening and widening of both the limbs and the face
(21–23).

After the arrival of neural crest cells to the face, the embryo is still
very small, and significant growth and expansion of the cranial
structures will follow. Very little is known about the role of clonal dy-
namics and the coordinated and directional cell behavior in the ecto-
mesenchyme that eventually shape the face. Here, we attempted to
address questions concerning the process of face morphogenesis after
the stage of migratory neural crest: How do the newly arrived individ-
ual neural crest cells occupy and build different regions of the face?
Are there any defined regions occupied by unique clones? Is there a
somatotopical mapping at the level of the dorsal neural tube, and what
is the degree of cell and tissue polarization, clonal mixing, and migra-
tory behavior of ectomesenchymal cells? Using a variety of methods,
we demonstrated that the early outgrowth and shaping of the face are
driven by oriented cell divisions and allocations of daughter cells, as
well as organized relocations of large cellular groups with minimal in-
dividual migration. These are features shown to be of utmost impor-
tance in limb shaping, and our findings might support the concept of
conserved programs in limb and facial outgrowth.

RESULTS

The early face is organized by well-defined overlapping
ectomesenchymal clones
To understand clonal arrangements in relation to facial shape and
outgrowth, we took advantage of genetic tracing with the help of
Sox10-CreERT2 and PLP-CreERT2 mouse strains coupled to an
R26Confetti reporter (24). Both Sox10-CreERT2 (25) and PLP-
CreERT2 (26, 27) recombine in the cranial neural crest when the preg-
nant females are injected with tamoxifen at embryonic day 8.5 (E8.5),
whereas the R26Confetti reporter enables efficient color coding of
individual cells by 10 individual color combinations suitable for clonal
analysis. There are unequal chances of activating different color
combinations (14). For example, clones with activated yellow fluo-
rescent protein (YFP) + red fluorescent protein (RFP), RFP + cyan
fluorescent protein (CFP), RFP + YFP, and green fluorescent protein
(GFP) are rare compared to clones expressing only YFP, RFP, or
CFP and are always significantly underrepresented as compared to
these single-color clones. Clones carrying GFP together with another
fluorescent protein were never detected. For details about proportions
of recombined color combinations, see Baggiolini et al. (14). Sox10-

CreERT2 and PLP-CreERT2 demonstrate different recombination
efficiencies and can be selectively used to achieve the desired tracing
outcomes and to confirm the specificity of neural crest recombination
in cross-comparisons.

With the help of the Sox10-CreERT2 line, we focused on single-
color solitary clones in the whole head, which we successfully achieved
by titrating the amount of the injected tamoxifen (28). First, we in-
duced genetic recombination in the neural crest at E8.5 and analyzed
the progeny 24 to 36 hours later, using three-dimensional (3D) imag-
ing and analysis. The results showed that genetically traced neural
crest cells give rise to spatially defined clonal patches of early ecto-
mesenchyme (“clonal envelopes”) after arrival to the facial region
(Figs. 1, A and B, and 2A). A clonal envelope can be strictly defined
as a region of 3D space demarcated by a graph connecting all cells
belonging to one neural crest–derived clone. Such a clonal envelope
occupies only a local portion of the face. Together with the identifica-
tion of clonal envelopes, we could assess the amount of mixing or
overlapping of several clones in a particular location that was ana-
lyzed. In cases of rare recombination events, we observed a single
compact group of cells in one solitary facial location. We termed this
an ectomesenchymal neural crest–derived clone (Fig. 1A). Such single
clones, from multiple embryos, were analyzed in detail for cell num-
ber, occupied volume, clonal density, and variation of distances be-
tween individual cells comprising the clone (Figs. 1 and 2).
Observations of such single compact clones in the whole embryo head
allowed us to rule out the possibility of a long-range migration of in-
dividual early ectomesenchymal cells.

For clonal analysis, with the help of the PLP-CreERT2 line, we
focused on the rare double color combination–labeled clones in the
front part of the head to clearly distinguish individual regions occu-
pied by single clones (fig. S1). Results obtained from rare double-
colored and GFP+ clones in PLP-CreERT2/R26Confetti embryos and
from clonally titrated recombination events in Sox10-CreERT2/
R26Confetti were in agreement with each other.

The cells inside the defined clonal envelopes appeared sparse at all
investigated developmental stages and, as a result, we observed a high
degree of clonal overlapping between the progenies of individual neu-
ral crest cells in any given location (Fig. 1, C and E to H). Despite such
an extensive overlapping of the clones, all clones appeared to be spa-
tially distinct with recognizable borders (Fig. 1, A to I).

Next, we looked into the cellular structure of ectomesenchyme
clones at E10 to address their compactness, spatial heterogeneity,
and size. The results showed that the cellular density in a typical clone
drops from the center to the periphery of the clone. This was analyzed
through measuring minimum and maximum distances between all
neighboring cells of the same clone and plotting such distances in
3D space as attributes of every cell (Fig. 2). In terms of compactness,
we observed a natural variation within clones. Still, they were rather
similar to each other in wild-type embryos (Fig. 2, A to C and F).
However, we managed to challenge the clonal arrangements, compact-
ness, and heterogeneity by treating the embryos with cyclopamine
1 day before analysis. Facial development is known to be affected
by cyclopamine, and the effects have been extensively studied in the
past (29). In treated embryos, the clones were smaller and often dis-
similar from each other, especially when compared to the control (Fig.
2, D to E and G). We often observed spatially distinct or even
connected rare clonal patches of the same color code located in close
proximity to each other in E9.5 to E10 embryonic heads (see Fig. 1B,
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next to the arrows). This suggests the presence of a dividing migratory
neural crest cell producing progenies in a few neighboring locations
within a restricted facial region.

In contrast to the arrangements in the face, migrating neural crest
in the trunk did not show a similar clonal compact clustering with
resolvable clonal borders (fig. S2, A to C). This suggests extensive
mixing due to intense migration of individual cells.

Regardless of the significant increase in the number of cells in each
clone in the growing face (Fig. 1J), the borders of the clonal envelopes
remained visually defined (Fig. 1, A, I, andN), and the average distances
between cells in the clone remained largely stable (Fig. 1L). However,
4 days after tamoxifen-induced genetic tracing of neural crest progenies,
at E12.5 and onward, we observed an increasing variability in the size of
the analyzed clones and in the proportional volume occupied by the

Fig. 1. Size, shape, and distribution of neural crest–derived ectomesenchymal clones. (A to C) Genetic tracing of neural crest cells and their
progenies induced at E8.5 in Sox10-CreERT2/R26Confetti embryos and analyzed at E9.5 to E10. (A) Head of the E10 embryo with single YFP+ ecto-
mesenchymal clone. Note the compact structure of the clone. (B) Multiple separated clones in different regions of embryo face. Yellow and blue
arrowheads show the orientation of cellular groups. (C) Example of multiple overlapping clones in the early developing face. Note the intense local
clonal mixing. (D to I) Genetic tracing of neural crest cells and their progenies induced at E8.5 in PLP-CreERT2/R26Confetti embryos and analyzed at
E12.5. (D) Reconstruction of rare (RFP+CFP, YFP+CFP, RFP+YFP, and GFP-expressing) individual clones in the facial region of an E12.5 embryo. Note
that some clones are markedly stretched in the anterior facial region. (E to G) Distribution of ectomesenchymal single-color–labeled clones in the
periocular posterior maxillary region. Note the irregular geometry of clonal envelopes and their well-defined borders. (F and G) Magnified regions
outlined in (E). (H) Sagittal section through the head of a genetically traced embryo starting from E8.5 and analyzed at E17.5. Area of the maxilla and
frontonasal prominence with individual traced clones acquiring conical shape (dotted line) in the anterioposterior direction. (I) Transversal section
through the upper jaw of the genetically traced E17.5 embryo. Note the compact shape and defined borders of the RFP+ clone (outlined by the
dotted line). Arrowheads point at whisker follicles. (J) Graph showing the increasing size and variability of individual ectomesenchymal clones
during facial development. (K) Graph showing the proportional occupied clonal volume and related variability of individual ectomesenchymal
clones at different developmental stages. (L and M) Graphs visualizing developmental dynamics of clonal density (L) and its heterogeneity (M)
measured as an average distance between cells of one clone (closest-neighbor approach) and SD of this parameter per clone, respectively. Bars
show mean (black) and SEM (blue). (N) Examples of ectomesenchymal clonal envelopes from an E12.5 embryo with traced neural crest–derived
progenies. Note the isotropic structure of clones and well-defined borders with irregular curvature. (O) Histogram showing spatial isotropicity based
on pairwise distances between cells sharing a common clonal origin in experimentally obtained ectomesenchymal clones at E17.5. All images are
maximum-intensity projections of confocal stacks, except (C) and (D) with volume rendering of isosurfaces. BA1 and BA2, the first and the second
branchial arches; NP, nasal prominence. The eye is outlined by the dashed line. Scale bars, 200 mm (A to C and E to O) and 30 mm (D).
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Fig. 2. Analysis of clonal structure in the faces of E10 control and cyclopamine-treated embryos. (A) Distribution of analyzed clones from PLP-CreERT2/
R26Confetti head. Purple, yellow, and green colors mark different rare dual-color clones, whereas cyan represents the rare GFP+ clone. (B) Spatial struc-
ture of clones: Radiuses of colored spheres (representing single cells) correspond tominimal distances to the closest neighbors. When all cells in a clone
are analyzed, this parameter reflects the compactness of the clone. (C) Histograms showing distances to the closest neighbor for every cell in the clone.
(D) Graphs showing differences between wild-type and cyclopamine-treated ectomesenchymal clones in the faces of E10 embryos. Each point repre-
sents the average of the following parameters determined for each cell within a single clone: minimal distance, distance to the closest cell; mean
distance, mean distance between one cell and all other cells in the clone; and maximal distance, distance to the furthest cell in the same clone. (E) Spa-
tial structure of a clone from a cyclopamine-treated embryo. Radiuses of colored spheres (representing single cells) correspond tominimal distances to
the closest neighbors. (F and G) Plots reflecting the compactness and clonal structure of analyzed clones from control (left) and cyclopamine-treated
(right) E10 embryos. Colored spheres on these plots correspond to individual cells. Color defines a clone. The radius of spheres reflects the distance to
themost proximal neighbor cell (DistMin) in a clone. DistMax is themaximal distance between a given cell and themost distal cell from the same clone.
When the entire clone is analyzed, this parameter describes the spatial dimension of the clone. Scale bars, 200 mm (A and E). n.s., not significant.
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cells of the clone within the clonal envelope (showing proportional con-
tribution of this clone to the location) (Fig. 1, J andK).We also observed
an increase in dispersion of the individual intercellular distances within
a clone over time (Fig. 1M). Furthermore, the clones tended to attain a
stretched asymmetric shape in regions with extensive growth in the
head, which suggests a mechanism of directional clonal expansion in
such locations (Fig. 1, D, H, and N). Surprisingly, the clonal progenies
of labeled neural crest cells retained a compact structure even at later
developmental stages, such as E17.5, as visualized on sagittal and trans-
versal sections (Fig. 1, H, I, and O).

Clonal arrangements in the branchial arches did not differ from
the nasal prominence and other facial locations in terms of defined
clonal envelopes and clonal overlapping (fig. S2, D to F). Analysis
of heart neural crest also showed a high degree of clonal overlapping
that simultaneously occurs with clonal clustering of individual neural
crest progenies (fig. S2, E and F, arrowheads).

Coexistence of neural crest–derived ectomesenchyme and
mesodermal derivatives in the early face
The existence of well-defined clonal envelopes is supported by the
manifestation of the border between neural crest– and mesoderm-
derived mesenchymal derivatives that persists to postnatal stages. To
visualize this border at postnatal stages, we used conditional knockout
of Sox2 (30) in neural crest cells, using Wnt1-Cre (31).

The results of this experiment showed that only facial follicles
corresponding to Sox2-deficient areas demonstrated a change in hair
color shade—instead of black, it became brownish, which highlighted
the border between neural crest– and mesoderm-derived dermis in
young postnatal animals (fig. S3, A toQ). This border between neural
crest– and mesoderm-derived mesenchyme was also observed during
embryonic stages (fig. S3,R toT). Expressionof dopachrome tautomerase
(DCT) showed that melanocytes survived well in the targeted tissue
and that the pigment-producing pathway was in place in both wild-
type and Sox2-deficientmelanocytes. Themelanocytes did not express
Sox2, as opposed to dermal papilla cells (fig. S3, B to Q). This is in line
with the fact that expression of Sox2 is generally incompatible with
melanocyte fate (32). Therefore, the outcome of Sox2 deficiency in
skin must result from an interplay between melanocytes and dermal
papilla cells. Indeed, melanocytes communicate with dermal papilla
cells to adjust the amounts and the ratio of different pigments (33),
which involves the Agouti pathway and explains how animals dynam-
ically change pigmentation patterns (34). Because dermal papilla cells
in the head are produced from neural crest cells and the mesoderm,
and loss of Sox2 affected only the neural crest–derived dermal papillae,
wewere able to detect the border between numerous ectomesenchyme
(NCC)– and mesoderm-derived dermal papillae in head skin. We sug-
gest that the presence of such visual border is an interesting and impor-
tant observation, especially because the dermis is organized by
fibroblast-like cells that presumably are capable of long-rangemigration
during late embryonic development and afterward.

Both neural crest and paraxial headmesoderm contribute to a range
ofmesenchyme-derived structures, including skeletal elements that fuse
without signs of different cellular origin. This indicates that clonal be-
havior and morphogenetic cell dynamics in paraxial mesoderm deriva-
tives are similar to the clonal dynamics in neural crest–derived tissues.
WeusedMesp1-Cre/R26Confetti animals in 2Dand 3D imaging to trace
the progeny of paraxial mesoderm in the face (35). Mesoderm-derived
mesenchyme showed a high degree of clonal overlapping not only in

branchial arches but also in the dorsolateral aspects of maxillary and
occipital regions (fig. S4, A to I). Additionally, local angiogenic progeni-
tors in multiple places demonstrated an impressive diversity of clonal
origins based on their color code (fig. S4, J andK).Numerousmesoderm-
derived mesenchymal domains sharing the same color code appeared
compact and local, similar to ectomesenchymal clones in the face (fig. S4,
E to I; see arrowheads). These data point toward the possibility that simi-
lar morphogenetic mechanisms operate in neural crest– and mesoderm-
derived mesenchymal tissues.

Next, we wanted to investigate the volume proportions occupied
by the mesoderm and the neural crest, respectively, in different local-
ities in the developing face. We also wanted to calculate the number of
neural crest–derived clones that contribute to a given location within
selected regions of interest (ROIs). For this, we made 3D analyses of
the traced mesodermal (high efficiency of recombination) and neural
crest (low efficiency) progenies in various facial regions, including the
nasal prominence and branchial arches. The analyses showed that
mesodermal derivatives occupied 21.01 ± 3.46% of ROI volume (mean
and SEM; n = 9) in the face at E10.5 (fig. S4, L to P). Furthermore, we
calculated that single neural crest–derived clones contributed to 4.465 ±
0.8844% of ROI volume (mean and SEM; n = 7) at the same stage (see
Fig. 1K). Thus, we concluded that up to 17 neural crest clones may con-
tribute to one ROI location.

Modeling ectomesenchymal cell dynamics in 2D and 3D
confirms the minimal role of individual cell migration in
clonal overlapping
As seen from above, most of the observed ectomesenchyme-derived
clones in the face show complex clonal envelope shapes (Fig. 1N), with
the borders representing sharp drops of cellular density at the periph-
ery of the clone (Figs. 1O and 2C). Highly variable and complex
shapes of the clonal envelopes cannot be explained without the as-
sumption that complex morphogenetic processes operate in the tissue.

Given that the ectomesenchyme is a potentially migratory tissue,
we asked whether migratory behavior contributes to the development
of facial shape and, if this is the case, how the selectivity and direction-
ality of cell migration can be achieved. On the basis of our previous
results, we wanted to understand how the experimentally observed
sharp borders of clonal envelopes can be maintained in the case of
migratory behavior of facial neural crest–derived cells. To address this
issue, we devised a mathematical model that operates virtual cells in
3D space plus time. We tested a group of variables, such as cell division
speed, migration, and allocation of daughter cells in random or defined
directions, as well as pushing of newborn mitotic products during pro-
liferation.We compared the readouts from the series of in silico simula-
tions to the results of our experimental clonal analyses. We looked for
parameter combinations in the model that gave rise to dynamics with
degrees of overlapping and clonal shapes that were compatible with
those observed in the experiments. Unexpectedly, the 2D version of
the model showed that proliferation-driven cell pushing/place-
exchanging and related short-distance movements are sufficient to
achieve efficient clonal overlapping over time (Fig. 3, A and B). In this
model, we assumed (based on the biological data including live imag-
ing experiments described below) that products of cell divisions would
push neighboring cells to obtain space. Alternatively, they could inter-
mingle with close neighboring cells by exchanging positionswith them,
as a way of accommodating the pushing forces in the growing tissue.
Such short-ranged spatial rearrangements require some dynamics of
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cell shape. This can be rendered as a very short range migratory be-
havior. Indeed, simulations in 3D space confirmed that clonal
overlapping is compatible with zero orminimal individual migratory
behavior, whereas proliferation appeared to be the main driving
force for the mixing of the cell division products. Moreover, well-
defined clonal envelopes were maintained only when individual
migration (in relation to neighboring cells) was minimal in the simu-
lated system. An in silico model, while showing defined clonal
patches, also demonstrated a drop in clonal compactness from the
center of the clone to the periphery in agreementwith experimental data
(Fig. 2, B, C, and F). Together, this strongly suggests that clonal overlap
in authentic facial development may occur owing to the spatial alloca-
tions and mingling of daughter cells that result from cell divisions ex-
clusively. In such a case, the products of mitoses will push and blend in
the directions of surrounding domains, and through this, the clonal pro-
genies will intermix.

Oriented divisions and crowd movements of
ectomesenchymal cells participate in facial shaping
The modeling of fine borders of clonal envelopes remained imperfect
as compared to the experimental data, unless the concept of polarizing
morphogen gradients was considered. Therefore, we introduced a lo-
cal radial gradient that affects the directionality of cell division and
allocation of daughter cells in 3D space into the in silico model.
The results of these simulations demonstrated that the oriented cell
divisions (or controlled allocations of the progeny after mitosis)
together with minimal individual migratory behavior are the keys to
achieving the distribution of virtual clonal progenies that resemble the
actual clonal patterns in facial development (Figs. 3, C to H, and 4).
Experimental data on the stretched geometry of clonal envelopes in
the most outgrowing parts of the face additionally point toward
oriented cell divisions during progressive shape development
(consistent with Fig. 1, D and H). At the same time, the distribution

Fig. 3. Mathematical modeling of clonal expansion and overlapping in 3D space. (A and B) 2D modeling of cell dynamics; initially traced
clones are labeled by different colors. Note that in the condition where cell pushing is allowed (B), clonal overlapping is efficiently achieved without
any migratory behavior. (C and D) Visualization of initial conditions and example of in silico cell dynamics simulation in 3D space. (E to H) Results of
in silico cell dynamics simulation in 3D space performed with different settings. Note the formation of defined clonal envelopes under the condition
where polarization probabilistically directs oriented cell divisions with minimal individual cell migration (H).
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Fig. 4. Mathematical model predicts widening versus elongation strategies of in silico facial development depending on the conditions. (A to F)
Simulations of cell dynamics in a 3D environment with medium pushing power (technical value in a model c = 0.5). (G to L) Clipping planes, view from
the top on simulations of facial development. Note how different conditions lead to widening or elongation of the cellular cluster with clonal
envelopes. The technical value for high pushing power in a model was c = 0.9. (M) Example of the clipping plane, frontal view. (N) Graph showing
the changes in the spatial homogeneity (isotropicity) of simulated clones during rounds of simulation.
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of cells within the analyzed clonal envelope appeared to be relatively
uniform as defined by variation in individual cell-to-cell distances
(measured as a distance to the closest neighbor) (Figs. 1O and 2C).

This was similar to the in silico simulations, where we found that
polarization (and no migration) was characterized by the lowest dis-
persion of distances between the cells (Fig. 3H). In silico simulations
demonstrated a clear difference in elongation versus widening of the
modeled facial structure, depending on the presence of an anteriopos-
terior polarizing gradient (Fig. 4, G to L).

To conclude, the mathematical model predictions pointed toward
the likelihood of locally controlled allocations of daughter cells after
mitosis. Such allocations can result from oriented cell divisions and
controlled spindle orientation following anterioposterior polarization
cues in the tissue.

In such a case, most of the allocations of newborn cells occur
predominantly in one direction. This reduces the “lateral” clonalmixing
because the pushing power of clonalmitotic products that invade lateral
clonal domains during proliferation is eased. This should lead to re-
duced clonal blending and to the efficientmaintenance of defined clonal
envelope borders while having an impact on the resulting shape in
terms of widening versus elongation (Fig. 4, especially G to L).

To directly test the predictions from the model, we analyzed
Wnt5a knockout mouse embryos (36). Wnt5a is a noncanonical
Wnt and a member of the PCP pathway that is involved in polarizing
epithelial and mesenchymal tissues. Indeed, the knockout of Wnt5a
leads to massive shortening and widening of the face, starting from
preskeletogenic time points (Fig. 5, A to J). The lower jaw appeared
much shorter and wider. At the same time, our data showed that the
volume of the lower jaw was not reduced as compared to the control
(Fig. 5, F and H). This indicates that there was no deficit in prolifer-
ation and in the number of cells that formed the face. This is similar to
the modeling predictions shown in Fig. 4 (G to L). Moreover, this phe-
notype does not influence the induction of all necessary facial
structures, including cartilages, bones, sensory compartments, muscles,
glands, and developing teeth, as monitored by x-ray micro–computed
tomography (m-CT) scans and visualizations (Fig. 5, E to P). Addition-
ally, we did not observe any changes in the general position of major
anisotropic proliferative zones, as analyzed with ethynyl deoxyuridine
(EdU) incorporation assay at E12.5 (Fig. 6, Q and R). Strikingly, when
we examined the orientation of cell divisions using an antibody against
phospho-histone 3 (PH3; commonly used to visualize metaphase plate)
in the anterior face, we found that the predominant anterioposterior
orientations ofmitotic productswere no longer prevalent inWnt5amu-
tants at E12.5 (Fig. 5, S to V). This result is in full accordance with the in
silico simulations (Figs. 3 and 4, G to L).

Live imaging in zebrafish reveals oriented crowd
movements of large cellular groups
To directly observe the dynamics of early shape development in the
facial region, and to connect it with individual cellular behavior, we
used live imaging of genetically traced zebrafish larvae. For this, we
took advantage of the Sox10-CreERT2/Ubi:zebrabow fish line,
which is suitable for clonal color coding and inducible lineage trac-
ing in neural crest cells. The nonrecombined cells express RFP,
whereas cells after recombination can acquire stable YFP or CFP
expression in the lineage. Because of imaging constraints, we
followed mostly YFP+ neural crest–derived clones during early cra-
niofacial development.

First, the results of this experiment demonstrated that neural crest
cells labeled at clonal density give rise to spatially separate and
compact groups of cells. These groups are analogous to the ecto-
mesenchymal clones that we observed in mouse embryos (fig. S5, A
to D, arrows). Second, live imaging clearly demonstrated that indi-
vidual ectomesenchymal cells do not migrate significant distances
but rather rearrange their shape and accommodate their position
within their local microdomain (Fig. 6 and movies S1 to S4). This
complies with the theoretical prediction from the mathematical model
(see Fig. 4). As a result, the labeled cellular clusters change their shape
over time (Fig. 6A) but do not alter their basic cellular structure. This
structure includes cell density and coordinated orientation of cell
divisions that may change over time (Fig. 6, B to L, and especially E).

The progenies of dividing ectomesenchymal cells remain in close
proximity to each other in most of the cases (see tracks of the progeny
in Fig. 6, J to L). In agreement with the inference from the mathemat-
ical model, these ectomesenchymal cells mostly divide in certain ori-
entations within spatial microdomains, as observed in live imaging
(Fig. 6, B to E). This, too, is consistent with the results obtained in
the mouse model (see Fig. 5, S to V).

At the same time, ectomesenchymal cells relocate to new distant
positions in the embryonic head in synchronized crowd movements
(Fig. 6, J to L, and fig. S5, E to P). These movements stem from push-
ing activities in major proliferative centers, located in, for example,
branchial arches, as evident from EdU analysis (Fig. 6, M to Q, and
movie S5) and direct live observations (movies S1 to S4). Anisotropic
proliferation is apparent in larval ectomesenchyme. This is reflected
in results from an acute EdU incorporation experiment (Fig. 6, M
and N) as well as in EdU label–retaining analysis in ectomesenchyme-
derived cranial cartilage (Fig. 6, O to Q). Application of EdU for 15min
at 48 hours and analysis at 4 dpf showed an uneven, symmetrical, and
specific pattern of EdU incorporation and retention in skeletal struc-
tures that form after 48 hours of development from ectomesenchymal
cells. Note that the translocating groups of ectomesenchymal cells
behave similarly to viscous liquid (fig. S5, E to P, and movies S1 to S4).
Such morphogenetic movements may account for specific distortions
and complex geometries of clonal envelopes, as shown in Fig. 1N.

To sum up, these results agree with computer simulations and are
consistent with observations of clonal patterns in mouse embryos.
Together, they suggest that crowd movements, anisotropic prolifera-
tion, and cell divisions with natural-like variation of the cell cycle
length and phase play a significant role in facial morphogenesis,
whereas long-range individual migration is limited in the face after
neural crest cells transform into neuroglial and ectomesenchymal
components.

Early ectomesenchymal cells are oligopotent within a
given locality
The establishment of facial structures by ectomesenchymal clones
raises the question whether each clone displays restricted and defined
competence to generate only specific cell types. Hypothetically, over-
lapping clonesmay have committed to distinct fates and later give rise
to different derivatives within a single locality. We tested this assump-
tion using lineage tracing and fate analysis of rare double-colored and
single-colored clones (Fig. 7). The results instead demonstrated that
multiple fates are often generated within one compact clone. Thus, an
individual clone may contribute to, for example, local mesenchyme
and to dermal papillae of whisker follicles (Fig. 7, A and B). In other
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Fig. 5. Disruption of Wnt/PCP-driven cell polarization and subsequent changes in facial shape. (A to D) Representative images of E12.5 embryos:
littermate controls (A and B) and Wnt5a full knockout embryos (C and D). (E to H) m-CT–based 3D reconstructions of the E15.5 embryonic heads: littermate
controls (E and F) andWnt5a full knockout (G andH). Note the short snout andwider face of themutant embryos as compared to the control littermates. Pink
color code shows themandible and its volume calculated for control andmutant embryos. (I toP)m-CT–based sagittal section through theheadof the control
(I and K toM) andmutant (J andN to P) embryoswith themeasurements of the length between the posterior part of the olfactory system and the anterior tip
of the snout. (K to P) Tomographic slices through the salivary gland, developing themolar and the inner ear from control (K toM) andWnt5amutant (N to P)
embryos. (Q and R) Distribution of high proliferation zones in control (Q) andWnt5a knockoutmutant (R) E12.5 embryonicmandibles that were treated with
EdU for 2 hours before analysis. Dotted lines outline stereotypic, highly proliferative zones. (S) Scheme of the ROIs where the oriented cell divisions were
quantified in the head of E12.5 embryos. (T) Example of chromosomePH3–based staining on the section of an E12.5 embryonic head; thewhite arrowpoints
toward the outgrowing part of nasal prominence, whereas the red arrows show the orientation of cell division and the allocation of daughter cells. (U andV)
Rose diagramof quantified orientations of cell divisions in the anterior face of E12.5 control (U) andWnt5a knockoutmutant (V) embryos. Note the disruption
of the directionality of cell divisions in the mutant embryo as compared to the control littermate. Scale bars, 200 mm (Q and R).
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Fig. 6. Live imaging of early zebrafish craniofacial development. (A to L) Live imaging of genetically traced neural crest–derived progenies in
Sox10-CreERT2/Ubi:zebrabow-S zebrafish larvae between 30 and 56 high-power field (hpf) (A to C) and 30 and 42 hpf (D to L). (A) Ventral view on
zebrafish larva head with genetically labeled groups of YFP+ cells. Note the spatial stability of translocating labeled groups during organized cell
movements in the regions of expanding brachial arches and around the stomodeum. The dotted circle and white arrows show small defined
trackable groups of cells. Purple arrows point at the melanocyte. The red dotted line shows how the borders of YFP+ groups change over time.
Yellow arrows demonstrate the major direction of crowd movement. (B and C) Analysis of oriented cell divisions during live imaging of developing
zebrafish head, ventral view. (B) Bars show orientations of individual cell divisions and color code corresponds to the timing of cell division. (C) Rose
diagram of orientations of cell divisions. (D to L) Cell divisions in the branchial arch of zebrafish at 30 to 42 hpf, side view. (E) Magnified region from
(D). Note that cell divisions change the predominant orientation over time. (F to L) Analysis of the group of cells from the region outlined by the
white rectangle in (D). (F and G) Frames from time lapse with two dividing cells from the branchial arch. (H and I) Frame before (H) and immediately
after (I) mitosis of several ectomesenchymal cells in the region, side view on the branchial arch. (J to L) Tracking of dividing ectomesenchymal cells
and their progeny in the forming branchial arch. (J) First frame of tracking. (K) Final frame of tracking (12 hours). Arrows in (J) and (K) point at the
stable YFP+ cell that does not change the position in the embryo and serves as a stable orientation anchor for measuring translocation/crowd
movement of the labeled group of ectomesenchymal cells. Note that during the displacement of the entire group, most of the cell division products
stay proximally close to each other with some rare exceptions [dark brown track in (L)]. Despite this, high intensity of local cellular mixing is
achieved owing to proliferation in accordance with modeling results presented in Fig. 2 (A to C). (M and N) EdU incorporation shows proliferation
rates in different parts of the developing zebrafish head. Note that a 5-min EdU pulse at 48 hpf immediately followed by the analysis showed high
proliferation rates in branchial arches (arrows). (O to Q) Transgenic Col2a1aBAC:mCherry zebrafish larva’s entire head (O) and skeletal elements (P
and Q) at 4 days postfertilization (dpf) with incorporated EdU, administered at 48 hpf for 5 min. Note that this EdU label–retaining experiment
highlights uneven proliferation in ectomesenchymal chondrogenic progenitors at 48 hpf (5-min pulse). Arrows point at low EdU-retaining regions in
the facial cartilages. Scale bars, 50 mm (A, C, M to O, and Q) and 20 mm (B, E, and H to K).
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Fig. 7. Cell fate potential of individual neural crest–derived ectomesenchymal clones. (A to I) Genetic tracing of neural crest–derived progeny
in PLP-CreERT2/R26Confetti embryos. Tamoxifen was injected at E8.5, and the analysis of cell types was performed at E17.5. (A and B) Close-up of the
region in the anterior face with outlined whisker follicles. Note that cells of the GFP+ rare clone (arrowheads) contribute to both the surrounding
mesenchyme and dermal papillae. (C to E) A developing incisor is shown with the dotted line. Note the contribution of the rare GFP+ clone to the
peridental mesenchyme, osteoblasts, and the dental mesenchymal compartment. (F and G) Cells of the rare CFP+/RFP+ clone, pointed out by arrow-
heads, give rise to perichondrial flat cells lining the cartilage, chondrocytes in the olfactory cartilage, and mesenchyme surrounding the olfactory
neuroepithelium. (H and I) Arrowheads show cells of the rare GFP+ clone that contribute to cartilage (chondrocytes), trabecular bone (osteocytes),
and the surrounding mesenchyme. (J and K) Rare YFP+ clone contributes to the mesenchyme and chondrocytes of the nasal capsule. (L and M)
Localized YFP+ and CFP+ clones occupy only a part of a lower jaw and contribute to mandibular bone, Meckel’s cartilage (in the case of the CFP+

clone), and the surrounding loose mesenchyme. (E, G, I, K, and L) Von Kossa staining highlights trabeculae of the facial bones, whereas Alcian blue
staining shows cartilage. (N) Diagram representing the occurrence of different cell fate combinations observed within individual clones. (O) Clonal
density genetic tracing induced at E8.5 and analyzed at E12.5 in Sox10-CreERT2/R26Confetti embryos. Note the absence of genetically traced cells in
the neuroglial compartment despite numerous ectomesenchymal clones present in the location. (P) Example of a GFP+ rare clone (arrowheads) in
the neuroglial compartment that does not include ectomesenchymal derivatives. (Q) Part of the network of pericytes in the forebrain is organized by the
single yellow clone. NG2 is a pericyte marker, shown in the inset. (R and S) Several traced neural crest–derived glial clones, including a rare YFP+/RFP+

double-colored clone (magnified in the inset), follow the nerve fibers in the lower jaw. For comparison, note the compact ectomesenchymal YFP+ clone in
the upper left corner of the image. Scale bars, 200 mm. HF, hair follicle.
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situations, single clones contributed to the dental mesenchymal com-
partment and the surrounding osteogenic tissue (Fig. 7, C to E). We
often observed that perichondrial cells, chondrocytes, and neighboring
mesenchymal patches shared the same clonal origin (Fig. 7, F to K). Os-
teogenic cells ofmembranous bones and neighboringmesenchyme also
showed clonal relationships (Fig. 7, L and M).

None of the analyzed unique ectomesenchymal clones showed
any progeny in the neuroglial compartment (Fig. 7O). Consistently,
several rare analyzed clones in the neuroglial compartment did not
appear to share the same color code with cells in the ectomesenchymal
domain (Fig. 7P).

Embryonic ectomesenchyme-derived pericytes (marked by NG2)
were found to spread clonally by dividing along the vessels. This is
similar to how glial cells clonally spread along nerve fibers (Fig. 7,
Q to S). To conclude, labeled neural crest cells give rise to oligopotent
clonal local patches of ectomesenchyme that generate different fates
that are necessary in a specific location.

DISCUSSION

The facial region is largely composed of neural crest–derived proge-
nies. The purpose of the present study was to investigate how those
progenies dynamically build the face. Previously, an elegant clonal
analysis has been performed in the trunk neural crest derivatives that
include neurons, glial cells, and melanocytes. Many important
questions related to both trunk crest multipotency and techniques
concerning Confetti multicolor tracing were resolved in that study
(14). However, trunk neural crest and cranial neural crest are different
in their ability to give rise to mesenchymal structures. Consequently,
knowledge of the clonal structure and cell behavior in relation to early
morphogenesis of the face has remained obscure.

We addressed this question with clonal analysis using a multicolor
Confetti reporter and found that neural crest cells give rise to well-
defined clonal patches (clonal envelopes) of ectomesenchymal tissue
in the prospective facial compartment. They demonstrate conspicuous
borders and consist of clonal progeny formed from a single labeled neu-
ral crest cell. Once formed, these clonal patches persist until at least late
embryonic development and most likely postnatally: They occupy cer-
tain locations in the face and retain recognizable borders. The patches
do not dissolve with developmental time despite some growing hetero-
geneity inside the clone in terms of intercellular distances. The cells
within the clonal envelope are loosely packed and mix locally with
the progenies of other neural crest cells. Developmental robustness of
the facial compartment might be rooted in a high degree of clonal
overlapping in any given locality that is populated by the progenies of
at least several individual neural crest cells. Hypothetically, negative so-
matic mutations occurring in a single migrating neural crest cell or at
the level of the neural tube can be compensated by other unaffectedneu-
ral crest–derived local clonal progenies. Moreover, the intense clonal
overlapping among neural crest progenies argues against any somato-
topic mapping (37) at the level of the neural tube. The increasing var-
iability in geometrical shape and size of the clones might reflect
directional cell behavior unique for a given locality, with different pro-
liferation rates in various compartments of the outgrowing face.

We took advantage of mathematical modeling to sort out these
potential mechanisms of clonal behavior. The 3D in silico simulations
of cell dynamics showed that highly efficient clonal overlapping can be

achieved without migration of individual cells, solely due to the
pushing and mingling force of cells as a result of multiple cell divisions
in the area. Moreover, the model predicted the existence of a chemical
gradient that controls the orientation of cell divisions, to achieve de-
fined clonal envelopes. We set out to test the suggestions from the
model regarding both the minor migratory behavior and the directional
cell dynamics related to cell divisions with subsequent allocations of
daughter cells. Live imaging experiments in zebrafish confirmed our
computer model predictions that ectomesenchymal cells do not per-
form extensive individual migrations and predominantly divide in few
orientation planes within a local microdomain. Moreover, similar to
the situation in the developing limb (17), we discovered that ecto-
mesenchymal cells execute large-scale, collective, coordinated mor-
phogenetic movements, where the cellular arrangements of microdomains
remain well preserved. Such crowd movements, reminiscent of the be-
havior of viscous fluid, have been previously described (17, 38). The
viscous fluid approach was previously used for analyses of biological
systems on cellular and organismal levels (39). According to our re-
sults, the ectomesenchymal cells in the zebrafish lower jaw translo-
cate or perform crowd movement in relation to the eyes and the brain.
This takes place while the stomodeum is displaced anteriorly, presum-
ably as a result of lower jaw mesenchyme outgrowth. The massive re-
location of ectomesenchymal cells occurs because of proliferation in
the lateral regions of the branchial arches and does not involve in-
dependent migration of each cell. This is supported by the fact that
differentiating chondrocytes are still moving forward together with
the surrounding tissue during lower jaw extension (see movie S3).
Thus, it seems that individual ectomesenchymal clones mix and
overlap as cells are added because of cell divisions. This causes sub-
sequent mingling with the neighbors without obvious middle- or
long-range individual cell migration. However, translocations of
large groups of cells (that is, crowd movements) might be respon-
sible for the changes in clonal envelope 3D geometry during critical
morphogenetic rearrangements.

The individual shape of clonal envelopes reflects the anisotropic
growth of the structure (40, 41) following local orientation cues. Our
results show that the cues that orient the plane of cell divisions in the
face, at least in part, are represented by the gradient of Wnt5a, which
influences the allocation of daughter cells after mitosis and, through
this, the general shape. The idea of a Wnt5a gradient is strongly sup-
ported by the similarity of the phenotypes resulting from full Wnt5a
knockout and overexpression ofWnt5a (21–23). In both cases, the gra-
dient is erased from the tissue, which is phenotypically manifested by
the shortening and widening of the face and limbs. Thus, the molecular
mechanisms controlling the emission, detection, and interpretation of
polarity signals (including noncanonical Wnts) can be partly responsi-
ble for the early body plans as well as for the developmental origins of
facial diversity (42), especially during early preskeletogenic stages. De-
spite the strong phenotype in Wnt5a and in other PCP mutants, many
parameters related to the shape and placement of different structures
are not seriously affected. Therefore, there must be other mechanisms
unrelated to directional cell divisions that control the facial shape. An-
isotropic proliferation rates in different facial compartments and result-
ing crowdmovements/translocations of cells can provide an alternative
way of governing the shape.

Progressively, ectomesenchymal cells that belong to the same clone
adopt different fates following odontogenic, chondrogenic, osteogenic,
adipogenic, and other directions of differentiation within a spatial
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microdomain. Therefore, single neural crest–derived ectomesenchymal
early progenitors are oligopotent in the face. Our data do not support
the fact that different pools of neural crest cells contribute to prespecified
ectomesenchymal populations restricted in their fate potential within
the mesenchymal spectrum of fates. However, the results may partly
support previously described early fate restrictions in the cranial neural
crest and the existence of an early choice between neuroglial and mes-
enchymal directions of differentiation (15). This renders cranial neural
crest cells different in early fate restrictions as compared to cells of the
trunk neural crest (14).

Various early embryonic mesenchymal populations, similar to
neural crest–derived ectomesenchyme, give rise to multiple differen-
tiated cell types that organize muscle, connective, and skeletal tissues
in the head and other compartments, including limbs. Our results
show that cellular mechanisms of early facial shaping seem to be very
similar to those operating in the limb. Furthermore, recent discoveries
of epithelial-to-mesenchymal transition (EMT), a classical property
of neural crest (43), in limb bud initiation (16) suggest that similarities
between limb and face development are stronger than previously
thought. Moreover, a recent study demonstrated that cranial neural
crest cells that give rise to mesenchymal derivatives in the head may
undergo EMT from a neural fold domain that might not express neural
markers (15). If true, it can be defined as a non-neural ectoderm and is
possibly similar to analogous sites in regions of future limb buds. For
instance, it is widely accepted that facial growth andpatterning are regu-
lated by the frontonasal ectodermal zone (FEZ), which includes SHH
and FGF8 expression domains (44, 45). The roles of BMPs, endothelins,
and other soluble factors in facial development and outgrowth have
been thoroughly investigated (44, 46). Variation of signals that affect
cartilage and bone development may also influence shaping programs
at later stages. This is suggested, for example, by studies on BMP3 mu-
tations associated with the size and varying geometry of the vertebrate
skull (47). Apparently, these key signals, including SHH, FGFs, and
BMPs, play critical instructive roles in both facial and limb develop-
ment. It could be speculated that the apical ectodermal ridge secreting
FGF8 and the zone of polarizing activity emitting SHH in limb buds
might be considered to be deeply homologous to the FEZ in the face.
Thus, a blueprint of the cellular andmolecular logics that operate in the
mesenchyme of the anterior head could become a starting point for the
induction of appendages in the more posterior parts of the ancestral
body. Some evidence suggest that the origin of paired appendages
involved redeployment of genetic programs from the paraxial to the lat-
eralmesoderm (48, 49). Our data highlight a great degree of similarity in
clonal dynamics between neural crest– and paraxialmesoderm–derived
mesenchyme in the face and branchial arches. Together, our results
support a profound similarity between vertebrate face and limb devel-
opment and, in turn, raise questions concerning a deep homology (50)
between these seemingly unrelated structures.

MATERIALS AND METHODS

Experimental design
This study heavily relied on clonal density genetic tracing and on the
investigation of clonal envelopes in facial ectomesenchyme both as a
series of static pictures and as a dynamic live imaging of mouse and
zebrafish embryos, respectively. In silico modeling of clonal envelopes
in developing ectomesenchyme helped to visualize and define princi-

ples of clonal overlapping in 3D envelope border formation and other
important aspects leading to the prediction of a gradient that orients
cell divisions. Investigation of a Wnt5a mouse mutant with deficient
polarizing signals confirmed the importance of oriented cell dynamics
in facial development.

Mouse strains and animal information
All animal work was approved and permitted by the Ethical Commit-
tee on Animal Experiments (Norra Djurförsöksetiska Nämnd; www.
djurforsok.info/lagar-regler/) and conducted according to the Swedish
Animal Agency’s Provisions and Guidelines for Animal Experimenta-
tion, and international guidelines and regulations were followed (In-
stitutional ReviewBoard/InstitutionalAnimalCare andUseCommittee).
Glia-specific genetic tracing mouse strains PLP-CreERT2 and Sox10-
CreERT2 were previously described (25, 26). Both PLP-creERT2 and
Sox10-creERT2 strains were coupled to R26Confetti mice that were re-
ceived from the laboratory of H. Clevers (24). To induce genetic recom-
bination of adequate efficiency, pregnant females were injected
intraperitoneally with tamoxifen (Sigma, T5648) dissolved in corn oil
(Sigma, C8267). Tamoxifen concentration ranged from 1 to 5 mg per
animal to obtain a range of recombination efficiency. Wnt5a full
knockout embryos were obtained from Wnt5a+/− mice (36) at the
expected Mendelian proportions. Mesodermal tracing was obtained
using Mesp1-Cre mouse strain (35) coupled to R26Confetti reporter
strain. Sox2fl/fl mice have been previously described (30) and were
coupled toWnt1-Cre (31) that were ordered from the Jackson Labora-
tory (stock number 003829). For embryo analyses, heterozygous mice
of the relevant genotype were mated overnight, and by noon, the plug
was considered to be E0.5. Mice were sacrificed by isoflurane (Baxter,
KDG9623) overdose, and embryos were dissected and collected into
ice-cold phosphate-buffered saline. Subsequently, the samples were
placed on freshly prepared 4% paraformaldehyde and, depending on
the developmental stage, were fixed for 3 to 6 hours at 4°C on a roller.
Afterward, the embryos were cleared in Scale-A2 reagent [4 M urea,
0.1% (w/v) Triton X-100, 10% (w/w) glycerol, distilled water] for 6 hours
and imaged in whole-mount mode or, alternatively, the embryos, after
fixation, were cryopreserved in 30% sucrose (VWR, C27480) overnight
at 4°C, embedded in optimal cutting temperature medium (Histolab,
45830), and cut into 14- to 150-mm sections on a cryostat (Microm),
depending on the subsequent application.

For cyclopamine treatments, three time-mated PLP-CreERT2/
R26Confetti females were injected with cyclopamine (LC Laboratories)
solution that was administered in corn oil via double intraperitoneal
injections (30 mg/kg in each injection; days 8 and 9 of gestation).
On gestation day 10, we took out and analyzed more than 16 indi-
vidual embryos.

m-CT analysis
We used a GE Phoenix v|tome|x L 240 equipped with a 180-kV/15-W
maximum-power nanofocus x-ray tube and a high-contrast flat panel
detector DXR 250 with 2048 × 2048 pixels and a 200 × 200 mm pixel
size. The exposure time was 900 ms for every 2000 positions. The
m-CT scan was carried out at an acceleration voltage of 60 kV and
at an x-ray tube current of 200 mA. The voxel size of the obtained
volumes was in the range of 4 to 6 mm, depending on the size of
the embryo head. The tomographic reconstruction was realized using
GE Phoenix datos|x 2.0 3D computed tomography software. The 3D
and 2D cross section visualizations were performed with VGStudio
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MAX 2.2 software. The histogram of the images was adjusted to reach
a better contrast of soft tissues.

Fish in vivo experiments
For genetic tracing in the zebrafish model, we used heterozygous
hybrids obtained from crossings between Sox10:ERT2 (51) and ubi:
Zebrabow-S (52) transgenic fish strains. The recombination was in-
duced by application of 1 mM 4-hydroxytamoxifen (Sigma-Aldrich)
into E3 medium at 16 hpf, and embryos were incubated for 12 hours
at 28.5°C. All other manipulations with embryos were performed
according to the standard methods described by Westerfield (53). Live
imaging was performed using a Zeiss LSM 780 (Carl Zeiss) confocal
microscope through existing protocols with minor modifications (54).
For further image processing and calculations, we used ZEN 2012
(Carl Zeiss) and Imaris software (Bitplane). For EdU analysis in de-
veloping zebrafish, we applied EdU to E3 medium at a concentration
of 1.5 mg/ml for 5 min. We used Col2a1aBAC:mCherry transgenic
fishes to visualize a cartilage in EdU-stained individuals.

Computational model
Individual cells were represented by their location on an underlying un-
structured lattice, such as those typically used in finite element compu-
tations. The lattice resolution was chosen such that the average cell size
is close to the desired biological cell size. Cell division and migration
events were executed by inserting a new cell at a lattice site adjacent
to the mother cell (division) or by swapping location with an adjacent
cell (migration). Unlike many similar implementations of multicellular
on-latticemodels, we accounted for cell pushing; that is, if a dividing cell
attempts to place its progeny at an occupied site, there is a probability
that the occupying cell gets pushed to make room for the daughter cell.
This means that cells can continue to divide even if all neighboring sites
become occupied, rather than becoming quiescent. Because we are
interested in capturing naturally occurring variations in the process,
our model is stochastic. Stochasticity enters by letting the cell division
time and the migration time become normally distributed random
variables where the mean and variances are parameters that can be
tuned to vary the degree of noise in those processes. The division direc-
tion and themigration direction are, in the absence of a polarizing field,
uniformly distributed random variables. The degree of randomness in
the cell division directions can bemodulated by introducing a polarizing
field and by tuning via a parameter how strongly the cells respond to
this field, allowing us to vary the cell division direction from being com-
pletely random to becoming highly directionalized. The model is simu-
lated as an event-driven system by a kinetic Monte Carlo algorithm,
where the event with the shortened sampled waiting time is executed
in each iteration. Detailed information about the mathematical model
is provided in the Supplemental Materials.

Microscopy
Frozen samples were sectioned at 14 to 50 mm, and the sections were
stored at −20°C after drying for 1 hour at room temperature. Confocal
microscopy was performed with Zeiss LSM 710 CLSM and Zeiss LSM
780 CLSM instruments. The settings for the imaging of Confetti fluo-
rescent proteins were as previously described (24). The imaging of the
confocal stacks was performed using a Zeiss LSM 780 CLSM, Plan-
Apochromat 10×/0.45 M27 Zeiss air objective, with 23 to 79 optical
slices of 12 mm each with a z-axis shift of 9 mm for every step. Before
whole-mount imaging, the embryos (from E9.5 to E12.5) were cleared

in Scale-A2 reagent for 6 hours. For basic image processing and analysis,
we used ZEN 2012 software.

Immunohistochemistry, tissue stains, and EdU analysis
The following primary antibodies were used: goat anti-GFP (fluorescein
isothiocyanate) (Abcam; 1:500), goat anti-Sox10 (Santa Cruz Bio-
technology; 1:500), anti-neurofilament 2H3 (generated by Develop-
mental Studies Hybridoma Bank; 1:100), Tuj1 (Promega, G712A;
1:1000), NG2 (Millipore, AB5320; 1:200), anti-PH3 (Millipore, clone
MC463; 1:1000), 4′,6-diamidino-2-phenylindole (DAPI; with Vecta-
shieldmountingmedium for fluorescence;H-1200,Vector Laboratories
Inc.), DCT (gift fromV.Hearing; 1:1000), and rabbit anti-Sox2 (Abcam,
AB97959; 1:1000). For the detection of the abovementioned primary
antibodies, we used secondary antibodies produced in donkey conju-
gated with Alexa Fluor 405, 488, 555, or 647 (Invitrogen; 1:1000). Slices
were mounted with 87% glycerol mounting medium (Merck). EdU
(Life Technologies) was injected 2 hours before the embryos were har-
vested at a concentration of 65 mg/g. Cells with incorporated EdU were
visualized using aClick-iT EdUAlexa Fluor 647 ImagingKit (Life Tech-
nologies). For von Kossa staining of the bone, we submerged the cryo-
sections into silver solution (50 g/liter of silver nitrate in distilled water).
Then, we exposed sections to white light from the laboratory lamp for
20 to 50 min. Next, silver nitrate was extensively removed with distilled
water during three 7-min washes. After the washes, we placed cryosec-
tions into thiosulfate solution (50 g/liter in distilled water) for 5 min.
Finally, we performed three sequential 5-min washes in distilled water
and mounted microscopic slides with glycerol for imaging. For Alcian
blue staining of the cartilage, we usedAlcian blue solution (pH2.5; 1 g of
Alcian blue 8GX in 100 ml of 3% glacial acetic acid). Cryoslides were
hydrated in distilled water and then kept in 3% acetic acid for 3 min.
Then, the slides were transferred to Alcian blue solution and micro-
waved for 30 s. Afterward, depending on the strength of the signal,
the slides were left with Alcian blue solution or were immediately
washed in water twice for 5 min and mounted with glycerol.

Image analysis and statistics
All statistical data in the figures are represented as means ± SEM.
Every dot on the graphs in Fig. 1 corresponds to one analyzed clone.
The unpaired version of Student’s t test was used to calculate the sta-
tistics (P value). All results were replicated in at least three different
animals.We used Bitplane Imaris software for volume rendering and
digital quantifications of occupied clonal volumes, measuring in-
tercellular distances, automated cell counting, and producing max-
imum intensity projection images. For example, in Fig. 1 and fig. S1,
rare double-colored clones in E9.5 and E10.5 and rare green clones in
E17.5 were identified, segmented, and visualized in Imaris. For every
clone on the graphs in Fig. 1 (M and N), we calculated 6 to 22 inter-
cellular distances depending on the clonal size in a particular loca-
tion from several embryos. For analysis of the percentage of occupied
clonal volume in Fig. 1L and fig. S4P, we used a 150 × 150 × 200 mm
ROI volume (except for the locations where mesenchymal cells re-
presented a narrow layer between the developing brain and the ecto-
derm; in such cases, one dimension of the ROI volume was reduced
accordingly), where we segmented the clonal surfaces using Imaris,
calculated total volume encapsulated in cells of the clone, and then
subtracted such volume from the total volume of the ROI for every
analyzed clone or in different anatomical positions for all color-
coded mesodermal derivatives. In Fig. 2, the distances between cells
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in single clones were measured using Spots to Spots Closest Distance
Xtension in Imaris.

For the analysis of oriented cell divisions in Wnt5a mutants with
corresponding controls, we performed immunohistochemistry with
PH3 antibody on frozen sagittal sections of embryonic heads. Angle
of the cell division was calculated as an angle between the cell division
axis and the vector drawn through the basisphenoid toward developing
nostrils. At least three individualWnt5a mutant embryos were assessed
together with higher numbers of littermate wild-type controls. In zebra-
fish live imaging experiments, dividing cells were tracked manually
through the time series. Coordinates of each cell center after cell division
were determined. Angle of the cell division in 3D was calculated as an
angle between the cell division axis and the vector drawn through the
fish bodymidline from themouth to themidpoint between nostrils.We
performed the actual calculations using vector coordinates derived from
3D space in Imaris. We counted orientations of cell divisions in three
fishes between 30 and 52 hpf.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/8/e1600060/DC1
fig. S1. Identification of rare double-color and GFP+ clones in neural crest ectomesenchyme in
E9.5 to E10.5 embryonic faces.
fig. S2. Clonal mixing and distribution of NCC-derived clones in the embryonic trunk and head
through the development.
fig. S3. Defined borders between mesoderm- and neural crest–derived progenies at postnatal
and embryonic stages.
fig. S4. Genetic tracing of mesoderm-derived mesenchymal progenies reveals similarities with
the neural crest–derived ectomesenchyme.
fig. S5. Live imaging of ectomesenchymal clones and progenitors in the eye shows difference
between organized crowd movements and individual migrations.
movie S1. Live imaging of genetically traced neural crest–derived progenies in Sox10-CreERT2/
Ubi:zebrabow-S zebrafish larvae between 30 and 56 hpf, ventral view.
movie S2. Live imaging of translocating ectomesenchymal clusters in Sox10-CreERT2/Ubi:
zebrabow-S zebrafish larvae between 39 and 52 hpf, ventral view.
movie S3. Live imaging of genetically traced neural crest–derived progenies in Sox10-CreERT2/
Ubi:zebrabow-S zebrafish larvae between 30 and 88hpf, ventral view.
movie S4. Live imaging of translocating ectomesenchymal clusters in Sox10-CreERT2/Ubi:
zebrabow-S zebrafish larvae between 39 and 52 hpf, ventral view.
movie S5. 3D EdU analysis of Col2a1aBAC:mCherry zebrafish larva’s entire head at 4 dpf
corresponding to Fig. 5 (O to Q).
Supplementary Materials and Methods
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Abstract Cartilaginous structures are at the core of embryo growth and shaping before the

bone forms. Here we report a novel principle of vertebrate cartilage growth that is based on

introducing transversally-oriented clones into pre-existing cartilage. This mechanism of growth

uncouples the lateral expansion of curved cartilaginous sheets from the control of cartilage

thickness, a process which might be the evolutionary mechanism underlying adaptations of facial

shape. In rod-shaped cartilage structures (Meckel, ribs and skeletal elements in developing limbs),

the transverse integration of clonal columns determines the well-defined diameter and resulting

rod-like morphology. We were able to alter cartilage shape by experimentally manipulating clonal

geometries. Using in silico modeling, we discovered that anisotropic proliferation might explain

cartilage bending and groove formation at the macro-scale.

DOI: 10.7554/eLife.25902.001

Kaucka et al. eLife 2017;6:e25902. DOI: 10.7554/eLife.25902 1 of 37

RESEARCH ARTICLE



Introduction
Cartilage is an essential skeletal and supportive tissue in our body. The shape and size of each carti-

lage element results from complex developmental processes; mesenchymal cells initially condensate,

differentiate into chondrocytes, and then an orchestrated growth of the entire structure occurs

(Goldring et al., 2006). Often, cartilage plays an important role as a developmental intermediate,

such as during the endochondral growth of the long-bones (Mackie et al., 2008). Cartilage elements

vary widely in their shapes: they may be simple shapes like rods or bars (Meckel, cartilage templates

of the future long bones and ribs) or sheet-like structures (in the head), but can be extremely compli-

cated with a huge number of irregular shapes (for instance, in the inner ear or pelvis). The geometri-

cal properties of cartilage elements must be fine-tuned during the growth because cartilage

provides indispensable structural support to the body during development. Yet, how this is achieved

despite drastic changes in size is unclear.

After early cartilage forms from mesenchymal condensations, growth typically occurs in all dimen-

sions. However, the diversity of cell dynamics controlling precise early growth and shaping is not

well studied. At the same time, the late growth of long rod-shaped cartilage elements in limbs is

achieved through a mechanism of endochondral ossification that includes oriented cell dynamics in

growth plate-like zones (Vortkamp et al., 1996). In the germinal zone of a growth plate, chondro-

cytes proliferate and produce progenies that form long streams oriented along the main axis of the

forming skeletal element. Inside such streams, chondrocytes undergo flattening, oriented cell divi-

sions and hypertrophy before dissipating and giving place to the forming bone (Nilsson et al.,

2005), a process which is controlled by many signals (Kronenberg, 2003). This cell dynamic enables

efficient extension of the skeletal element in a specific direction that coincides with the orientation

of cell divisions in the proliferative zone (Abad et al., 2002). Growth plate disorders may result in

dwarfism and other illnesses (De Luca, 2006).

Some parts of the cartilaginous skull (e.g. the basisphenoid of the chondrocranium) also undergo

endochondrial ossification in synchondroses, and significant growth of the cranial base is achieved

through a similar mechanism (Hari et al., 2012; Wealthall and Herring, 2006).

Synchondroses are mirror-image growth plates arising in the cranial base, which primarily facili-

tate growth in the anterio-posterior direction (Kettunen et al., 2006; Laurita et al., 2011;

Nagayama et al., 2008; Young et al., 2006). Disorders in the development of synchondroses

severely impact the elongation of the cranial base and often result in short-faced mutants and a gen-

eral decrease of the cranial length (Ford-Hutchinson et al., 2007; Ma and Lozanoff, 1999). Insuffi-

cient or abnormal development of a cartilage element is one of the reasons for human craniofacial

pathologies, providing a connection between the chondrocranium and facial bone geometry, size

and placement (Wang et al., 1999).

The growth mechanism operating in growth plates and synchondroses involves the transformation

of the cartilage into the bone. Since growth plates or synchondroses are oriented towards a specific

direction, the expansion of a cartilage in other dimensions is not clear from the mechanistic point of

view and requires further investigation. For example, although it is well known that the mouse chon-

drocranium develops as 14 independent pairs of cartilage elements that form one united structure,

the logic behind further shaping and scaling remains unclear (Hari et al., 2012). How these initially

separated large cartilaginous elements form, grow and fine-tune their geometry, thickness and

smoothness during development is still not completely understood. We hypothesized that accurate

cartilage growth might require alternative cell dynamics that do not involve hypertrophy, ossification

or growth plates.

Such alternative cell dynamics may also contribute to the accuracy of scaling during cartilage

growth. Scaling is a process of growth that maintains both the shape and the proportions of the

overall structure. In nature, scaling often involves sophisticated principles of directional growth and a

number of feedback mechanisms (Green et al., 2010). For instance, during bird development, the

diversity in beak shape is constrained by the dynamics of proliferative zones in the anterior face

(Fritz et al., 2014). Furthermore, scaling variations of beaks with the same basic shape result from

signaling that controls the growth of the pre-nasal cartilage and the pre-maxillary bone

(Mallarino et al., 2012). Indeed, in order to accurately scale a pre-shaped 3D-cartilaginous template

both local isotropic and anisotropic cell dynamics may be required.
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To assess changes in the complete 3D anatomy of the face following cellular-level mechanistic

studies we used a variety of approaches including micro-computed tomography (m-CT), genetic trac-

ing with multicolor reporter mouse strains, multiple mutants and mathematical modelling.

Most importantly, we reveal here how oriented clonal behavior in the chondrogenic lineage con-

trols the overall geometry of the cartilage elements, and show that this geometry can be manipu-

lated with molecular tools at various levels.

Results
Cartilage elements form and grow in all parts of the vertebrate body. The developing face provides

a remarkable variety of cartilage geometries and sizes and, therefore, may serve as a sophisticated

model system to study the induction of complex cartilaginous structures.

The developing cartilaginous skull, the chondrocranium, displays a very complex geometry of

mostly sheet-like cartilages that result from coordinated anisotropic growth in all dimensions. Such

expansion of sheet-like cartilaginous tissue during embryonic development involves several mecha-

nisms that were proposed in the past, including the formation and growth of cartilage at syn-

chondroses, as well as at the apical growth zone.

To understand the changes in dimensions of chondrocranium growth at major developmental

stages, we took advantage of 3D reconstructions using m-CT enhanced with soft tissue contrasting

(Figure 1). This approach enables the identification of various tissues and cell types in the embryo

based on differential uptake of tungsten ions. We validated the m-CT visualization of embryonic carti-

lage by directly aligning stained histological sections with the 3D models (Figure 1—figure supple-

ments 1 and 2).

We analyzed the expansion of the chondrocranium due to synchondroses and found that despite

a significant anterio-posterior elongation, synchondroses cannot entirely explain the growth dynam-

ics in all directions: anterio-posterior, latero-medial and dorso-ventral vectors of growth (Figure 1A–

C). Specifically, we found a complete absence of synchondroses and other endochondrial ossifica-

tions in the growing nasal capsule, even at the earliest postnatal stages, while membranous ossifica-

tions appeared well developed. The stereotypical clonal cell dynamics found in synchondroses

(Figure 1D–I) did not appear during the development of the nasal capsule. Therefore, during the

entire embryonic development, chondrocranium growth and shaping is largely aided by additional

and unknown mechanisms of growth.

To investigate another possible mechanism of growth, we examined the apical growth zone of

the nasal capsule. To understand growth dynamics there, we birth-dated different regions of the

facial cartilage using genetic tracing in Col2a1-CreERT2/R26Confetti and Sox10-CreERT2/R26Con-

fetti embryos (Figure 2—figure supplement 1). Both Col2a1-CreERT2 and Sox10-CreERT2 lines

recombine in committed chondrocyte progenitors and in mature chondrocytes. 3D analysis following

tamoxifen injections at different developmental stages allowed us to identify the parts of the carti-

lage that develop from pre-existing chondrocytes and the regions generated from other cellular

sources (Figure 2, Figure 2—figure supplement 1). As an example, after genetic recombination

induced at E12.5, locations with high amount of traced cells show structures that come from pre-

existing cartilage, whereas areas comprising from non-traced cells present structures originating

from de novo mesenchymal condensations. We discovered that important and relatively large geo-

metrical features are produced from waves of fresh mesenchymal condensations induced directly

adjacent to larger pre-laid cartilage elements between E13.5 and E17.5: this includes the frontal

nasal cartilage, nasal concha, labyrinth of ethmoid and, consistent with previous suggestions, cribri-

form plate (Figure 2C and Figure 2—figure supplement 1A–K). These results cannot be safely

inferred from 2D traditional histological atlases because of the complex geometry. Our results are

complementary to the findings of McBratney-Owen and Morris-Key with coworkers, who demon-

strated that the complete chondrocranium (including skull base) develops from 14 pairs of early

independently induced large cartilaginous elements that fuse together during later development

(McBratney-Owen et al., 2008). Here, we demonstrated how new adjacent mesenchymal condensa-

tion can increase the geometrical complexity of a single solid cartilaginous element.

To substantiate our results, we took advantage of Ebf2-CreERT2/R26Tomato transgenic mouse

line that can genetically label only a few selected patches of early mesenchyme in the cranial region.

We wanted to test if some of these labelled mesenchymal patches can undergo chondrogenesis
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Figure 1. Visualizations of endochondrial ossifications in the chondrocranium during development. (A) 3D models of chondrocrania with visualized

bone and hypertrophic cartilage. Note the absence of endochondrial ossifications in the nasal capsule between E14.5–17.5. Intramembraneous

ossifications are not shown. (B) Width and length of the chondrocranium in E12.5–17.5 stages. (C) P2 stage model with visualized bone formation,

hypertrophic zones and intramembraneous ossification in the nasal capsule. Clipping planes are applied for better visualizations of synchondroses.

Figure 1 continued on next page
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independently and much later than most of the chondrocranium structure. If that would be the case,

we could expect the formation of very sharp borders between the labelled and non-labelled carti-

lage due to the fusion of newly produced labelled cartilage with the old unlabeled one. If the local

cartilage would form from labelled and unlabeled mesenchyme at the same time, the border would

not form due to mesenchymal clone mixing that we observe when we label early neural crest. We

injected Ebf2-CreERT2/R26Tomato animals with tamoxifen at E12.5 and analyzed the embryos at

E17.5 (Figure 2—figure supplement 2). As a result, we discovered that the cartilage element con-

necting the inner ear with the basisphenoid was genetically traced, and demonstrated a very sharp

border with non-traced cartilage (Figure 2—figure supplement 2C–D). m-CT data confirmed that

this element develops entirely after E14.5 from newly formed mesenchymal condensations adjoining

the chondrocranium (Figure 2—figure supplement 2A–B), and this might be related to differential

regulation at the neural crest-mesodermal border (McBratney-Owen et al., 2008; Thompson et al.,

2012). At the same time, the main structure of the chondrocranium is expanded in a very precise

and symmetrical way due to unknown cellular and molecular mechanisms that cannot be explained

by the freshly induced condensations, the apical growth zone, or even cell dynamics in synchondro-

ses. Our m-CT results (Figure 2) show that various parts of the chondrocranium develop due to the

growth of pre-existing cartilage not involving ossifications, while only additional features are induced

in waves as de novo mesenchymal condensations that fuse with the main element during their matu-

ration or expand in the process of ossification.

We further focused on the developing nasal capsule because its growth does not involve syn-

chondroses while the apical growth zone and adjoining mesenchymal condensation only partly pro-

vide for the growth and shaping modifications.

The results obtained from comparisons of cartilaginous nasal capsules from different develop-

mental stages showed that the shape of the structure is generally established by E14.5 (Figure 3,

Figure 3—figure supplement 1, Figure 3—figure supplement 2, Video 1). Nevertheless, from

E14.5 until E17.5 the cartilaginous nasal capsule is accurately scaled up with significant geometrical

tuning (Figure 3A–B). Previous knowledge suggests that the underlying growth mechanism should

be based on appositional growth of the cartilage during its transition to bone (Hayes et al., 2001;

Li et al., 2017), however, numerous facial cartilages never ossify, but continue to grow.

Tomographic reconstructions of sheet-shaped cartilage elements in the nasal capsule revealed

extensive expansion of the cartilage surface area and overall volume (Figure 3E–F). Surprisingly, the

thickness of the cartilaginous sheets did not change as much as the other dimensions during nasal

capsule growth (Figure 3C–F, Figure 3—figure supplement 1, Video 1). Thus, the sheet-shaped

cartilage expands mostly laterally (within the plane) during directional growth. Therefore, we

expected that clonal analysis of the neural crest progeny (with Plp1-CreERT2/R26Confetti) and of

early chondrocytes (with Col2a1-CreERT2/R26Confetti or Sox10-CreERT2/R26Confetti) would reveal

clonal units (so called clonal envelopes) oriented longitudinally along the axis of the lateral expansion

of the cartilage. Surprisingly, and contrary to this, clonal color-coding and genetic tracing demon-

strated transversely oriented clones represented by mostly perpendicular cell columns or clusters

formed by traced chondrocytes (Figure 4, especially A-C, Figure 4—figure supplement 1).

To understand this process more in depth, we started with genetic tracing of the neural crest cells

and their progeny in the facial cartilage with Plp1-CreERT2/R26Confetti (tamoxifen injected at E8.5).

Clonal analysis and color-coding of neural crest-derived chondrogenic and non-chondrogenic ecto-

mesenchyme showed intense mixing of neural crest-derived clones in any given location (Figure 4A–

Figure 1 continued

Corresponding raw CT data are presented in the lower part. (D–I) Clonal genetic tracing in synchondroses with Sox10CreERT2/R26Confetti; injected at

E12.5 and collected at E17.5. (D) Schematic of synchondroses, (E) DAPI stained nuclei, (F–I) different clonal arrangements in various zones of

progressing synchondroses.

DOI: 10.7554/eLife.25902.002

The following figure supplements are available for figure 1:

Figure supplement 1. Histological confirmation of m-CT results.

DOI: 10.7554/eLife.25902.003

Figure supplement 2. Immuno- and histological validation of cartilage contrasting obtained from m-CT analysis and subsequent 3D modelling.

DOI: 10.7554/eLife.25902.004
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Figure 2. Induction of initial shape and geometrical transformations of the facial chondrocranium. (A–C) m-CT-based 3D reconstruction of chondrogenic

mesenchymal condensations and cartilage in the face of E12.5, E13.5, E14.5 and E17.5 embryos. (A) Mesenchymal condensations (yellow) segmented

from E12.5 and E13.5 embryos and presented in frontal and top projections. Note that the basics of the facial chondrocranium are already established

at the stage of mesenchymal condensations during the early development, while general geometry and fine details are tuned during further

transformations. (B–C) Top, clipping plane + top and frontal projections of E14.5 (B) and E17.5 (C) developing facial chondrocranium. (C) Yellow color

highlights the results of cartilage birth-dating experiments and shows the areas produced from de novo mesenchymal condensations that appear in

successional waves after the primary cartilage (shown in green) is produced at previous stages (E14.5). Note that the shape of the facial chondrocranium

develops as a result of incremental formation and additive fusion of new mesenchymal condensation with pre-existing cartilage. Red arrows indicate

areas of cartilage which bend at later developmental stages (B,C) and red-outlined arrows indicate the same areas within the mesenchymal

condensations at E13.5, prior to bending (A, bottom).

DOI: 10.7554/eLife.25902.005

The following figure supplements are available for figure 2:

Figure supplement 1. Genetic tracing serves as a tool for birth-dating of the cartilage during the embryonic development.

DOI: 10.7554/eLife.25902.006

Figure 2 continued on next page
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C, Figure 4—figure supplement 1D–G) (Kaucka et al., 2016). At the same time, chondrogenic

ectomesenchyme demonstrated the presence of transversely oriented doublets of genetically traced

and also EdU-labeled cells already at E13.5 (Figure 4—figure supplement 1G (inserts) and H). Next,

analysis of neural crest progeny in established cartilage highlighted the presence of perpendicularly

oriented clonal doublets and columns (Figure 4A–C). Further analysis of EdU incorporation and

genetic tracing with chondrocyte-specific Col2a1-CreERT2/R26Confetti and Sox10-CreERT2/

R26Confetti lines confirmed the existence of transversely oriented products of cell proliferation in

the mature (E14.5-E17.5) cartilage (Figure 4D–F for EdU, Figure 4G,H–L and Figure 4—figure sup-

plement 2 for lineage tracing). These results imply that cells in the sheet-shaped cartilage do not

allocate daughter cells in lateral (longitudinal) dimensions as would be intuitively expected.

Thus, simple lateral or unidirectional proliferation cannot account for the accurate scaling of the

sheet-shaped cartilage in the face. Instead, the cartilage development from chondrogenic condensa-

tions is achieved by a cellular mechanism that involves intercalation of columnar clonal units.

It was unclear to us why column-like structures, and no other shapes, are integrated into the

sheet-shaped cartilage and how the fine surface is maintained during this mechanism of growth. To

better understand possible mechanisms of accurate sheet-shaped cartilage surface development we

modelled individual cell dynamics, in silico in 4D (3D + time) (Figure 5) (Hellander, 2015). We used

this modelling to address two questions: firstly, under what conditions are clonal columns observed?

Secondly, how is the sheet-like shape achieved by polarized or non-polarized cell divisions of single-

cell thick layers and what are the controlling mechanisms? We tested a group of variables including:

cell division speed, allocation of daughter cells in random- or defined directions, orientation cues in

the tissue (equivalent to molecule gradients), as well as pushing/intercalating of the daughter cells

during proliferation. We qualitatively compared the results from in silico simulations to our experi-

mental clonal analysis from various genetic tracing experiments, in order to identify conditions in the

model that were compatible with patterns observed in vivo.

The results of the mathematical modelling suggested that the clonal dynamics observed in natural

conditions requires polarity cues in the system, specifically, a two-sided gradient of signals would be

required to precisely fine- tune cartilage thickness (Figure 5A–J). At the same time, some yet to be

identified mechanism controls the average number of cell divisions in a column, further controlling

columnar height and undoubtedly regulating the local thickness of the cartilage. Combined with the

observed introduction of the transverse clonal columns, oriented cell proliferation can provide fine

surface generation and scaling (Figure 4—figure supplement 2). Moreover, the model highlighted

the elegance of cartilage design involving transverse columnar clones in the sheet-shaped elements:

this logic enables the uncoupling of thickness control (depends on cell numbers within a clone) and

lateral expansion (depends on the number of initiated clones), which are likely two molecularly unre-

lated processes in vivo. The absence of a gradient during in silico simulations led to the generation

of 3D asymmetrical clusters instead of straight columns (even in conditions of highly synchronized

cell divisions, and starting from a laterally space-constrained initial configuration - suggesting the

promotion of vertical growth due to space-exclusion in the lateral direction) (Figure 5I,J). This, in

turn, led to the formation of surface irregularities in the cartilage with subsequent loss of local flat-

ness (heat-map diagram in Figure 5I,J).

Importantly, lineage tracing also showed that for cartilaginous structures in the head with asym-

metrical or complex irregular geometries, such as areas where several sheet-shaped cartilage ele-

ments were merged, clones were not constructed to perpendicular columns. In such locations, we

identified irregular clonal clusters or randomly oriented clonal doublets, in accordance with the

modelling results (Figure 6A–J). Thus, the shape and orientation of clones corresponds to the local

geometry of the cartilage element.

Next, we attempted to target a molecular mechanism that controls the flatness and sheet-like

shape of the facial cartilaginous sheets. We discovered that activation of ACVR1 (BMP type one

receptor, ALK2) in developing cartilage leads to a phenotype with targeted clonal micro-geometries

Figure 2 continued

Figure supplement 2. Genetic tracing based on Ebf2-CreERT2/R26Tomato serves as an indicator for structures developed from late mesenchymal

condensations.

DOI: 10.7554/eLife.25902.007
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Figure 3. Facial chondrocranium undergoes major lateral expansion without extensive thickening during growth. (A) The 3D-model of E14.5 nasal

capsule (blue) is placed onto the E17.5 model (green) for better presentation of growth-related changes. (B) Frontal clipping planes of 3D-models of

nasal capsules at E14.5, E15.5, E16.5 and E17.5 (from left to right). Notice the mild changes in cartilage thickness as compared to the lateral expansion

of the whole structure during growth. (C) Cartilage thickness heat-maps at E14.5 and E17.5 developmental stages. Less thick locations (color-coded in

Figure 3 continued on next page
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(Figure 6K–P,R). We utilized a constitutively activated caALK2 transgene (Fukuda et al., 2006)

together with genetic tracing in a way that every GFP-expressing cell is carrying constitutively active

ACVR1. This experiment revealed a dramatic change of the shape of clonal envelopes, changing

from straight perpendicular columns to disorganized spherical clusters inside the sheet-shaped carti-

lages of transgenic Sox10-CreERT2/R26caALK2-IRES-GFP embryos (Figure 6K–N). The ectopically

activated ACVR1 resulted in the presence of clonal spherical clusters that interfered with the carti-

lage borders and caused the formation of ectopic bumps, swellings and other abnormal local shapes

- in accordance with the mathematical modelling predictions (substantially resembling the condition

with no gradient, see Figure 5I) (Figure 6O–P). All recombined cells in this caALK2 experiment

became Sox9+ chondrocytes. There were no other cell types found to be GFP+, including perichon-

drial cells. This result indicates that BMP family ligands either produce the gradient that directs the

orientated behavior of chondrocytes inside of the cartilage or, alternatively, that an experimental

increase of BMP signaling renders the cells insensitive to the gradient established by other mole-

cules. In any case, ACVR1 mutation can be used as a tool to change columnar arrangements into

clusters (Figure 6N,R). The activation of ACVR1 by Sox10-CreERT2 starting from E12.5 occurred

both in perichondrial cells and in chondrocytes (based on our genetic tracing results using Sox10-

CreERT2/R26Confetti). This later coincided with

clonal bumps and bulging regions positioned

mainly at the surface of sheet-shaped cartilagi-

nous sheets (Figure 6L,N,P). These data also

support the hypothesis that integration of clonal

chondrocyte clusters into existing cartilaginous

sheets likely depends on clonal shape and origi-

nates from the periphery of the cartilage. When

this column-inserting process fails, the progeny

of cells at the periphery of the cartilage forms

ectopic bumps outside of the normal cartilage

borders, and disrupts the flatness and straight-

ness of cartilage surfaces.

Next, we attempted to block the planar cell

polarity (PCP) pathway to challenge the system

and disrupt the formation of perpendicular col-

umns in the flat or curved cartilaginous sheets.

To do this we performed m-CT and EdU-incorpo-

ration analysis on Wnt/PCP mutants. Wnt/PCP

pathway is well known for driving the cell and tis-

sue polarity, and distinct facial phenotypes have

appeared in Ror2, Vangl2 and Wnt5a homozy-

gous mutants (Figure 7A). When EdU was

administered 24 hr before embryo harvest, sub-

sequent analysis showed no differences in the

EdU-positive perpendicular clonal columns which

formed within sheet-shaped facial cartilage of

Figure 3 continued

blue) correspond to intense growth zones shown in Figure 11. Dots show individual positions selected for precise measurements and demonstration

on the graph shown in (D). Note that after E16.5 cartilage thickness remains relatively stable. (E–F) Cartilage surface area (E) and volume (F) expansion

has been measured and compared between above mentioned stages. Note that there is a much greater increase in surface and volume (approximately

3-fold) than in thickness of the cartilage (less than 50%).

DOI: 10.7554/eLife.25902.008

The following figure supplements are available for figure 3:

Figure supplement 1. 3D models and wall thickness analysis of chondrocraniums at different developmental stages.

DOI: 10.7554/eLife.25902.009

Figure supplement 2. Comparisons of the shape and size differences between developmental stages and Wnt/PCP mutants.

DOI: 10.7554/eLife.25902.010

Video 1. 3D-models based on segmentation of

mesenchymal condensations and mature cartilage from

m-CT tomographic data. The first sequence illustrates

wall thickness analysis results represented as a heat-

map, starting from E12.5 (facial mesenchymal

condensation) until E17.5 (facial cartilage). Cartilages

and other soft tissues shrink during contrasting with

phosphotungstic acid, and, thus, the reported metrics

cannot be directly compared with biological samples

treated in a different way. The following sequence

shows facial chondrocranium models of Wnt/PCP

mutants in comparison to the wild type. The last

sequence shows the full chondrocranium at different

embryonic stages, followed by 3D models of both the

control embryo and Wnt5a mutant embryo at E17.5.

DOI: 10.7554/eLife.25902.011
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Figure 4. Clones of chondrocytes show transversely oriented columnar structure in sheet-shaped facial cartilage. (A–C) Chondrocyte clones at E17.5

were genetically traced from neural crest cells (E8.5), sagittal sections. The cartilage is outlined with white dashed line. (D–F) Analysis of EdU

incorporation (24 hr after the pulse) into growing cartilage at different stages. Arrowheads indicate sparse columnar arrangements of EdU+ cells. Rose

diagrams show orientation of EdU+ clusters in the cartilage of embryos at E14.5 (D), E15.5 (E) and E16.5 (F). (G) Genetic tracing of chondrocytes

Figure 4 continued on next page
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Wnt5a knockout mutants or wild type controls (Figure 7B–D). m-CT analysis at early developmental

stages showed that as early as at E12.5, Wnt5a mutants had abnormal shape and placement of the

mesenchymal condensations that create a template for future cartilaginous structures (Figure 7E–F).

Although m-CT analysis of Wnt5a, Ror2 and Vangl2 homozygous mutants at later developmental

stages confirmed that chondrocranium shape was heavily affected (with generally shortened nasal

capsules as compared to both wild-type and heterozygous controls) (Figure 7A), we did not detect

any defects in cartilage micro-geometry, including thickness or surface organization. Altogether,

these results indicate that Wnt5a, Ror2 and Vangl2 do not control cartilage growth and shaping per

se (via the insertion of perpendicular columns). Instead, they influence the position and shape of

chondrogenic condensations, which define the future geometry of the facial chondrocranium

(Figure 7E,F).

Following the prediction from our mathematical model that the thickness of the cartilage can be

controlled by the number of cells in the inserted clonal column, we searched for the molecular mech-

anisms which control this. Knowing from our results that proliferation rate drops in the mature carti-

lage, we hypothesized that chondrocyte maturation speed may influence the number of cell

divisions within a column. To test this suggestion, we analyzed G-protein stimulatory a-subunit (Gsa)

knockout embryos (Figure 8). Inactivation of Gsa, encoded by Gnas, is known to lead to accelerated

differentiation of columnar chondrocytes, without affecting other aspects of cartilage biology

(Chagin et al., 2014). We analyzed three different locations in the developing chondrocrania, and

observed a significant reduction of cartilage thickness in absolute metrics (Figure 8A,B,J), as well as

in terms of the number of cells within each column (Figure 8B–H). Thus, the Gsa knockout is a per-

fect tool to test whether the modulation of differentiation speed can be used to create a variation of

local cartilage thickness. The result of this experiment demonstrated that sheet-shaped cartilages in

Gsa knockout embryos are thinner than that of littermate controls, while other parameters (including

general size and shape of nasal capsule and other locations in the head together with the transverse

orientation of chondrocyte columns) remain largely unaffected (Figure 8A,B,I). Thus, these data

experimentally validated mathematical predictions and confirmed that the thickness of cartilage is

determined by the number of cell divisions within a transverse clone, and that this is uncoupled from

lateral expansion.

Next, we wanted to know how clonal cell dynamics accounts for the shape development in rod-

shaped cartilages. For this we investigated the clonal dynamics in Meckel, rib and limb cartilages

with the help of Confetti-based genetic tracing as well as EdU incorporation. The clonal arrange-

ments appeared highly oriented and strongly resembled the clonal columns we observed in the

facial cartilage. The columnar clones were oriented mostly transversally in the plane of a rod diame-

ter and could not explain the early growth along the main axis of the skeletal element (Figure 9).

These tracing results suggested that longitudinal extension is based on continuous development of

chondrogenic mesenchymal condensations on the distal tip and is followed by the transverse prolif-

eration of chondrocytes, which accounts for the proper diameter of a cartilaginous rod. The logic of

oriented cell dynamics in sheet-shaped and rod-shaped cartilages is summarized in Figure 10.

Since the integration of clonal units is likely to be uneven in the cartilage, we questioned how the

anisotropy of local proliferation can impact the shaping processes on a macro-scale. Starting from

E14.5, the olfactory capsule is already formed of mature chondrocytes. Indeed, in this structure,

Figure 4 continued

initiated at 12.5 and analyzed at 15.5. The clipping plane of a 3D-model (side projection) is shown for better orientation in the analyzed region. Note

the transverse orientation of clonal doublets and columns (arrowheads). (H–J) Genetic tracing induced at E15.5 and analyzed two days later in embryos

of Sox10-CreERT2/R26YFP mouse strain. Arrowheads indicate clonal columns of chondrocytes that formed inside of the growing cartilage between

E15.5 and E17.5. The orientations of clonal arrangements are shown in the rose diagram in (K). (L) Orientation of clonal doublets and columns in

genetically traced cartilage (from E12 to E15) of Col2a1-CreERT2/R26Confetti embryos. Scale bars = 100 mm.

DOI: 10.7554/eLife.25902.012

The following figure supplements are available for figure 4:

Figure supplement 1. Oriented clonal dynamics in chondrogenic mesenchymal condensations.

DOI: 10.7554/eLife.25902.013

Figure supplement 2. Clonal oriented clusters of chondrocytes contain closely associated perichondrial cell in flat facial cartilages.

DOI: 10.7554/eLife.25902.014
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Figure 5. Mathematical model of cell dynamics during sheet-shaped cartilage development and growth. (A) Transversal (along z-axis) clipping plane

showing conceptual arrangements of modelled cells within the layer as a result of a typical simulation. The degree of microstructure order, S, is

measured by the sum of orthogonal projections on the unit vector in the z-direction, normalized by the number of cells. (B) Visualized and modelled

one- and two-sided gradients used to direct oppositional growth of the clonal columns during computer simulations. (C) The degree of determinacy in

Figure 5 continued on next page
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proliferation was localized to specific regions, but remained generally low elsewhere (Figure 11A–B)

according to the analysis of EdU incorporation. As we demonstrated above, proliferative regions

expand due to the active integration of new clonal columns and clusters. We projected the low- and

high proliferative zones onto the 3D structure of the nasal capsule at E13.5-E15.5 to understand not

only the dynamics of lateral expansion, but also to see how the local expansion of cartilage may

influence bending and geometrical changes on a large scale (Figure 11C–F). Since proliferative

zones in nasal capsule are restricted and have defined edges, they inevitably induce tension and

bending of the surrounding cartilage sheet.

In order to address the logic of distributed proliferative zones and its role in shape transitions

between stages we took advantage of the mathematical model developed by the Enrico Coen and

Andrew Bangham laboratories. This model has been efficiently validated and applied for advanced

simulations of complex 4D plant organ development (Green et al., 2010; Kennaway et al., 2011).

To simulate in silico nasal capsule shape transition from E13.5 to E14.5, we generated a basic E13.5-

like shape by converting a sheet-shaped growing trapezoid into a corresponding 3D structure

(Figure 12A, central part and Video 2). The result was considered as a simplified starting condition

for further simulations. Next, two lateral zones with a low rate of proliferation were introduced

according to their original position in E13.5 nasal capsule. Further simulations of the growth showed

that these low proliferative zones impose a characteristic bending on the sides of the simulated

structure. This bending corresponds to the lateral transformations observed in embryonic develop-

ment of the nasal capsule between E13.5 and E14.5 (Figure 12B–C). This characteristic lateral bend-

ing did not depend on anterio-posterior polarity in the cartilage or formation of the groove at the

midline (Figure 12D). According to the model, the polarity only affected the potential for the ante-

rior elongation due to the anisotropic growth of the entire cartilaginous structure. Our results also

suggested that the nasal septum functions as a slower proliferating anchoring point to the roof of

the nasal capsule, which is necessary for the formation of the midline groove at E14.5. A simulated

groove at the midline provided for the general bend and flattened shape of the in silico cartilage,

similar to the native E14.5 nasal capsule and contrary to the model without the simulated midline

groove (Figure 12C–D).

To validate the general rules of in silico transformations, we performed material modelling using

plastic film to simulate anisotropic expansion and bending due to integration of local growing zones

with attached borders. This simple material modeling demonstrated that growth zones/local expan-

sions in the flat planes generate mechanical tensions which bend the structure (Figure 12E). We

then performed another material modelling experiment using isotropic thermal expansion/constric-

tion of a plastic film. For this purpose, we drew black regions (analogous to the lateral low prolifer-

ative zones in E13.5 nasal capsule) onto white plastic film that was cut in a shape of a trapezoid

capable of transforming into a nasal capsule-like dome. Under the heating provided by a thermal

infrared lamp, the black zones received more heat and isotropically shrunk. Shrinkage of the black

zones created physical tensions that eventually bent the structure in a way similar to the original

nasal capsule geometry at E14.5 (Figure 12F). The model with shrinking zones is comparable to the

real growth conditions as the nasal capsule expands faster than spatially distributed slow

Figure 5 continued

the response to the external gradient is modeled by a parameter, b, where a high value results in near perfectly polarized cell divisions (pushing may

still introduce randomness in the eventually chosen site) and where the limit b tends to zero results in completely random division directions. As can be

seen, the degree of microstructure order, and hence columnar growth, increases with the strength of the polarization response. (D) For a strongly

polarized cell, the model predicts that even a large variation in the individual cell division times results in only a moderate decrease in the columnar

order. (E) Graph showing the dependence of cartilage thickness on the absence or presence of one- and two-sided polarizing gradients. (F) Graph

showing how the regularity of the thickness depends on the presence of a polarizing gradient. Note that, based on (E–F), the conditions with

polarization demonstrate higher regularity and thickness over multiple locations. (G–I) Snapshots of typical in silico simulations of cell dynamics during

sheet-shaped cartilage development: layers of chondrogenic cells demonstrated in 3D before (G) or after simulations (H–J) shown together with 2D

heatmap diagrams of cell layer thickness irregularity (below) represented as a view from above (x,y dimensions). Clonal progeny is represented as

individually color-coded cellular clusters or columns in 3D visualizations. Note the high degree of thickness irregularity that corresponds to the variety of

differently oriented clonal shapes in condition with no polarizing gradient (I). The highest geometrical regularity of the modelled cartilaginous sheet

together with stereotypical columnar clonal arrangement is achieved in the condition with two-sided polarizing gradient (H).

DOI: 10.7554/eLife.25902.015
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Figure 6. Clonal arrangements of chondrocytes influence local geometry and cartilage surface. (A–H) Columnar clonal arrangements in sheet-shaped

cartilages of facial chondrocranium visualized with genetic tracing in Sox10-CreERT2/R26Confetti embryos. (A) 3D-model with a clipping plane shown as

a side projection. White frames show locations analyzed in (B–H). Panels (C,D) and (G,H) represent magnified areas outlined in (B) and (F), respectively.

(E) Traced perichondrial cells at the base of chondrocyte columns that share a clonal origin and are indicated by arrowheads. Note that rich tracing in

the perichondrium correlates with highly efficient tracing in the cartilage (compare, for example, (B–D and E). (I–J) Clonal clusters show no columnar

structure in geometrically irregular elements such as junctions and fusion points of several cartilaginous elements (highlighted in 3D-model with frame).

(K–P) Cre-based activation of ACVR1 in facial sheet-shaped cartilage elements of Sox10-CreERT2/stopfloxed/floxedcaAlk2-IRES-GFP embryos induced at

E12.5 and analyzed at E17.5. Locations are the same as highlighted in (A). (K–N) Green clusters are sparse and clonal and show successful activation of

ACVR1. Note the formation of spherical clusters of chondrocytes instead of transversely oriented columns. Spherical clusters bulging from the sheet-

shaped cartilage are indicated by arrowheads in (L). Amorphous clusters caught inside of the structure are indicated by arrowheads in (N). The cartilage

surface is outlined with a dotted line. (O–P) Despite low efficiency of Cre-based ACVR1 activation, the local disruptions of cartilage 3D geometry

(analyzed with m-CT) take place: the inner ear capsule is affected by bulges and the connecting junction is destroyed as indicated by arrowheads.

Thickness heatmaps of analyzed location show local thickening of the cartilage as a result of non-oriented placement of chondrocytes with disrupted

Figure 6 continued on next page
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proliferative regions (simulated as shrinking zones inside of the non-expanding plastic material).

These results, combined with analysis of proliferation and 3D visualizations, strongly suggest that the

distribution of uneven proliferative zones plays an important role in the shaping of the facial chon-

drocranium during embryonic development.

Taken together, we reveal a set of principles contributing to the accurate scaling and shaping of

cartilage tissue during growth. The reverse engineering of this process highlights the involvement of

highly specialized systems that control the directional growth at the levels of micro- (clonal shapes)

and macro-geometries (proliferative regions in nasal capsule). Our results show that allometric

growth of complex 3D cartilage elements is not achieved by simple, evenly distributed and/or unidi-

rectional proliferation, but is sculpted by precisely localized proliferation.

Discussion
Here we report the discovery of how oriented cell behavior and molecular signals control cartilage

growth and shaping. Previously, the use of chimeric avian embryos demonstrated the competence

of facial mesenchyme in producing species-specific shapes and sizes of cartilage elements

(Eames and Schneider, 2008), while facial epithelium and brain provided the instructive signals

guiding generalized shaping of the face (Chong et al., 2012; Foppiano et al., 2007; Hu et al.,

2015). Knowledge of how the facial cartilaginous elements are shaped has been rather restricted,

and mainly concerned with the correct formation of chondrogenic mesenchymal condensations.

The accurate expansion of the chondrogenic condensation or cartilage during growth is no trivial

matter. The general shape should be both preserved and modified at the same time. We show that

anisotropic proliferation and oriented clonal cell dynamics are implemented to achieve the necessary

outcome. The reverse engineering of this process highlighted the involvement of highly specialized

systems that control the directional growth at the levels of micro- (clonal shapes) and macrogeome-

tries (proliferative regions).

Allometric growth of complex 3D structures requires certain cellular logics and cannot efficiently

proceed with equally distributed and/or unidirectional proliferation inside of the mesenchymal con-

densation or cartilage element. On the other hand, we did not observe the formation of growth

plate-like zones in early sheet-shaped (nasal capsule) or rod-shaped cartilages, nor uniform expan-

sion of cartilage in all directions. Thus, the underlying growth and shaping mechanisms required an

explanation.

To test various strategies of cellular behavior during cartilage growth we devised a model simulat-

ing different aspects of multicellular dynamics in 3D together with lineage tracing of individual

clones. Most of the currently existing models of cell dynamics and tracing operate in 2D space,

which often limits the predictions (Jarjour et al., 2014). Our model suggested that a gradient-con-

trolled orientation of clonal expansion can explain the biological observations (i.e. it is consistent

with ordered columnar growth and its disruption results in spherical microdomains rather than col-

umns), and showed the relation between the geometries of clonal domains (envelopes), the overall

shape and the fineness of the surface. We confirmed the predictions from the model in a series of

experiments involving tracing with multicolor reporters and manipulating the cartilage with muta-

tions. Our results showed that the formation of oriented clones of chondrocytes with clonal envelope

shape corresponds to the geometry of the analyzed locality. The sheet-shaped cartilage elements

consisted of transversely oriented clonal columns, while asymmetric complex geometries revealed a

variety of clonal shapes ranging from spherical to particularly oriented.

Figure 6 continued

BMP signaling. (Q–R) Graphs showing how the regularity of the cartilage (flatness) correlates with orientation of clonal envelopes in the cartilage of

Sox10-CreERT2/R26Confetti (Q) and Sox10-CreERT2/stopfloxed/floxedcaAlk2-IRES-GFP (R) embryos. The angle a characterizes the elongation of a clonal

cluster consisting of multiple cells, as shown in a legend of a corresponding graph axis. Small values of a correspond to highly oriented clonal

envelopes such as vertical clonal columns. Angle b is the angle between two opposite cartilage surfaces framing cartilage tissue in this locality. Sheet-

shaped cartilages have almost parallel surfaces and angle b values are normally set between zero and 20 degrees. Note that the population of clonal

columns (red dots) is almost completely eradicated from the cartilage when ACVR1 is activated in (R).

DOI: 10.7554/eLife.25902.016
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Figure 7. Deficiencies in Wnt/PCP pathway reshape the chondrocranium. (A) m-CT-based reconstructions of the facial chondrocranium of wild type

control, Wnt5a-/-, Vangl2-/-, Ror2-/- and Vangl2-/+/Ror2-/+ embryos at E15.5, with wall-thickness analysis (the row below). Clipping planes in the top

projections show that all major- and fine structures (indicated by white arrows) are in place in the Wnt/PCP mutants. Red and blue arrows help to

compare the width and the length of the chondrocranium. (B–D) Analysis of EdU incorporation in the facial sheet-shaped cartilage, 24 hr after the

Figure 7 continued on next page
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Genetic tracing initiated during transition of condensations into cartilage resulted in clonal col-

umns within both sheet- and rod-shaped cartilage elements. This confirms that chondrogenic con-

densations undergo complex oriented cell dynamics during their development. Importantly, tracing

of chondrocranium cartilage showed formation of transverse clonal columns as growth proceeded.

Intercalation of newly born columns into pre-existing cartilage provided for the expansion potential

in the sheet-shaped cartilage. This growth mechanism is very original and is not reported elsewhere

so far.

A few studies have demonstrated how clonal envelopes form in accordance with the general

shape of the structure. These were mainly conducted on Drosophila imaginal wing disc or growing

flower petals. In all cases the authors highlighted that the shape of clonal geometries correlates with

the major vector of expansion in the growing structure (Green et al., 2010; Repiso et al., 2013;

Strutt, 2005). This implies the presence of polarized activity that directs the shaping of the tissue.

Here, we provided the first experimental evidence of how the control of the directional clonal expan-

sion influences the shape of a vertebrate tissue on a large scale. Moreover, in the sheet-shaped carti-

lage the orientation of clonal domains, i.e. the columns, does not correspond to the vectors of major

expansion, but rather serves for uncoupling lateral expansion control and thickness tuning. In line

with that, the number of chondrocytes comprising the clonal column or cluster depends on Gsa-

mediated signals. Variations in this number do not significantly affect the lateral dimensions of the

whole sheet-shaped cartilage structure: the thickness of the cartilage becomes less while the general

geometry and size stay preserved. Additionally, the shape and orientation of clonal envelopes in car-

tilage is partially controlled by BMP signaling, since micro-geometries of clones depend on activa-

tion of ACVR1. Based on these results, we assume that BMP ligands (because of cAlk2/ACVR1

phenotype affected clonal orientation) expressed around the regularly shaped cartilages may play a

role similar to the in silico predicted gradients. Indeed, the expression of INHBA, BMP5 and BMP3

fit this expression profile quite well (according to Allen Developing Mouse Brain Atlas (http://develo-

pingmouse.brain-map.org) and Eurexpress (http://www.eurexpress.org) in situ public databases). At

least, BMP5 is clearly expressed at the cartilage periphery and has been shown to affect the cartilage

shape by David Kingsley lab (Guenther et al., 2008).

Our experimental manipulations of planar cell polarity (PCP) pathway did not affect microgeome-

tries and clonal domains, but strongly affected the chondrocranium shape on the macroscopical

scale in several different ways. These phenotypes appeared to be rooted in pre-chondrogenic or

early chondrogenic stages, and are based on distorted placement of mesenchymal condensations in

the very early head. These experiments with Wnt/PCP mutants may potentially provide a better

understanding of species-specific mechanisms of control and evolution of the facial shape on a

macro scale.

Regular shapes require regular cellular arrangements and clonal cell dynamics. It is not only

sheet-shaped cartilage in the head that demonstrate geometric regularity; rod-shaped cartilage

(Meckel, embryonic ribs and long cartilages in limbs) also has a regular shape. Regular clonal pat-

terns, conceptually similar to those found in sheet-shaped cartilage, explain conservative tissue

dynamics during formation and growth of cartilaginous rods. Indeed, genetic tracing experiments

suggested that formation of clonal columns is important for the diameter control, while chondro-

genic condensations at the very tip of the rod-shaped growing structures enable elongation. Similar

to the cell dynamics in the sheet-shaped cartilage, this mechanism may provide for uncoupling of

length versus diameter control. Such uncoupling may generally enable developmental and evolu-

tional plasticity of cartilage size and shape.

The mechanism controlling the thickness or diameter of sheet-shaped and rod-shaped cartilage

elements not only includes spatially orientated behavior, but also involves the regulation of cell num-

ber within each chondrogenic clone. Immature chondrocytes are proliferatively active, while more

Figure 7 continued

pulse: control (B) and Wnt5a-/- mutant (C) embryos. Sparse clusters and columns of EdU+ cells correspond to clonal arrangements previously shown

with genetic tracing in the same locations. Note that the orientation of chondrocyte placement in the cartilage is not affected in the mutant embryos.

Quantification is presented in a rose diagram in (D). For control, we refer to the rose diagrams in Figure 3. (E, F) m-CT-based 3D reconstruction of

mesenchymal condensations at the developmental stage E12.5 in control (E) and Wnt5a-/- mutant (F) embryos shows their misplacement in a mutant.
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Figure 8. Manipulation of cartilage thickness in GSa mutant embryos. (A) Wall thickness was analysed in the m-CT segmented olfactory system of

control (left) and GSa (G-protein subunit alpha) mutant (right). Large areas with decreased cartilage thickness are highlighted with a dashed line and

white arrows. (B–G) Clonal genetic tracing of chondrocyte progenitors and chondrocytes induced by tamoxifen injection at E12.5 in Col2a1-CreERT2/

R26Confetti/GSa floxed/floxedembryos (C,E,G) and littermate controls (B,D,F) at E17.5. (H) Quantification of cartilage thickness in the olfactory system and

Figure 8 continued on next page
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mature chondrocytes show decreased proliferation. Therefore, differentiation speed emerges as a

concept which could regulate the organ shape by impinging on clone size, thereby altering the thick-

ness or diameter of the cartilage. This concept is known to operate in the brain and other tissues

with classical stem cell/transiently amplifying cell arrangements (Dı́az-Flores et al., 2006).

Clonal genetic tracing and EdU labeling experiments suggested that the origin of clonal columns

and clusters might be represented by the cells located at the periphery of forming cartilage. The

spherical clusters of chondrocytes forming at the periphery of the cartilage in cALK2 mutant mice

may suggest that the cell source is also located at the periphery and might be a perichondrial cell.

Clonal relationships between perichondrial cells and columns of chondrocytes also support the

hypothesis of perichondrial cells acting as a stem population during cartilage expansion. In general,

the heterogeneity and multipotency of perichondrial cells is still unclear, although there are multiple

studies showing the perichondrium as a source of chondrocytes and osteoblasts (Kobayashi et al.,

2011; Li et al., 2017; Maes et al., 2010).

In addition to this, the perichondrium might mediate non-autonomous effects in the cartilage in

case of cAlk2 and GSa experiments. Genetic tracing shows that some perichondrial cells always

recombine with Sox10-, Plp1- and Col2a1-CreERT2 lines, and, in case of functional experiments, may

indirectly control some evens in more mature layers. Also, it is not clear how the fine border of the

cartilage is set, and whether the perichondrial layer may play a key border-setting role during devel-

opment and regeneration. This should be investigated further.

Next, our results show that tuning of macro-geometries on a large scale can be achieved through

a stage-specific placement of proliferative hot zones where new clonal domains intercalate into the

main cartilage structure. Anisotropic heterogeneous proliferation is a powerful tool, which, together

with polarity in the tissue and local patterning, can drive the organ shape development (Ben Amar

and Jia, 2013; Campinho and Heisenberg, 2013). The localized growth zones provide for the gen-

eral expansion and also bend the cartilage by creating local tensions that require mechanical relaxa-

tion and influence further development of the overall shape (Schötz et al., 2013). For probing such

transformations of the sheet-shaped facial cartilage we applied an in silico model that was already

successfully validated in a number of growth, shaping and scaling tasks (Green et al., 2010;

Kennaway et al., 2011). Such a model was necessary to understand why the high and low prolifera-

tion zones are positioned in such a specific way. Indeed, the discovered distribution of proliferative

zones in the whole nasal capsule did not help us per se with intuitive explanations of geometrical

changes on the macro-scale. Despite this counter-intuitive dataset, the mathematical model pro-

vided an insight into the logic of the high and low proliferation zones in relation to a transition

between investigated cartilage shapes.

For example, it turned out that the position of lateral slow proliferation zones enables the genera-

tion of the symmetrical bends at the sides of the nasal capsule during transition from E13.5 to E14.5

developmental shapes. Furthermore, real material modelling confirmed the results predicted by the

mathematical model, and generated lateral bends similarly to the native structure. The molecular

mechanism controlling the dynamic distribution (patterning) of fast/slow proliferative zones in the

cartilage is still unknown. It is likely linked to developmental signals from other tissues such as the

olfactory epithelium or the mesenchyme surrounding the cartilage. Identification and validation of

these signals will be essential in future studies and would involve a substantial combination of

screening and functional approaches with transgenic animal models.

Figure 8 continued

basisphenoid from three independent experiments. Note the significant decrease of cartilage thickness in all analyzed locations. Oriented organization

of the chondrocyte clones was not affected by GSa ablation. The difference between control (mean = 5.9, sem = ±0.23, n = 4) and mutant (mean = 4.3,

sem = ±0.25, n = 3) olfactory cartilage thickness is significant (p=0.0053). The difference between control (mean = 10.6, sem = ±0.83, n = 3) and mutant

(mean = 5.7, sem = ±0.61, n = 3) basisphenoid cartilage thickness is significant (p=0.0087). Scale bars = 100 mm. (I) Graph showing that the regularity

(straightness) of the cartilage correlates with the orientation of chondrocyte clones in the cartilage of Col2a1-CreERT2/R26Confetti/GSa floxed/floxed

embryos. Angle a characterizes the orientation of chondrocyte clones consisting of multiple cells as shown in a legend of a corresponding graph axis

(y). Small values of a correspond to highly oriented chondrocyte clones such as transverse clonal columns. Angle b is the angle between two opposite

cartilage surfaces. Since sheet-shaped cartilage elements have almost parallel surfaces the angle b was normally set between zero and 20 degrees. (J)

GOM Inspect software was used to compare the shape of the nasal capsule between GSa mutant and control embryo at E17.5.

DOI: 10.7554/eLife.25902.018
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The anisotropic proliferation can be an important evolutionary mechanism that is directly respon-

sible for the differences in snout geometry in a variety of phylogenetic groups. Additionally, it might

be important for understanding the development of the facial shape variation in humans

(Sheehan and Nachman, 2014) as well as numerous pathologies (Afsharpaiman et al., 2013).

One alternative way to fine-tune macro-geometry of a cartilage element is to continuously add on

pre-shaped chondrogenic mesenchymal condensations from the pool of competent progenitors that

Figure 9. Oriented cell dynamics during development of rod-shaped cartilage elements. (A) Genetic tracing in developing rib cartilage. Note the

transverse pattern of chondrocyte clones. Dotted rectangle shows the area of magnified inset on bottom left. (B) 6 hr after EdU pulse in E14.5 embryo,

transverse patterns were observed in ribs. Dotted rectangle shows the areas of magnified inset in bottom right corner. (C) Genetic tracing in

developing rib cartilage shows transverse patterns. Dotted line represents area magnified in inset on the bottom right. (D–F) Genetic tracing (D,E) and

6 hr after EdU pulse (F) in developing digit cartilage of the upper limb. The areas of magnified insets (located on the right side) are outlined by dotted

lines. (G) Transverse patterns in developing Meckel cartilage resulting from EdU pulse and analysis 6 hr after administration. (H) Genetic tracing shows

transverse orientation of clonal chondrocytic columns in the Meckel cartilage. Dotted line shows the area magnified in the inset on the right.

DOI: 10.7554/eLife.25902.019
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Figure 10. Schematic overview of cartilage shaping and scaling processes. (1) Oriented cell divisions in the mesenchymal condensations give rise to the

transverse columnar clones of chondrocytes. (2) Perichondrial cells may potentially give rise to chondrocytes. (3) Formation of new clonal columns and

their integration into pre-existing cartilage leads to directed lateral expansion of the cartilage. The thickness of the sheet-shaped cartilage depends on

the number of cells comprising the column, while the lateral expansion depends on the number of clonal columnar units engaged. (4) Geometry of the

Figure 10 continued on next page
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are retained until late developmental stages. As we demonstrated, the formation of adjoining mes-

enchymal condensations occurs in sheet-shaped cranial cartilage. In the developing face, new chon-

drogenic condensations are responsible for introducing geometrically complicated fine details. Such

mechanisms may also operate during amphibian metamorphosis, when most of the postmetamor-

phic cranial cartilage develops de novo and not from the pre-metamorphic cartilaginous elements

(Kerney et al., 2012).

Taken together, we discovered important novel principles explaining the growth and shaping of

cartilaginous structures. Further studies should focus, amongst other things, on the soluble signals

emanating from other embryonic structures which influence the oriented behavior or proliferation of

chondrogenic clones.

Materials and methods

Mouse strains and animal information
All animal (mouse) work has been approved and permitted by the Ethical Committee on Animal

Experiments (Norra Djurförsöksetiska Nämd, ethical permit N226/15 and N5/14) and conducted

according to The Swedish Animal Agency´s Provisions and Guidelines for Animal Experimentation

recommendations. Genetic tracing mouse strains Plp1-CreERT2 (RRID:MGI:4837112) and Sox10-

CreERT2 were previously described (Laranjeira et al., 2011; Leone et al., 2003; Yu et al., 2013).

Plp1-creERT2, Sox10-creERT2 and Col2a1-CreERT2 (RRID:IMSR_JAX:006774) (Nakamura et al.,

2006) (obtained from laboratory of S. Mackem, NIH) strains were coupled to R26Confetti (RRID:

IMSR_JAX:017492) mice that were received from the laboratory of Professor H. Clevers

(Snippert et al., 2010). The Stopflowed/floxedcaAlk2-IRES-GFP strain from the laboratory of Y. Mishina

(Fukuda et al., 2006) was coupled to Sox10-CreERT2. The Ebf2-CreERT2 (RRID:MGI:4421811) strain

was obtained from the laboratory of H. Qian, KI, and was coupled to R26Tomato. The Gsafloxed/floxed

strain was obtained from the laboratory of L. Weinstein (Sakamoto et al., 2005). Female mice which

were homozygous for the reporter allele [Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; Jackson

Laboratories] (Muzumdar et al., 2007) were coupled to homozygous Col2a1::creERT males [FVB-Tg

(Col2a1-cre/ERT)KA3Smac/J; Jackson Laboratories] (Feil et al., 1997; Nakamura et al., 2006). To

induce genetic recombination to adequate efficiency, pregnant females were injected intraperitone-

ally with tamoxifen (Sigma Aldrich, St.Louis, MO, T5648) dissolved in corn oil (Sigma

Aldrich, C8267). Tamoxifen concentration ranged from 1.5 to 5.0 mg per animal in order to obtain a

range of recombination efficiencies. Wnt5a, Vangl2 and Ror2 full knock-out embryos were obtained

from heterozygous parents (Gao et al., 2011; Yamaguchi et al., 1999) at the expected Mendelian

proportions.

Immunohistochemistry
For embryo analyses, heterozygous mice of the relevant genotype were mated overnight, and noon

of the day of plug detection was considered E0.5. Mice were sacrificed with isoflurane (Baxter, Deer-

field, IL, KDG9623) overdose, and embryos were dissected out and collected into ice-cold PBS. Sub-

sequently, the samples were placed into freshly prepared 4% paraformaldehyde (PFA) and

depending on the developmental stage they were fixed for 3–6 hr at +4˚C on a roller. Embryos were

subsequently cryopreserved in 30% sucrose (VWR, Radnor, PA, C27480) overnight at +4˚C, embed-

ded in OCT media (HistoLab, Serbia, 45830) and sections cut of between 14 mm to 200 mm on a

cryostat (Microm International, Germany), depending on the following application. If needed, sec-

tions were stored at �20˚C after drying for 1 hr at room temperature, or processed immediately

Figure 10 continued

clonal unit corresponds to the overall macro-geometry of the cartilage. Regular clonal units correspond to regular shapes of the cartilage.

(5) Chondrogenic mesenchymal condensations are sequentially induced to provide fine details and shape modifications during chondrocranium growth.

Upon their maturation, they fuse with the main structure of the chondrocranium. Anisotropic proliferation and specifically positioned proliferative zones

further assist the shaping process by imposing physical tensions and curves. (6) Rod-shaped cartilage elements also show the regular clonal patterns

that result from the transverse orientation of cell divisions and daughter cell allocations that account for the diameter regulation.

DOI: 10.7554/eLife.25902.020
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after sectioning. Primary antibodies used were: goat anti-GFP (FITC) (Abcam, UK, 1:500, RRID:AB_

305635), rabbit anti-Sox9 (Sigma Aldrich, 1:1000, RRID:AB_1080067), rabbit anti-Sox5 (Abcam,

1:500, RRID:AB_10859923), sheep anti-ErbB3 (RnD Systems, Minneapolis, MN, 1:500, RRID:AB_

2099728). For detection of the above-mentioned primary antibodies we utilized 405, 488, 555 or

647-conjugated Alexa-fluor secondary antibodies produced in donkey (Invitrogen,

Carlsbad, CA, 1:1000, RRID:AB_162543, RRID:AB_141788, RRID:AB_141708, RRID:AB_142672,

RRID:AB_2536183, RRID:AB_141844,). Sections were mounted with 87% glycerol mounting media

Figure 11. Analysis of proliferation identifies specific proliferative regions in nasal capsule. (A–B) Analysis of EdU incorporation 24 hr after the pulse on

a transversal section of the facial chondrocranium at E14.5. Notice the distinct proliferative zones in the cartilage that correlate with intense EdU

labelling in perichondrial locations shown by arrowheads in (B). (C) Mapping of distinct growth zones onto 3D models of mesenchymal condensations

(E13.5) and cartilage (E14.5-E15.5) in the developing face. (D–F) Frontal transversal sections at different developmental stages include proliferative

zones within the chondrocranium with EdU incorporation. Scale bars = 100 mm.

DOI: 10.7554/eLife.25902.021
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Figure 12. Modeling of uneven growth in the shaping of the nasal capsule. (A) In silico geometrical transformations of the nasal capsule-like anlage at

E13.5 following various scenarios including: anisotropic oriented growth (following polarization introduced by the anterio-posterior gradient shown in

green), non-polarized isotropic growth (no anterio-posterior gradient), the presence of fixed midline (simulation of septum and central groove),

condition with the unfixed midline (only central groove), conditions with or without slowly growing lateral regions (shown in purple). Note that in

Figure 12 continued on next page
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(Merck, Germany) or in Vectashield Antifade Mounting Medium with DAPI (Vector

Laboratories, Burlingame, CA, RRID:AB_2336790).

EdU incorporation analysis
EdU (Life Technologies, Carlsbad, CA) was injected intraperitoneally into the pregnant females (65

mg per gram of body mass) either 6- or 24 hr before the embryos were harvested. Cells with incorpo-

rated EdU were visualized using Click-iT EdU Alexa Fluor 647 Imaging Kit (Life Technologies) accord-

ing to the manufacturer’s instructions.

Microscopy, volume rendering, image analysis and quantifications
Confocal microscopy was performed using Zeiss LSM710 CLSM, Zeiss LSM780 CLSM and Zeiss

LSM880Airyscan CLSM instruments. The settings for the imaging of Confetti fluorescent proteins

were previously described (Snippert et al., 2010). The imaging of the confocal stack was done with

a Zeiss LSM780 CLSM, Plan-Apochromat 3 10x/0.45 M27 Zeiss air objective.

Histological staining
Slides were stained for mineral deposition using von Kossa calcium staining: 5% silver nitrate solution

was added to the sections at a room tempera-

ture and exposed to strong light for 30 min.

After that the silver nitrate solution was

removed, and slides were washed with distilled

water for three times during 2 min. 2.5% sodium

thiosulphate solution (w/v) was added to the sec-

tions and incubated for 5 min. Slides were again

rinsed for three times during 2 min in distilled

water. The sections were then counterstained

using Alcian blue. Alcian blue solution (0.1%

alcian blue 8GX (w/v) in 0.1 M HCl) was added

to the tissue for 3 min at room temperature and

then rinsed for three times during 2 min in dis-

tilled water. Slides were then transferred rapidly

into incrementally increasing ethanol concentra-

tions (20%, 40%, 80%, 100%) and incubated in

100% ethanol for 2 min. Finally, the slides were

incubated in two xylene baths (for 2 min and

then for 5 min) before mounting and analysis.

Figure 12 continued

condition with polarized anterio-posterior growth the anterior elongation of the structure is more prominent and faster as compared to the condition

with non-polarized isotropic growth. The lateral bends are induced by slow proliferating lateral regions. In the center and on the right, the real nasal

capsules are shown with mapped fast and slow growing regions. (B) In the condition with isotropic growth and introduced slowly growing regions, we

observe the formation of lateral bends (red line) analogous to the lateral bends in the real nasal capsule at E14.5 (shown on the left). In this condition

the midline is fixed, and the ventral groove forms straight. (C) In conditions with no fixed midline we observe the formation of the central groove,

correct bending of the central groove (red line) and overall flattening of the simulated structure similar to the real object (on the left). (D) Simulation

with no midline and central groove. Note the inverted bend (red line) and the absence of the correct flattening of the structure. Despite the absence of

the midline, the lateral bends are successfully induced by the slow growing regions (purple), analogous to the real nasal capsule. (E) Material elastic

modelling shows how the third dimension (bending) emerges from changes and tensions in plain 2D structure during imitated anisotropic growth. (E,

left panel) Initial modelling conditions: completely flat X-ray film with the cut slot in the middle for fitting the imitated flat growth zone, which is also

made from X-ray film. (E, right panel) When the growth zone is inserted into the slit, the whole structure bends to accommodate the tensions. (F) Real

material (plastic film)-based simulation of isotropic growth was based on uneven shrinking during intense heating. Black painted regions uptake heat

more efficiently and shrink faster. The attached edges of the shrinking zone cause bending of the entire structure. Two lateral black stripes were

painted on top of the trapezoid as an analog to lateral slowly proliferating zones in nasal capsule. Note the similarity of resulting bends to the lateral

bends in real nasal capsule at E14.5.

DOI: 10.7554/eLife.25902.022

Video 2. Simulations of shape transitions of the nasal

capsule-like 3D object under different growth

conditions. Notice the formation of the lateral bends

corresponding to the real nasal capsule shape

development from E13.5 to E14.5 occur only in the

condition with slow growing purple zones. These

bends form independently from isotropic or anisotropic

modality of growth.

DOI: 10.7554/eLife.25902.023
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Statistics
Statistical data are represented as mean ± s.e.m. Unpaired version of Student’s t-test was used to

calculate the statistics (P value). All results were replicated at least in three different animals. Statisti-

cal analysis and graphs were produced in GraphPad Prism (La Jolla, CA, RRID:SCR_002798) or Ori-

ana Software (Kovach Computing Services, UK). Spearman coefficient was used for correlation

assessment of microgeometries corresponding to different locations in the cartilage.

In Figure 8 the difference between control (mean = 5.9, sem = ±0.23, n = 4) and mutant

(mean = 4.3, sem = ±0.25, n = 3) olfactory cartilage thickness is significant (p=0.0053). The differ-

ence between control (mean = 10.6, sem = ±0.83, n = 3) and mutant (mean = 5.7, sem = ±0.61,

n = 3) basisphenoid cartilage thickness is significant (p=0.0087).

Tissue contrasting for m-CT scanning
Our staining protocol has been modified from the original protocol developed by Brian Metscher

laboratory (University of Vienna, Austria). After dissection, the embryos were fixed with 4% aqueous

solution of formaldehyde in PBS for 24 hr at +4˚C, with slow rotation. Samples were then dehydrated

by incubation in incrementally increasing concentrations of ethanol in PBS (30%, 50%, 70%); samples

were incubated at +4˚C for two days in each concentration to minimize the tissue shrinkage.

We found that the best signal to noise ratio on scans results from contrasting the samples with

0.5–1.0% PTA (Phosphotungstic acid, Sigma Aldrich) in 90% methanol. After sample dehydration,

the tissue-contrasting PTA solution was added to the samples and then changed every day with the

fresh solution. E12.5 embryos were contrasted with 0.5% PTA for four days while E15.5 embryos

were stained in 0.7% PTA for six days. E16.5 and E17.5 embryos were decapitated, and the contrast-

ing procedure was extended to 9–15 days in 1% PTA to ensure the best penetration of the contrast-

ing agent. Subsequently, tissues were rehydrated through a methanol gradient (90%, 80%, 70%,

50% and 30%), to sterile distilled water. After that, rehydrated embryos were embedded in 0.5%

agarose gel (A5304, Sigma-Aldrich) and placed in polypropylene conical tubes (0.5, 1.5 or 15 ml

depending on the sample size) to minimize the amount of surrounding agarose gel, and to avoid

movement artifacts during X-ray computed tomography scanning.

m-CT analysis (micro computed tomography analysis)
The m-CT analysis of the embryos was performed using laboratory system GE phoenix v|tome|x L

240, equipped with a 180 kV/15W maximum power nanofocus X-ray tube and high contrast flat

panel detector DXR250 with 2048 � 2048 pixel, 200 � 200 mm pixel size. The exposure time was

900 ms in all 2000 positions. The m-CT scan was carried out at 60 kV acceleration voltage and with

200 mA X-ray tube current. The voxel size of obtained volumes appeared in the range of 4 mm - 6

mm depending on a size of an embryo. The tomographic reconstructions were performed using GE

phoenix datos|x 2.0 3D computed tomography software.

The cartilage of the olfactory system was segmented manually using Avizo - 3D image data proc-

essing software (FEI, Hillsboro, OR). The volumetric data of a segmented region were transformed

to a polygonal mesh that describes the outer boundary of the region. The polygonal mesh consisting

of triangles is a digital geometrical representation of the real object. The polygonal mesh of the

olfactory system was imported to VG Studio MAX 2.2 software (Volume Graphics, Germany) for sur-

face smoothening. The analysis of wall thickness at different embryonic stages was performed in

order to show the differences or similarities in the thickness of the cartilage structures

(Tesařová et al., 2016). The results are shown on the polygonal mesh by a colour map. The growth

zones in facial chondrocranium at different stages were outlined on top of the 3D polygonal mesh

based on the EdU analysis and confocal microscopy results.

Computer simulations of shape transitions of nasal capsule structure
Models were developed using the growing polarised tissue (GPT) framework and implemented in

the MATLAB application GFtbox (Kennaway et al., 2011; Kuchen et al., 2012) (RRID:SCR_001622).

In this method, an initial finite element mesh, also termed the canvas, is deformed during growth.

The pattern of deformation depends on growth-modulating factors, whose initial distribution was

established during setup. Factors have one value for each vertex and values between vertices are lin-

early interpolated across each finite element. In the models described here, the initial canvas is
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oriented with regard to the external xy-coordinate system such that the canvas base is parallel to the

x-axis and the midline is parallel to the y-axis. The initial nasal capsule-line canvas consists of 1800

elements. Elements were not subdivided during the simulations.

Each model has two interconnected networks: the Polarity Regulatory Network (PRN) specifies

tissue polarity and hence specified orientations of growth, and the Growth-rate Regulatory Network

(KRN) determines how factors influence specified growth rates. In total, growth interactions are

specified by three equations, one for the PRN and two for the KRN. These networks determine the

specified polarity and growth fields across the canvas. Growth rates are influenced by factors distrib-

uted across the canvas. Growth can be promoted in a region by the pro function or inhibited by the

inh function as follows:

proðn;xÞ ¼ 1þnx

inhðn;xÞ ¼ 1=ð1þnxÞ

Due to the connectedness of the canvas, this specified growth differs from the resultant growth

by which the system is deformed.

Fixed midline models
These models question how the structure can transform given that the septum actively anchors the

midline and the central groove.

Setup
The initial set-up phase runs from 0 to 12 time steps and during this phase the canvas deforms from

a square sheet into the starting shape for the nasal capsule-like structure. Factor MID is expressed

along the proximal-distal midline and used to anchor the midline vertices in the z-plane. Factor

CHEEKS is expressed either side of the midline.

PRN
A proximo-distal polarity field is set up and used to define the orientations of growth. This field is

specified as being oriented parallel to the midline throughout growth by the gradient of a polarity

factor, POLARISER (POL). POL has a linear gradient across the canvas with the highest level of one

at the proximal base and zero at the distal tip.

KRN
The growth phase occurs after the initial setup phase at time step 13. During this phase there are

options for specifying either isotropic growth or anisotropic growth.

During isotropic growth, the growth rate K was set to:

K = 0.05 � inh(100, iCHEEKS)

During anisotropic growth the specified growth rate parallel to the polarity field, Kpar, was defined

as:

Kpar = 0.05 � inh(100, iCHEEKS)

while growth perpendicular to the polarity field, Kper, was set to zero.

Non - Fixed midline models
These models are aiming to simulate what happens to the shape transition when the midline and

corresponding central groove are not fixed in space (and can bend or change in any other way) fol-

lowing tensions in the whole simulated structure. We used this approach to question how much the

roof of the nasal capsule is anchored by the nasal septum.

Setup
As with the Fixed-midline model, an initial setup phase runs for 0–12 time-steps in which a square

sheet is deformed into an alternative starting shape for the nasal capsule-like structure. In this model

the proximo-distal midline was allowed to deform in the z-plane. Factor CHEEKS is expressed either

side of the midline and offset slightly distally.
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PRN
A proximo-distal polarity field is set up as in the Fixed mid-ridge model.

KRN
The growth regulatory network is defined as in the Fixed mid-ridge model.

Mathematical model
For detailed description, please see the Appendix, Appendix 1—figure 1 and 2 and also

(Kaucka et al., 2016)
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Appendix 1

Individual based model (IBM) for cartilage dynamics
In order to model and illustrate the growth of the cartilage on the cellular level, we developed

an individual-based model incorporating cell proliferation (including displacement of

surrounding cells via pushing) (Hellander, 2015). The model is stochastic because we want

to be able to capture effects of e.g. synchronicity in cell division and the degree of

determinism needed to achieve and ordered columnar growth of the structure. We do this

by letting the cell division times, direction of allocation of daughter cells after cell division,

etc., be random variables. This document describes the details of the model and its

implementation.

There are several popular modeling frameworks for simulating interacting cells. In the

cellular potts model (Graner and Glazier, 1992) a single biological cell can be composed of

multiple lattice sites making it possible to use a more detailed description of cell shape and

include more detailed description of more mechanical properties. In off-lattice center based

models cells are often modeled as spheres with pair-wise interactions and a force-based

description to evolve the system dynamics, for an overview see (Van Liedekerke et al.,

2015). Vertex models can offer even more realistic models of cell mechanics (Fletcher et al.,

2013) but become expensive and complicated in three space dimensions.

Rather than these more comprehensive mechanical models, we use a simplistic rule-based,

on-lattice stochastic cellular automaton (CA). In the language of a recent review

(Van Liedekerke et al., 2015) our model falls into the category of a Type B CA. These types

of models are widely used in e.g. cancer tumor modeling and for simulation of monolayers

and spheroids (Radszuweit et al., 2009). The simulation code is written in Python, relies on

the PyURDME package for spatial stochastic simulations (www.pyurdme.org) and it is freely

available for download from www.github.com/ahellander/multicell (Hellander, 2015) under

the GPLv3 license. A copy is archived at https://github.com/elifesciences-publications/

multicell.

The basic entities in our simulation are Agents and Events. An Agent is a model

(implemented as a Python class) of an individual (cell). Events simulate discrete state

changes involving one or several agents. They occur at a certain time (assuming no other

event involving the same agents occurs first). They rely on rules that specify how and under

what conditions the event is to be executed. A simulation is initialized by creating the initial

population of agents and events, and then creating a priority queue (in our case

implemented using a heap data structure using the Python module’ heapq’). In each

iteration of the algorithm, the event with the shortest time is popped from the queue and

executed (assuming that all of its rules and conditions can be satisfied), the system time

updated, new events derived from any newly created agents are created and inserted into

the queue, and all existing events affected by changes in the agents or the system state are

updated.

Each agent occupies one voxel of a tessellation of 2D or 3D space, and each lattice site can

only accommodate one agent. Following the recommendation in (Radszuweit et al., 2009)

a Delaunay triangulation is used. The mesh resolution is chosen such that the average voxel

size is close to the desired cell size (~7 mm radius) taken from the experiments. Being a

lattice model, the shape and volume of the cells are a lattice property and are given by the

dual grid (Voronoi cells in the case of a Delaunay triangulation). This is illustrated in

Appendix 1—figure 1A. The interpretation is that individual agents occupy the dual

elements (dashed lines) of an unstructured triangular (2D) or tetrahedral primal mesh (3D)

(solid lines).
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Appendix 1—figure 1. (A) Individual cells are modeled by a number of properties such as their

color and distributions for cell division times. The positions of cells in space are tracked on an

underlying unstructured lattice, or grid. The edges in the primary mesh (solid lines) connect

vertices (black dots). A biological cell is modeled by the volume made up of the dual

elements (dashed lines), connecting triangle (2D) or tetrahedral (3D) centers and edge or

face centers. For visualization purposes, in 3D space, we plot cell individuals as colored

spheres with radius equal to the sphere with equal volume as the dual element. (B) Size

distribution for the mesh elements for the geometry and mesh used in the simulations in the

Figure 5.

DOI: 10.7554/eLife.25902.025

The individual agents – colored coded cells
Each individual cell is modeled as an individual agent with the following properties:

. Color (a label used to track the lineage).

. Mean cell division time, �p.

. Variance in cell division time, s2

p:

When visualized in 2D, we draw cells as polygons (the actual dual cells) and in 3D for

practical reasons we visualize them as spheres centered on the vertices of the primal mesh,

with radius chosen such that the volume corresponds to the volume of the corresponding

dual element. On the unstructured mesh, there will be a size distribution for the mesh

elements, i.e. there will be a small variation in the size associated with each lattice site, see

Appendix 1— figure 1B.

Cell proliferation

Cell division time
The time until a cell, or individual, divides, is assumed to be a random variable. Although a

multi-stage model of cell division can give rise to an an Erlang distribution

(Radszuweit et al., 2009) which is found to match experimental data for another system, we

are not calibrating our model to experimental data on cell division time distributions. The

dividing cell (referred to as the mother cell) create a daughter cell after a normally

distributed waiting time tD.

tD ~ N �d;s
2

d

� �

(1)
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where the mean division time m and the variance s2 are parameters of the model to be

supplied as input to the simulation. As a measure of the degree of variability in cell division

times, we use the standard deviation over the mean,

f ¼
sd

�d

(2)

The smaller value of f , the more deterministic and synchronized the cell cycles of individual

cells are. The way our model is set up, there are no events that leads to the recalculation of

a cell’s division time. A cell gets assigned a time to division at creation and each cell then

divide according to its internal clock irrespective of if it gets pushed etc.

After division, the daughter cell needs to be deposited on the grid. The division direction, or

receiving voxel, is sampled according to a discrete distribution. In the simplest case, all

directions of division are equally probable and the direction distribution is uniform. In the

general case, weights are assigned according to an external, deterministic gradient.

Cell division direction
The division direction is also a random variable and the number of possible directions are given

by the connections to the neighbors on the grid. Each individual has a property that sets its

polarization, represented by a normalized vector p pointing in the preferred direction of

division. With no polarization, each possible division direction is equally probable. With

polarization, the probability to divide in a certain direction is biased by the gradient. The

weights for sampling the division direction are taken to be

wij ¼
dij

maxj dij
� �

 !b

; (3)

dij ¼
g xj
� �

� g xið Þ

hij
(4)

where xi is the position of the vertex in the grid for which the agent resides, and hij is the

length of the edge connecting grid points xi and xj and g xð Þ is a given concentration profile.

The parameter b � 0 dictates how perfectly the cells become polarized by the concentration

profile g xð Þ. A value b ¼ 0 leads to equal probabilities for all directions, and very large value

of b means that the division direction will always be in the direction of the maximal value of

the gradient (the division direction becomes deterministic in the direction of the maximal

gradient in the limit b ! ¥. Values in between the extremes describes an increasing

precision in polarization axis alignment with the gradient field.

Cell pushing
If the receiving lattice for the daughter cell site is empty (i.e. occupied by matrix), it is simply

deposited there. When the daughter cell cannot be placed on a free lattice site, there is an

attempt to reorganize the structure by pushing neighboring cells to make room for it. The

procedure is illustrated in Appendix 1—figure 2. The probability for the displaced cell to

move to a given neighboring grid point depends on the direction of pushing. Let emd be the

vector along the edge connecting the mother cell Cm and the daughter cell Cd, pointing

towards the daughter cell. Let edk be the unit vector along the edge connecting the

daughter cell Cd and one of its neighbors, Ck. The weight for moving the displaced cell to

the neighbor with index n is given by
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Appendix 1—figure 2. When a cell divides (yellow cell), the daughter cell will push surrounding

cells (blue) to make room for the progeny (A). The direction of pushing (and what cell to push) is

determined by a combination of the directivity of the original division or pushing direction

and of a penalty for pushing an occupied site. The penalty is governed by a parameter c that

dictates how much to favor pushing into a free lattice site. In the figure, pushing the blue

cell at location Cd to Cl will be favored over Ck based on the penalty if Ck> 0, but the site Ck

if favored based on the directionality of the push. If Ck is selected by the probabilistic

algorithm, it will in turn complete a pushing event, leading to a pushing chain that continues

until a cell is pushed into an empty site. After such a pushing chain has been completed, the

site sampled for the daughter cell will be free, and the newly created daughter cell can be

inserted (B).

DOI: 10.7554/eLife.25902.026

wk ¼max sk 1� cInð Þ;0ð Þ (5)

where

sk ¼ emd � edk (6)

That is, to account for the directionality implied by the originally sampled division direction

emd, the probability of the pushed cell to move to an adjacent lattice site ck is proportional to

the scalar projection of the vector connecting the pushed cell and the vertex at index k onto

the direction vector of the push. c is a penalty parameter in the interval [0, 1] that dictates

the degree of resistance in pushing the cell into an already occupied site. If c ¼ 1, it is not

possible to push a cell into an occupied site, and if c ¼ 0, there is no resistance what so ever

and only the direction of the push affects the displacement direction. Any value in between

is a tradeoff between the two extremes. In Appendix 1—figure 2, for example, there is a

high probability to push Cj to Ck, due to edk being almost parallel to emd (high sk), but

depending on the value of c, the site Ck may be sampled instead since that site is empty,

even if the directionality contributions is smaller ðsl<skÞ. Once a neighbor has been

displaced, the pushed cell moves into that lattice site and the daughter cell gets deposited

on the now free lattice site of the displaced cell. The displaced cell, may in turn then go on

to displace additional cells and this procedure is repeated until a cell gets pushed into an

unoccupied site.

Kaucka et al. eLife 2017;6:e25902. DOI: 10.7554/eLife.25902 36 of 37

Research article Developmental Biology and Stem Cells



Measure of order in the cartilage model
We are interested in assessing what factors are the main determinants to the degree of ordered

columnar growth in the cartilage sheet patches. To that end, we postulate that a perfectly

ordered structure consists of clonal columns growing straight and directed along the axis

perpendicular to the initial condition starting plane (Figure 5G). We then use the following

metric to quantify the degree of order in the structure

S¼
1

C

X

C

j¼1

1

Nj

X

Nj

i¼1

sij (7)

with sij

sij ¼ jvi .yj (8)

where y is a unit vector perpendicular to the initial condition plane, and vi are normalized

vectors joining two consecutive points (sorted by y-coordinate) in clones with the same

color. Nj is the number of cells of a given color minus one (the number of vectors), and C is

the number of unique clones tracked. This is illustrated graphically in Figure 5A. With this

metric, a score of S ¼ 1 would mean that all columns are perfectly aligned to the main

growth axis and a score of S ¼ 0 would mean that they are all perpendicular to it. We use

this metric to score realizations of the process either in the absence of a gradient, or when

the gradient is uniform in planes parallel to the center plane, so that in the case of a perfect

polarization, cells should all deposit their daughter cells perpendicular to the center plane.
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Abstract: The biomedically focused brain research is largely performed on laboratory mice con-
sidering a high homology between the human and mouse genomes. A brain has an intricate and
highly complex geometrical structure that is hard to display and analyse using only 2D methods.
Applying some fast and efficient methods of brain visualization in 3D will be crucial for the neu-
robiology in the future. A post-mortem analysis of experimental animals’ brains usually involves
techniques such as magnetic resonance and computed tomography. These techniques are employed
to visualize abnormalities in the brains’ morphology or reparation processes. The X-ray computed
microtomography (micro CT) plays an important role in the 3D imaging of internal structures of
a large variety of soft and hard tissues. This non-destructive technique is applied in biological
studies because the lab-based CT devices enable to obtain a several-micrometer resolution. How-
ever, this technique is always used along with some visualization methods, which are based on the
tissue staining and thus differentiate soft tissues in biological samples. Here, a modified chemical
contrasting protocol of tissues for a micro CT usage is introduced as the best tool for ex vivo 3D
imaging of a post-mortem mouse brain. This way, the micro CT provides a high spatial resolution
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of the brain microscopic anatomy together with a high tissue differentiation contrast enabling to
identify more anatomical details in the brain. As the micro CT allows a consequent reconstruction
of the brain structures into a coherent 3D model, some small morphological changes can be given
into context of their mutual spatial relationships.

Keywords: Computerized Tomography (CT) and Computed Radiography (CR);MRI (whole body,
cardiovascular, breast, others), MR-angiography (MRA)



2
0

1
8

 JIN
S

T
 1

3
 C

0
2

0
3

9

Contents

1 Introduction 1

2 Materials and methods 2
2.1 Sample preparation for micro CT measurement 2
2.2 Micro CT measurement and data processing 2
2.3 MRI measurement 3

3 Results and discussion 3

4 Conclusion 9

1 Introduction

Computed tomography is widely applied in the humanmedicine especially to monitor bone injuries,
to diagnose head, lung and chest conditions or to detect cancer. In the last decades, this non-
destructive imaging technique has been evolved and therefore is able to provide high-resolution
ex vivo analyses of biological samples. The micro CT brings unique possibilities concerning the
imaging of complex biological systems, such as the following cases: a description of a mouse knee
cartilage development [1]; a formation of 3D models of mouse chondrocranium, an analysis of
the ossification onset and morphological changes in various transgenic mice [2–4]; a noninvasive
observation of a human embryo [5].

The principle of the X-ray micro CT imaging is based on taking series of 2D projection radio-
graphs from different angles and their subsequent processing. In each projection, the information
about radiographic density is recorded. A mathematical process called tomographic reconstruction
forms a 3D matrix which represents a map of volume density. The spatial resolution of the system
is determined by the geometry of a cone beam. The achievable resolution is down to 1 µm for
lab-based machines. This method has proven to be an effective tool for imaging of native bone
tissues [6, 7], since the hydroxyapatite is dense enough to be easily detected. In the case of biolog-
ical samples and soft tissues ex vivo, the micro CT imaging requires an application of some X-ray
absorbing contrast agents, e. g. phosphotungstic acid (PTA), iodine or osmium [8]. If the contrast
is sufficient, it is possible to segment different structures within the 3D tomographic data by using
an appropriate software.

The major advantage of the CT method is the ability to image a bone, soft tissues and blood
vessels at the same time. In some cases, it is advantageous to combine the CT method with some
other techniques for in vivo imaging to visualize better various soft tissues. Especially in the case
of cancer diagnosis, the computed tomography is combined with the positron emission tomography
(PET/CT) [9].
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In biomedical research, the rodent brain attracts a lot of attention because of somehuman-related
pathologies that can be modelled in transgenic animals and also because of the high homology
between the human and mouse genome, which causes numerous fundamental neurobiological
questions [10]. To take advantage of the information gained from mouse brain research, it is
necessary to systematically collect the phenotype information at all biological levels. Conventionally
used 2D analysis methods — histology, immunochemistry or transmission electron microscopy —
show a high resolution within the plane in which the tissue is sectioned. However, these methods
are destructive and two dimensional in their nature.

In the case of post-mortem 3D imaging of mouse brain, the micro CT is not the only method
that could be applied. The magnetic resonance imaging (MRI) could be used for a similar purpose
as well. In the past, the micro CT was used as an accessory technique to MRI for the imaging of the
mouse brain. ThemicroCTwas employed for the imaging of the skull [6, 7] or for the visualization of
vascular system of mouse brain filled with radio-opaque silicone rubber Microfil [11–17]. With the
recent progress in development of chemical contrasting protocols for brain tissue [6, 18–22] or appli-
cation of micro CT imaging as a tool for location of cerebral ischemia [22, 23] or brain tumors [21,
24], micro CT imaging is becoming a vital research tool for mouse brain imaging in general.

In this article, we will focus on the mouse brain 3D imaging with a high-resolution laboratory
micro CT system combined with an optimization of sample staining. We use different staining
protocols based on iodine solution and phosphotungstic acid. The benefits of such approaches
will be specified. We will summarize the comparison of the different staining procedures and we
will also compare the gained data with the corresponding magnetic resonance data. Furthermore,
the power of presented method will be demonstrated by a number of 3D models of selected brain
structures with specifically complex 3D geometries that we have reconstructed and analyzed.

2 Materials and methods

2.1 Sample preparation for micro CT measurement

An adult mouse was sacrificedwith isoflurane overdose. The brain was dissected from skull and col-
lected into ice-cold PBS. Subsequently, the sample was fixed in freshly prepared 4% paraformalde-
hyde (PFA). The sample was dehydrated in ethanol grade (12 h) and stained in 1% iodine solution in
90%methanol. After 24 hours in the solution, the sample was rinsed in ethanol rehydration series to
end up in sterile distilled water. For the sake of micro CT measurement, the brain was embedded in
1% agarose gel and placed in a plastic tube. All animal (mouse) concerned work had been approved
and permitted by the Ethical Committee on Animal Experiments (Norra Djurförsöksetiska Nämd,
ethical permit N226/15 and N5/14) and was conducted according to The Swedish Animal Agency’s
Provisions and Guidelines for Animal Experimentation recommendations.

2.2 Micro CT measurement and data processing

MicroCTmeasurementwas performedwith aGEPhoenix v|tome|x L 240 (GESensing& Inspection
Technologies GmbH, Germany), equipped with a nanofocus X-ray tube with maximum power of
180 kV/15W. The data were acquired using a high contrast flat panel detector DXR250 with
2048 px × 2048 px, 200 µm × 200 µm pixel size. The micro CT scan was carried out in an air-
conditioned cabinet (21◦C) at 60 kV acceleration voltage and 200 µA tube current. Exposure
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time was 900ms and 3 images were averaged for reducing the noise. Two different measurement
procedures were performed. The first one was used for the evaluation of staining protocol. The
brains contrasted by various techniques were scanned with a voxel resolution of 18 µm. After the
evaluation, the second measurement procedure was applied for one brain with a voxel resolution
of 6.5 µm. 2200 projections were taken over 360◦ in this case. A tomographic reconstruction
was realized by software GE phoenix datos|x 2.0 (GE Sensing & Inspection Technologies GmbH,
Germany). Reconstructed slices were imported into a VG Studio MAX 3.1 (Volume Graphics
GmbH, Germany). In this software, the 3D data were aligned so that orthogonal slices matched
the horizontal (xy), coronal (yz) and sagittal plane (xz) resulting in series of 1700 coronal, 1090
sagittal and 680 horizontal tomographic sections of the brain. These data were compared with an
anatomical atlas, and 3D models of anatomical structures were obtained by a segmentation based
on the global thresholding.

2.3 MRI measurement

The post-mortem mouse brain within the skull was measured by a high-resolution MRI scanner
Bruker Avance 9.4 T (Bruker Biospin MRI, Ettlingen, Germany). The resolution of the obtained
data was 0.027×0.027mm (matrix 512×512 pixels). T1-weighted anatomical images of 25 parallel
2D slices were taken using the FLASH sequence with slice thickness 0.5mm, interslice distance
0.5mm, repetition time (TR) 461.3ms, effective echo time (TE) 6.1ms, 50 averages, flip angle
35.0◦, echo spacing 6.1ms. The total measurement time was 9 hours and 25 images were obtained.

3 Results and discussion

For a comprehensive visualization of the mouse brain structures done by a conventional micro CT,
a chemical contrasting step is usually required. The differentiation of soft tissues by an imaging
method delivers the biologically-relevant information only if the contrasting is sufficient. Our
priority in this research was achieving the ultimate differential contrast enabling the identification
of all major cell types or the tissue modes.

Inorganic iodine and phosphotungstic acid (PTA) are the most broadly used agents in the field
of post-mortem tissue contrasting for the following X-ray investigation [25]. Previously, it was
suggested to use alcohol solutions containing these compounds to enable a rapid diffusion into the
sample [8]. If iodine is compared to PTA, PTA appears as a larger molecule with much slower
tissue penetration rates [8]. Ten different staining protocols were tested to visualize mouse brain
structures by micro CT imaging (table 1). Samples were stained in PTA, iodine or combination of
both of solutions for various periods of time.

In order to compare the contrast among these samples, we analyzed all of them in the same
condition. The voxel resolution of obtained CT data was 18 µm, which turned out to be enough
to compare the quality of different contrasting protocols (figure 1). In summary, the staining in
iodine exhibited more clear contours of fibres than in the case of PTA-stained samples. Fixation of
samples in 4% PFA demonstrated higher contrast to tissues fixed in 10% PFA. The best resolution
was obtained in 1% iodine in 90% methanol solution. As this staining showed the most contrastive
and sharp edges of anatomical structures at coronal brain sections, we selected the sample stained
with this protocol for further analysis.
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Figure 1. Comparison of the coronal sections of samples following different staining protocols. (A) 1%
PTA in 90%MeOH for 21 days, (B) 1% PTA in 90%MeOH for 14 days, (C) 1% PTA in 100%MeOH for 16
days, (D) 1% PTA for 10 days + 1% iodine in 90% MeOH for additional 24h, (E) 1% iodine in 100% EtOH
for 24h, (F) 1% iodine in 100% EtOH for 48h, (G) 1% iodine in 100% EtOH for 7 days, (H) 1% iodine in
90% MeOH for 24h, (I) 1% iodine in 100% EtOH overnight, (J) 1% iodine in 100% EtOH for 24h.
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Table 1. List of different processing and staining protocols for brain visualization in micro CT.
Pre-fixation Post-fixation Dehydration Staining Time

A 4% PFA 4% PFA (24h) EtOH / 12h 1% PTA in 90% MeOH 21 days
B / 4% PFA (24h) EtOH / 12h 1% PTA in 90% MeOH 14 days
C 10% PFA 10% PFA (24h) EtOH / 12h 1% PTA in 100% MeOH 16 days
D 4% PFA 4% PFA (24h) EtOH / 12h 1% PTA + 1% iodine

in 90% MeOH
10 days PTA/24h

iodine
E 4% PFA 4% PFA (24h) EtOH / 12h 1% iodine in 100% EtOH 24h
F 4% PFA 4% PFA (24h) EtOH / 12h 1% iodine in 100% EtOH 48h
G 4% PFA 4% PFA (24h) EtOH / 12h 1% iodine in 100% EtOH 7 days
H 4% PFA 4% PFA (24h) EtOH / 12h 1% iodine in 90% MeOH 24h
I 10% PFA 10% PFA (12h) EtOH / 2h 1% iodine in 100% EtOH overnight
J 10% PFA 10% PFA (12h) EtOH / 2h 1% iodine in 100% EtOH 24h

Four coronal sections (figure 2) from different parts of the mouse brain demonstrate the extent
of resolution quality of contrasting protocol as captured by a micro CT scan. Identification of the

Figure 2. Visualization of the internal brain structures as shown on CT images in the coronal sections.
(A) ACO anterior commissure, CC corpus callosum, CP caudoputamen, LOT lateral olfactory tract, NDB
nucleus of diagonal band, VL lateral ventricle. (B) CC corpus callosum, CP caudoputamen, FX fornix, INT
internal capsule, OPT optic tract, SM stria medullaris (thalamus), V3 third ventricle, VL lateral ventricle.
(C) CC corpus callosum, CP caudoputamen, DG dentate gyrus, FX fornix, INT internal capsule, MTT
mamillothalmic tract, OPN olivary pretectal nucleus, V3 third ventricle. (D) ALV alveus, CC corpus
callosum, CPD cerebral crus, DG dentate gyrus, MMmedial mammillary nucleus, PC posterior commissure.
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described structures in the coronal sections was based on the annotation from Allen Mouse Brain
Atlas [26]. For instance, corpus callosum, cerebral peduncle and anterior commissure appeared
among the most contrasted and easily identifiable structures. Furthermore, the smaller and finer
structures such as mamillothalmic tract, column of the fornix or caudoputamen were successfully
recognized as well. Because of the grey matter’s high contrast, the ventricles (e.g. lateral ventricle
and third ventricle) were also evident.

Although both micro CT and MRI belong to the category of methods providing 3D imaging
of the internal structures, the character of the output data including the resolution quality is rather
different. The geometry of the data element called voxel has a cubic shape (the same dimensions
in all three axes) in the CT and a rectangular cuboid shape in the MRI. The MRI data voxel
is defined by the pixel size and slice thickness, which is typically significantly larger than pixel
dimensions, i.e. the lateral and axial resolution are different. Isotropic 3D imaging is feasible by
both methods, however the length of such experiments needed for achieving a good signal-to-noise
ratio is limiting. Consequently, the brain structures were analyzed in detail on 1900 coronal CT
slices (with voxel size 6.5 µm × 6.5 µm × 6.5 µm) and 25 coronal MRI slices (with voxel size
27 µm × 27 µm × 500 µm). From this point of view, CT data provided enhanced opportunities
to study the arbitrary cross-sections within one dataset and also demonstrated an accurate 3D
modelling of internal structures.

The voxel values are defined by greyscale values depending on different properties of the
material. CT greyscale values are defined by the X-ray absorption properties in relation to the
atomic number of the sample material and to the accelerated voltage of the X-ray source [27,
28]. Based on this fact, brighter tissues refer to denser materials. In the case of anatomical
T1 weighted MRI, the amount of the obtained signal depends on the time needed for realigning
proton spins in main magnetic field (realigned to Boltzmann equilibrium) [29, 30]. For instance,
the fat realigns its spins quickly, and therefore it appears bright on a T1 weighted image [29, 30].
Water realigns much slower, and therefore it has a lower signal and is represented by darker
values.

As for the measurement time, it depends on the particular method. Considering ex vivo
approach plus the highest possible resolution of both systems, the typical brain measurement took
approx. 9 hours for the MRI and 2 hours for the CT.

To compare corresponding MRI and micro CT data (figure 3, table 2), we selected four pairs
of corresponding coronal slices of the adult mouse brain. Corpus callosum, anterior commissure,
medial mammillary nucleus, posterior commissure and cerebral peduncle were clearly recognizable
on both micro CT and MRI images. All the mentioned structures demonstrated well-defined edges
in micro CT data. Lateral ventricle, lateral olfactory bulb, optic tract, stria medullaris, internal
capsule and cerebral peduncle were also detectable in both micro CT and MRI data. However,
unlike the micro CT images, MRI pictures did not display a clear identification of above mentioned
structures. The structures such as myelinated fibres in caudoputamen, third ventricle, column of
the fornix, dentate gyrus, mamillothalmic tract and other locations were clearly distinguished in
the micro CT. Moreover, the compartmentation of dorsal hippocampal commissure from corpus
callosum and alveus was possible only in micro CT images.

As the next step, we selected several structures for segmentation to demonstrate possible outputs
from micro CT data (figure 4, figure 5, figure 6). Tissue segmentation and construction of accurate
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Figure 3. Comparison between corresponding coronal sections in MRI (A, C, E, G) and contrasted (1%
iodine in 90% methanol) micro CT (B, D, F, H) of mouse brain.

– 7 –



2
0

1
8

 JIN
S

T
 1

3
 C

0
2

0
3

9

Table 2. Identification of anatomical structures in mouse brain in micro CT and MRI images (*not suitable
for segmentation, hard to detect).

structure micro CT MRI

corpus callosum X X

anterior commissure X X

medial mammillary nucleus X X

posterior commissure X X

cerebral peduncle X X

lateral ventricle X X*
lateral olfactory bulb X X*

optic tract X X*
stria medullaris X X*
internal capsule X X*
cerebral peduncle X X*

myelinated fibres in caudoputamen X ×
third ventricle X ×

column of the fornix X ×
dentate gyrus X ×

mamillothalmic tract X ×

Figure 4. Visualization of steps during segmentation. (A) Area of the coronal section in the 3D model of the
adult mouse brain, (B) Unmarked tomographic section, (C) Tomographic section with manually segmented
corpus callosum (pink), myelinated fibres in caudoputamen (light blue) and anterior commissure (green).

3D models was possible thanks to high-resolution tomographic sections in all coronal, sagittal and
horizontal planes and also, a fine contrast was implied by the improved staining protocol. Such a
precise 3D visualization could be useful in future for variety of structural analyses in developmental
biology and pathological studies. Above that, such data can be used for the educational purposes
as they may be utilized for a subsequent 3D printing [31].
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Figure 5. Structures segmented frommicroCT images. (A)Complex of corpus callosum, dorsal hippocampal
commissure and alveus (pink), (B) Myelinated fibres in caudoputamen (light blue), (C) Column of the fornix
(purple), (D) Mamillothalmic tract (orange), (E) Anterior commissure (green).

4 Conclusion

Three-dimensional imaging of the rodent brain plays an important role in modern neurobiology and
biomedicine research. This kind of imaging enables a precise analysis of developmental changes,
tissue damage and tumor recognition with a focus on fine morphological modifications. We worked
with several chemical contrasting protocols and compared their ability to visualize brain tissues by
a laboratory micro CT device. Our results proved this method to be a powerful tool for a high-
resolution ex vivo 3D imaging of the rodent soft tissues. The state of the art of the laboratory CT
systems together with a staining protocol based on iodine solution enabled to reveal an intricate and
geometrically complex internal brain structures in a high resolution. Tissue contrast was found to
be considerably stronger in the micro CT images in comparison to the commonly used post-mortem
MRI. Consequently, CT data enabled an easier segmentation and 3D reconstruction of internal
brain structures. Generally, the 24 hours sample processing together with a two-hour-long CT
measurement can provide a quick and complete visualization of the brain’s internal and external
morphology with a simultaneous and semi-automated identification of the major neural tracks,
nuclei and other delicate details. Thanks to all these benefits, the micro CT systems have their place
in a routine use in various types of neurobiological experiments.
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Figure 6. Segmented brain structuresmicroCT images. (A, B) Sagittal view, (C,D) dorsal view, (E, F) ventral
views on dorsal hippocampal commissure and alveus (pink), column of the fornix (purple), mamillothalmic
tract (orange), myelinated fibres in caudoputamen (light blue), anterior comissure (green) and complex of
corpus callosum, dorsal hippocampal commissure and alveus (pink), in context of the whole adult mouse
brain.
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Chapter 30

Revealing 3D Ultrastructure and Morphology of Stem Cell 
Spheroids by Electron Microscopy

Josef Jaros, Michal Petrov, Marketa Tesarova, and Ales Hampl

Abstract

Cell culture methods have been developed in efforts to produce biologically relevant systems for develop-
mental and disease modeling, and appropriate analytical tools are essential. Knowledge of ultrastructural 
characteristics represents the basis to reveal in situ the cellular morphology, cell-cell interactions, organelle 
distribution, niches in which cells reside, and many more. The traditional method for 3D visualization of 
ultrastructural components, serial sectioning using transmission electron microscopy (TEM), is very labor- 
intensive due to contentious TEM slice preparation and subsequent image processing of the whole collec-
tion. In this chapter, we present serial block-face scanning electron microscopy, together with complex 
methodology for spheroid formation, contrasting of cellular compartments, image processing, and 3D 
visualization. The described technique is effective for detailed morphological analysis of stem cell spheroids, 
organoids, as well as organotypic cell cultures.

Key words 3D visualization, Image reconstruction, Image segmentation, Morphology, Organoid, 
SBF-SEM, Scanning electron microscopy, Serial block-face, Spheroid, Stem cell, Ultrastructure

1 Introduction

Stem cells are broadly studied and envisioned for use as model systems 
in regenerative medicine, developmental and disease modeling, as 
well as for evaluating the effectiveness and safety of therapeutic 
drugs. However, conventionally used planar cell cultivation (mono-
layer) lacks spatial organization of cells, which leads to aberrant 
behaviors: flattened shape, abnormal polarization, altered response 
to pharmaceutical reagents, and loss of differentiated phenotype 
[1]. Therefore, three-dimensional (3D) cell culture methods have 
been developed in efforts to produce the most possible biologically 
relevant models in vitro. The complex 3D  environment provides 
the cell-cell and cell-extracellular matrix (ECM) signaling, and also 

Electronic supplementary material: The online version of this chapter (doi: 10.1007/978-1-4939-7021-6_30) 
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establishes structural features, such as morphology and spatial 
organization of cells and subcellular compartments [2, 3]. Still, 3D cell 
culture is not yet optimized due to lack of standardized analytical 
tools for quantifying biological response [4].

Utilization of microscopy and imaging for morphological 
characterization of aggregates, individual cells, and ultrastructural 
compartments with subsequent 3D visualization could overcome 
some of these limits [5–7]. Both light microscopy and transmission 
electron microscopy have been used to determine architectural 
parameters, but they have technical limitations and/or they are 
very labor-intensive and require a high degree of skill and training. 
Then, high-resolution 3D imaging of cellular ultrastructure 
remains mostly elusive. Dramatic improvement in electron micros-
copy was achieved by developing two methods, which utilize auto-
mated sectioning of biological specimen. First, serial block-face 
imaging scanning electron microscopy (SBF-SEM) uses the auto-
mated ultramicrotome located inside the SEM chamber and 
removes sections (≥20 nm thick) from the block face [8], while the 
second method applies focused ion beam (FIB) to mill away sec-
tions (~5 nm) of substrate of investigated sample [9]. The principal 
of imaging is then the same for both, SEM image of truncated 
surface is acquired after each section.

Here, we describe utilization of the SBF-SEM method which 
provides scanning of relatively large overviews (typically 500–
5000 μm2) and volumes in comparison to FIB, which is limited by 
the size of the field that can be milled and imaged, usually less than 
800 μm2 [10].

We have employed pluripotent stem cells due to their high 
proliferation potential, differentiation capacity, and colony- forming 
behavior during cultivation in 3D matrices. Staining procedures 
were suited to electron dense contrasting of DNA and membranes 
for 3D modeling and visualization of chromatin, membranes, and 
organelles (e.g., Golgi apparatus, mitochondria). Further image 
processing was performed by commercial software in our case (VG 
studio Max, Avizo), however freeware (e.g., Fiji, The Visualization 
Toolkit) or other commercial software (Gatan Microscopy Suite, 
Autodesk, etc.) is available.

In the present protocol, we demonstrate the methodology for 
revealing the 3D cellular ultrastructure of stem cell spheroids and 
their inner compartments, which is efficiently applicable for any of 
3D cell culture models.

2 Materials

Prepare all solutions using ultrapure water (ddH2O; prepared by 
purifying deionized water to attain a sensitivity of 18 MΩcm at 
25 °C) and analytical grade reagents. Prepare and store all reagents 
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at room temperature (RT) unless indicated otherwise. Thoroughly 
follow all waste disposal regulations when disposing waste materi-
als, especially in case of toxic reagents, which are used for electron 
microscopy contrasting.

All materials and solutions must be sterile.

 1. Human embryonic stem cells (hESCs) grown on Matrigel, 
e.g., H9, CCTL-14, or CCTL-12 (see Note 1).

 2. Matrigel hESC-qualified matrix (Corning, 354277).
 3. Conditioned medium (CM): Knockout serum replacement 

medium (20% KSR, 2 mM nonessential amino acids, 2 mM 
l-glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin, 
0.1 mM β-mercaptoethanol, and 4 ng/mL of FGF2 in 
DMEM/F12) collected from irradiated mouse embryonic 
fibroblast culture every 24 h for 5 days, freshly supplemented 
with 4 ng/mL of FGF2 and 2 mM l-glutamine and sterile- 
filtered before use (see Note 2).

 4. Phosphate buffered saline (PBS).
 5. TrypLE Express (1×).
 6. Fetal bovine serum (FBS), heat inactivated.
 7. Glass Pasteur pipette with flamed opening to create a bevel.
 8. 60 mm cell culture-treated tissue culture dishes.
 9. 60 mm nontreated tissue culture dish.
 10. 2 mL round-bottom centrifuge vial.
 11. Tissue culture equipment, such as cell culture incubator with 

temperature, humidity and CO2 control, laminar flow cabinet, 
inverted optical microscope, centrifuge, water bath, etc.

Most of the fixatives and contrasting agents are irritants or toxic on 
inhalation or skin contact. Work in a fume hood and wear gloves; 
nitrile, PVA, or Barrier-brand gloves are preferred for work with 
contrasting agents.

 1. CacoB working solution: 0.1 M sodium cacodylate in 
ddH2O. Prepare as 2× CacoB stock solution (0.2 M sodium 
cacodylate buffer) by adding 4.28 g of sodium cacodylate to 
50 mL of ddH2O. Adjust pH by adding 5 mL of 0.2 N HCl 
and fill the volume to 100 mL with ddH2O. Aliquot (10 mL) 
and store at −20 °C. For working solution, dilute 1 part of 
2× CacoB stock solution in 1 part of ddH2O.

 2. GA stock solution: 6% glutaraldehyde in ddH2O (see Note 3). 
Store at −20 °C.

 3. FA stock solution: 4% formaldehyde in 0.2 M CacoB stock 
solution (see Note 3). To prepare 10 mL, add 1 mL of 40% 
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formaldehyde to 9 mL of 0.2 M CacoB. Store at −20 °C up 
to 6 months.

 4. GAFA fixative: Mix GA stock solution and FA stock solutions 
in the ratio 1:1 (v/v).

 5. Tannin-GAFA fixative: 1% (w/v) tannin in GAFA fixative.
 6. OsO4 fixative: 4% OsO4 in ddH2O (see Note 4). OsO4 is 

obtained commercially as 1 g crystals sealed in breakable glass 
ampoules. Score the glass ampoule with a diamond pencil in 
upright position (if it is not prescored by the manufacturer) 
above an opened 50 mL glass stoppered reagent bottle. Drop 
the ampoule immediately into the reagent bottle, add 25 mL 
of ddH2O water, insert the stopper, and then gently jiggle the 
bottle until the glass ampoule is lying flat at the bottom with-
out any air bubbles. After dissolving crystals at RT, place the 
reagent bottle to store at 4 °C (see Note 5).

 7. FerroOS postfix: 1.5% (w/v) potassium ferrocyanide in 1% 
OsO4. Add 30 mg of potassium ferrocyanide to 1 mL of CacoB 
stock solution. Vortex the vial to dissolve and add 0.5 mL of 
OsO4 post-fixative with 0.5 mL of ddH2O. Filter with a 0.22 μm 
filter before use to remove coagulates. Prepare freshly or store 
in a double container at 4 °C for 1–2 days (see Note 6).

 8. UA stock: 5% (w/v) uranyl acetate solution. To prepare 10 mL, 
add 0.5 g of uranyl acetate to 10 mL of ddH2O. Cover with 
aluminum foil and stir overnight (see Note 7). Filter with a 
0.22 μm filter. The solution is stable for at least 6 months at 
4 °C.

 9. UA stain. 1% uranyl acetate. Dissolve 1 part of UA stock in 4 
parts of ddH2O. Store at 4 °C. If possible, use freshly prepared 
staining solution and filter out or centrifuge the undissolved 
crystals of uranyl acetate before use.

 10. Razor blades (0.009 single edge).
 11. Paintbrush, thin.
 12. Weighing spatula.

 1. London Resin White (LRW). Prior to mounting, equilibrate 
1.98 g of catalyst and 100 g of LRW (Medium Grade) to RT 
for 15 min, then mix together and shake thoroughly for 30 min 
with a magnetic stirrer. The catalyst will take full 24 h in a 
refrigerator to dissolve completely. During this time it is most 
helpful if the mixture can be shaken from time to time. Once 
mixed and fully dissolved, the resin must be stored at 4 °C to 
maintain its shelf life. Once catalyzed, LRW’s shelf life is 
12 months if stored in a refrigerator or it can be aliquoted and 
stored in −80 °C. Allow the resin to reach RT at least 15 min 
before use (see Note 8).

2.3 Embedding, 
Electron Microscopy, 
and Image Processing
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 2. 100% ethanol.
 3. Flat embedding coffin mold (or gelatin capsules).
 4. Paraffin film (or Aclar film, or polyethylene-based film).
 5. Oven for 65 °C (or UV lamp, 365 nm, 4 W).
 6. Conductive epoxy glue.
 7. Tescan MAIA3 XMU SEM with integrated Gatan 3View2XP 

ultramicrotome.
 8. Flat screwdriver and hex key.
 9. Image processing and 3D visualization software—VG studio 

Max 2.2 (Volume Graphics GmbH) and Avizo 7.0 (FEI).

3 Methods

All cell handling should be performed under sterile conditions in a 
Class II Biological Hazard Flow Hood, and all biologically con-
taminated material should be disposed of properly. All cell cultures 
should be maintained at 37 °C in a humidified atmosphere of 5% 
CO2 in air.

 1. Prior to each passaging, remove overtly differentiated hESC 
colonies to maintain the general undifferentiated and homoge-
neous state of the culture. Under a dissecting microscope 
within a laminar flow cabinet, mechanically excise differenti-
ated regions from the dish using a Pasteur pipette with bevel 
and aspirate them.

 2. To passage hESCs, wash the cells with PBS and add TrypLE 
(1 mL per 60 mm petri dish). Incubate for 4 min at 37 °C, and 
release the cells by tapping the dish.

 3. Add an equal volume of CM medium to dilute the TrypLE 
and pipette the medium three to four times across the dish to 
wash off remaining adherent cells.

 4. Transfer the cells gently to a 15 mL conical tube and centrifuge 
at 100 × g for 4 min at 4 °C.

 5. Aspirate supernatant and resuspend pellet in 1 mL of CM 
medium.

 6. Count the cells using Trypan blue and hemocytometer and 
dilute to concentration of 1 × 105 cells per mL.

 7. Seed hESCs at 20,000 cells/cm2 on Matrigel-coated tissue 
culture dishes. Cultivate in a cell culture incubator for 3–5 days 
with daily change of medium.

 1. After cells reach 80% of confluency, prepare the matrix for 3D 
formation. Place an aliquot (270–350 μL) of Matrigel into ice 
for at least 15 min to thaw. Also, place the 200 μL pipette tips 
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and centrifuge tubes for at least 15 min at −20 °C to chill prior 
to work with Matrigel.

 2. In the meantime, harvest the cells as described in Subheading 
3.1, steps 2–6.

 3. Withdraw the volume with 1000 cells, drop it to the bottom of 
cold centrifuge tube placed in ice, and resuspend the cells in 
cold CM to the final volume of 50 μL.

 4. Withdraw 50 μL of Matrigel using a chilled tip and gently mix 
it with the cell suspension. Avoid bubble formation.

 5. Slowly pipette 5 μL of the suspension into drops or 10 μL of 
the suspension into lines onto the hydrophobic surface of a 
nontreated culture dish (see Note 9).

 6. Allow the Matrigel-cell suspension to solidify for 5 min in the 
cell culture incubator. Then slowly add CM pre-warmed to 
37 °C (see Note 9).

 7. Culture for 3–6 days. Change the medium daily.

 1. Aspirate culture medium and wash samples with PBS pre- warmed 
to 37 °C.

 2. Pour carefully Tannin-GAFA fixative to the dish and let it sit 
covered in a fume hood for 1 h at RT.

 3. Wash two times for 5 min each in 0.1 M CacoB.
 4. Drain off the buffer and circumscribe the Matrigel drops/lines 

with cotton swabs or hydrophobic pen to draw a hydrophobic 
barrier (see Note 10).

 5. Drop freshly filtered FerroOS postfix on samples and incubate 
them covered for 1 h in a fume hood (see Note 11).

 6. Wash three times with 0.1 M CacoB for 5 min each (see 
Note 12).

 7. With a razor blade, cut the samples into pieces of approxi-
mately 1 × 1 × 1 mm (Fig. 1a), or separate the appropriate 
spheroids on optical microscope. Transfer the samples to 2 mL 
centrifuge vials.

 8. Rinse with ddH2O two times for 5 min each. In the meantime, 
prepare fresh UA stain.

 9. Continue by contrasting samples with 1% UA stain for 20 min 
at RT in a dark place to protect from light degradation.

 10. Wash three times quickly in ddH2O.

 1. Dehydrate the samples in an ascending ice-cold alcohol series 
[30, 50, 70, 80, 90% (v/v)] for 10 min at each concentration 
at 4 °C.

 2. Infiltrate the samples stepwise with LRW resin. Incubate the 
specimen in a mixture containing 50:50 (v/v) LRW/EtOH 

3.3 Fixation  
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for 30 min at 4 °C. Then exchange the mixture for 75:25 (v/v) 
LRW/EtOH for 30 min at 4 °C. Finally, cover samples with 
100% LRW resin and leave overnight at 4 °C.

 3. Next day, allow vials to reach RT for 10 min. Using a metal- 
weighing spatula (palette knife) and a paintbrush, transfer the 
samples to an embedding coffin mold (or a gelatin capsule in a 
rack) filled with 100% LRW. Ensure that there are no bubbles 
in the resin.

 4. Gently orient the samples to the end of the embedding mold 
using a paintbrush. Resin must be slightly over-filled in the 
cavities of mold (Fig. 1b).

 5. Cut a piece of paraffin film to the size of the mold, and place it 
right on the top of mold to exclude oxygen.

 6. Polymerize the resin in an oven at 65 °C for 2 days (see Note 13).
 7. Remove hardened blocks from the mold using a razor blade or 

spatula.

Fig. 1 Processing of cell culture in Matrigel. (a) Lines and drops formed on hydro-
phobic surface of a 60 mm nontreated Petri dish. White arrows show cutting of 
specimen after fixation. (b) Embedding of samples with LRW in coffin mold. 
Black arrow indicates orientation of samples in block. (c) Schematic illustration 
of trimmed block glued to pin for serial block face imaging. (d) Representative 
images of hESC spheroids organized within Matrigel after 4 days of cultivation 
observed in transmitted optical microscope (upper panel) and scanning electron 
microscope (lower panel). Scale bar, 10 μm
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 8. Cut excess resin with a razor blade and trim the block carefully 
until you reach the sample with spheroids, which should be 
visible as black.

 9. Trim the block into a 3 mm high trapezoid (pyramid shape) 
with the spheroid located on top and cut it off from the rest of 
the block (see Note 14).

 10. Stick the trapezoid on the top of an aluminum pin with conduc-
tive epoxy glue and leave to harden for 5–10 min (Fig. 1c).

 11. Coat the sample with 5 nm platinum (or gold) in a sputter 
coater.

Once the sample is trimmed, glued to the aluminum pin and sput-
tered, it has to be properly positioned in a pin holder, the removable 
part of Gatan 3View2 ultramicrotome assembled in SEM.

 1. Put the pin in the pin holder and tighten the side screw (see 
Note 15).

 2. Release the hex screw from the pin holder bottom. Place the 
holder under an optical microscope on the table and by rotat-
ing concentric ring with fastened pin, position the sample into 
the center (see Note 16).

 3. Once the positioning is done, fasten the hex screw from bellow 
of the pin holder.

 4. Vent the SEM chamber and open the door of electron 
microscope.

 5. Place the optical microscope onto the door of electron micro-
scope (Fig. 2).

3.5 Serial Block Face 
Imaging of Spheroids

Fig. 2 TESCAN MAIA3 XMU SEM with integrated Gatan 3View2XP ultramicrotome. (a) The optical microscope 
on the SEM door serves for precise sample positioning with respect to the knife. (b) A detail of the Gatan ultra-
microtome. The white arrows indicate where the pin with sample is located and black arrows show screws for 
a knife movement adjustment. (c) The ultramicrotome integrated in the door of SEM, rear view
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 6. Turn on the LED light.
 7. In Gatan software set the X, Y position to zero and lower the 

Z position of ultramicrotome to the minimum.
 8. Check if the knife is in the position “clear.” If not set it in the 

knife control panel.
 9. Insert the pin holder with sample to the ultramicrotome. Using 

the screw that controls the coarse sample adjustment, lower 
the holder so that the top of the sample is under the knife edge 
(see Note 17).

 10. Once the knife does not collide with the sample, release the 
knife movement by setting the “near knife” in the Gatan 
software.

 11. Hold the knife above the sample and raise it slowly toward the 
edge using the screw that controls the coarse sample adjustment. 
Check the distance by an optical microscope (see Note 18).

 12. After approaching the sample, fasten the two hex screws to fix 
the pin (see Note 19).

 13. Perform several (e.g., 5–10) cutting cycles and visually check 
whether the knife goes across the whole sample area.

 14. The range of the knife movement can be slightly adjusted by 
tightening or loosening the appropriate screw. Also the dis-
placement of the knife can be adjusted perpendicularly to the 
direction of knife movement (see Note 20).

 15. Turn off the LED light, remove the optical microscope from 
the SEM door, close and pump the chamber of the electron 
microscope.

 16. Run the wide field imaging mode of the electron microscope 
and focus the sample. Set the cutting speed and thickness of 
ultramicrotome to the highest value to approach fast to the 
sample.

 17. Once the knife touches the sample, stop the knife approach 
and adjust parameters of cutting. These are cutting speed, 
thickness, amount of cutting cycles, and knife oscillation as the 
minimum. Besides, different imaging modes can be chosen: 
current (actual field of view), multiple regions of interest, and 
stitching (see Note 21).

 18. Control the processing of SBF imaging during the first 20 
section cuts and at least once after a hundred section cuts 
(see Note 22).

The organization of cells in the organoid is visualized and organelles 
are segmented in the selected cells. Image processing is performed 
using a combination of commercial software VG studio Max 2.2 
and Avizo 7.0. For the segmentation of the cells and organelles, 
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image filtration is necessary. However, despite the filtration, in 
most cases, the segmentation cannot be done fully automatically 
because of the stained protein matrix surrounding spheroids. 
Therefore, the 3D modeling is performed by combination of 
manual segmentation and automated interpolation.

 1. Import images in tiff format into the VG Studio software. 
Select pixel size for dimensions x and y (e.g., 40 nm). The 
parameter z determines the distance between slices (e.g., 
70 nm).

 2. Apply image filters to get rid of a pattern that was introduced 
by sample preparation (cutting the samples for the scanning). 
Use Median filter and Adaptive Gauss: Smoothing 0.8, Edge 
Threshold 0.1 (see Note 23).

 3. Export DICOM image stack.

 1. Import DICOM image stack into Avizo software: Open data—
mark all DICOMs—option Read complete volume into 
memory.

 2. Loaded volume of the data appears in a file format *.vol. Select 
this file for all processes with raw data.

 3. Create three orthogonal views on the data: Right click on the 
file *.vol—Orthoslice—and choose three different orientations 
xy, xz, yz.

 4. Start manual segmentation in special window: Right click on 
file *.vol—Image segmentation—option Edit new label field. 
Each label field represents one object (cell) or a type of objects 
(nucleus, organelles, etc.) (Fig. 3).

3.6.1 Filtration 
of the Data 
and Preparation for Manual 
Segmentation

3.6.2 Manual 
Segmentation

Fig. 3 Image segmentation of individual cell and its organelles within a spheroid. 
Cytoplasmic membrane, black dot-and-dash line; nucleus, solid line; nucleolus, 
dash line; pars fibrosa, white dotted line; dictyosomes of Golgi complex, white 
solid; secondary lysosomes, black thick solid line. Scale bar, 10 μm. (a) original 
image, (b) image with marked organelles
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 5. Set histogram and adjust contrast in the right panel. It is 
possible to change gray value intervals for each orthogonal 
view separately.

 6. Manual segmentation is performed by drawing around the 
selected area by using software tools:
(a) Brush—manual drawing; Size of the brush can be changed 

according to the dimensions of the segmented object.
(b) 2D lasso—useful for filling borders of larger, inhomoge-

neous areas.
(c) Blow tool—uses gradient method for areas with distinct 

borders and homogenous filling inside. The segmented 
area spreads until it reaches a threshold represented by a 
significant gray value.

 7. Perform manual segmentation for approximately one in five or 
ten slices (depending on the diversity of the object). Compute 
the rest by interpolation (use: ctrl + I). Check the interpolated 
slices (because of occasional incompleteness).

 8. Create 3D view on the segmented area: Add selected voxels. 
Then move back to project scene tree—mark item 
labels—Display > Isosurface > Apply.

 9. Construct STL model after the manual segmentation is done: 
Mark selected item of labels—Compute > Generate 
Surface > Apply. First, Smoothing labels is computed, and then 
Computing triangulation is performed (see Note 24). 
Computed surface appears in the right panel as file *.surf.

 10. Export the STL model by marking item file *.surf: Save Data 
As > select suffix STL ascii.

 1. Import STL models to VG studio software into raw data. 
File > Import > Polygon.

 2. Transfer polygon to region of interest in the volumetric data. 
Software function ROI from polygon/CAD in the left panel.

 3. Use the function Smoothing if distinct inaccuracies occurred 
during interpolation of manual segmentation (see Note 25).

 4. Create a surface from finished and fixed region of interest by 
Surface determination (top panel). Use the advanced mode for 
determining starting contour—It can be defined in histogram 
or by finished region of interest. For determining only the bor-
der of the region of interest and ignoring gray values, use 
expert mode > select Multi material and set Edge threshold to 
the highest possible value (255 for 8-bit image and 65,535 for 
16-bit images) > Finish.

 5. Export new STL from surface determination or just put 
new polygons into project scene tree by function Surface 

3.6.3 Polygon Rendering 
and Final Visualization
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extraction. Preset selection determines the mesh density. Normal 
is usually a sufficient choice.

 6. Adjust the created model by Polygon rendering (top panel). To 
change opacity, switch the rendering settings to Raytracing 
renderer mode. Changing colors of the front face and the back 
face is possible in the Material section.

 7. Export and save final images (Fig. 4) or animations 
(Supplementary Video 1) in the format required.

4 Notes

 1. Human pluripotent stem cells are usually grown on feeder 
support layer. Their adaptation to feeder–free conditions for 
monotypic cultivation and preparation of pluripotent stem cell 
culture was described [11]. Coating of tissue culture plastic 
with Matrigel was performed according to manufacturer’s 
instructions.

Fig. 4 3D visualization of stem cell spheroid. (a) Individual cells distinguished by 
brownish-gray colors. (b) Entombment of individual cell and its distribution within 
spheroid. (c) Visualization of subcellular components. Nuclei and nucleoli 
enhanced. (d) 3D visualization of a single cell in a spheroid, its morphology, and 
subcellular components. Cytoplasmic membrane, grey; nucleus, magenta; 
nucleolus, red; dictyosomes of Golgi complex, green; secondary lysosome, blue. 
Scale bar, 10 μm. Animation of 3D visualization of the spheroid is presented in 
Supplementary Video 1
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 2. Alternatively, xeno-free medium can be used instead of condi-
tioned medium. mTeSR-1 is commercially available or can be 
prepared as described in Ludwig and Thomson, 2007 [12].

 3. Caution! The compound is toxic on inhalation and skin 
contact.

 4. Caution! The vapors are extremely toxic. All work must be 
done in a fume hood. Use nitrile gloves (not latex); double- 
gloving is recommended when working with pure osmium 
tetroxide or concentrated solutions. Check gloves for contami-
nation. Inspect all equipment for osmium tetroxide contami-
nation after work. If contamination is found, immediately 
cover the contaminated area with high polyunsaturated vegeta-
ble oil or milk powder to neutralize the osmium. After neutral-
ization, discard into appropriate waste container. Do not leave 
it in laboratory waste.

 5. Because osmium vapors may escape in fridge, it is the best to 
store the reagent bottle in a second air-tight container in a 
dedicated refrigerator. Protect it from prolonged light 
exposure.

 6. Same as for OsO4.
 7. Uranyl acetate precipitates when ageing and exposed to light, 

especially UV. Addition of glacial acetic acid [0.3% (v/v)] 
prevents photodegradation and increases long-term storage; 
however, it decreases staining effect. Moreover, UA is both 
toxic and mildly radioactive, but as long as the material remains 
external to the body, it is not harmful. Avoid the possibility of 
inhalation or ingestion of the material.

 8. Usually, the resin is supplied as non-catalyzed for long-term 
storage together with the catalyst (benzyol peroxide). Do not 
attempt to heat the resin to speed the dissolution of the cata-
lyst. All methacrylates (acrylics) should be considered hazard-
ous. Direct contact and inhalation should be strongly avoided. 
While moderately toxic and allergenic, high concentrations 
may be very harmful to tissue. In addition, the methacrylates 
are combustible and vapors may be explosive. All acrylics 
should be stored in airtight vessels and used in chemical fume 
hoods with the appropriate protective clothing (gloves and 
goggles). Vinyl, latex and nitrile gloves alone are quickly com-
promised by contact with methacrylates. Recommended gloves 
are polyvinyl alcohol or Barrier-brand.

 9. Use required size of culture dish. For 60 mm Petri dish use 
5 mL of medium, for a well of a six-well plate use 3 mL of 
medium.

 10. Hydrophobic barrier allows significant reduction of volume of 
chemicals. If strips of cell/Matrigel suspension detach from 
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the culture dish during longer cultivation, draw the barrier for 
fixation with Tannin-GAFA already.

 11. During manipulation with osmium, work in a fume hood. 
Open vials only for the interval and keep samples covered. 
Avoid inhalation. Longer incubation is possible, but be aware 
that delicate details can be darkened. You can also use shorter 
incubation time if the background increases for your samples.

 12. If necessary, it is possible to leave samples in the third bath of 
CacoB at 4 °C overnight; however, it is recommended to con-
tinue in processing.

 13. The polymerization of resin can be done also by UV lamp at 
4 °C (in a cold room or refrigerator) in the distance of 
10–15 cm from the lamp for 2 days. The aerobic conditions 
lead to pro-longed polymerization and shrinkage of blocks in 
both conditions—heating, as well UV light.

 14. When gelatin capsules are used for embedding, initial trimming 
of the block with a jeweler’s saw is faster and the final trim with 
the razor blade is then much easier.

 15. If the sample has a rectangular shape, position it so that the 
longer side of the sample is parallel to the side screw.

 16. The side screw that holds the pin must stay on the left or right 
side with respect to the pin holder so that it does not block the 
ultramicrotome knife later. Precise positioning of the sample in 
the holder is recommended to perform using an optical stereo 
microscope or macroscope.

 17. The side screw that holds the pin must stay perpendicular to 
the knife movement direction.

 18. Slow knife swinging helps to better estimate the sample-knife 
distance.

 19. After tightening screws once again carefully check and eventu-
ally correct the distance between the knife and the surface of 
the sample.

 20. If the knife movement does not cover the whole sample area 
even after all possible adjustments, the sample has to be removed, 
its position in the pin holder corrected, and its placement 
repeated.

 21. Adjustment of the electron optics has to be done when the 
knife is in the clear position.

 22. Melting of the sample is usually visible after 20–30 cuts. In this 
case, it is advised to change the amount of energy deposited to 
the volume. This can be done multiple ways, e.g., changing the 
scanning speed, the field of view, the cutting thickness, and 
cutting speed.
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 23. Median filtering is a good choice most of the time. Alternatively, 
2D filtering can be used if the images are not too noisy.

 24. The process Computing triangulation lasts longer in compari-
son to the previous processes (Add selected voxels, Smoothing 
labels, etc.).

 25. The strength of smoothing is set by parameter from interval 1 
to 100. The yellow line shows the future smoothed border of 
the object in the raw data. Most suitable value for smoothing 
is usually from interval 5 to 30 (it differs by resolution, size of 
objects, etc.).
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