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Summary 

Modern developmental biology uses a broad spectrum of methods for analysing structures of interest. Multi-

disciplinary teams are currently pushing forward the understanding of biological questions using 3D approaches. 

However, one major challenge of 3D imaging techniques in biology is a lack of methodology for quantifying 

observed phenomena that are often the cause of developmental or genetic disorders. One of the methods whose 

application has been widely spread in recent years is X-ray computed microtomography (microCT). This 

technique provides isotropic resolution up to 1 µm and, when a sample is appropriately prepared, a wide variety 

of tissue differentiation. However, biological structures are usually diverse in size and shape, and every task 

requires a specific solution regarding data processing. This work addresses the implementation of microCT for 

imaging and mainly 3D characterization of biological structures ex-vivo. Particular emphasis is given to analysing 

soft tissues in mouse embryos’ heads and imaging salamander species, focusing on their regeneration ability. 

This work describes the relevant information for microCT users dealing with biological samples; it includes the 

preparation of the sample for measurements, selecting suitable parameters for the experiment and mainly 

subsequent quantitative analysis of 3D datasets. The latest technological advancements in 3D imaging were 

studied and tested on concrete projects in the field of developmental biology, where 3D information from 

microCT played a key role.  

Abstrakt 

Moderní vývojová biologie využívá široké spektrum metod k analyzování studovaných struktur. Multioborové 

týmy v poslední době prosazují využívání 3D přístupu k porozumění biologickým procesům. Jedna z hlavních 

překážek při využívání 3D zobrazovacích technik v biologii je nedostatek metodologie pro kvantifikování 

pozorovaných jevů, které často bývají příčinou vývojových či genetických onemocnění. V posledních letech se 

v biologických výzkumech rozšířilo využití rentgenové počítačové mikrotomografie (mikroCT). Technika mikroCT 

dokáže poskytnout izotropní rozlišení až 1 µm a při správné přípravě vzorku širokou škálu tkáňové diferenciace. 

Biologické struktury jsou však rozmanitých velikostí a tvarů a každá struktura vyžaduje specifický přístup v oblasti 

zpracování dat. Tato práce se zabývá využitím mikroCT pro zobrazování, ale především 3D charakterizaci 

biologických struktur ex-vivo. Zvláštní důraz je kladen na analýzu měkkých tkání v hlavách myších embryí a 

zobrazování různých druhů mloků se zaměřením na jejich regenerační schopnosti. Tato práce popisuje relevantní 

informace pro uživatele mikroCT zabývajícími se biologickými projekty: To zahrnuje přípravu vzorku pro měření, 

výběr vhodných parametrů k samotnému měření, a především analýzu vzniklého 3D datasetu. Nejnovější 

technologické pokroky ve 3D zobrazovaní byly studovány a testovány na konkrétních projektech vývojové 

biologie, kde 3D informace získaná pomocí mikroCT hrála klíčovou roli.   
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Introduction 

3D imaging approaches based on CT have become increasingly accessible with technological 

advancements. The synergy of material and life sciences has impacted industrial and scientific research 

with new tools for investigation. Multi-disciplinary collectives composed of clinical doctors, biologists, 

engineers and imaging experts are pushing forward the use of 3D approaches to understanding 

biological questions. However, one major challenge of 3D techniques in biology is a lack of 

methodology for quantifying observed phenomena. Biological structures are usually diverse in size and 

shape, and every task requires a specific solution. 

This dissertation work addresses the implementation of X-ray computed microtomography (microCT) 

for imaging and mainly 3D characterization of biological structures. Particular emphasis is given to 

challenges that arise with the measurement of biological samples that are not typical for material 

sciences. Furthermore, the work is written so that students and scientists who want to use microCT 

for biological projects could take this work as the manual for the complete procedure, starting with 

preparing samples and ending with the 3D analysis of measured data. 

X-ray computed tomography (CT) is a 3D imaging method that can provide information about the 

internal structures non-destructively from the metres down to micrometres length scales. The first 

chapter starts with a literature review and introduces the microCT technique by explaining its 

principles and technological setup. This chapter also addresses the preparation of biological samples 

for microCT measurement. Data analysis and segmentation are also discussed. 

The second chapter defines the dissertation work aims, and the third chapter describes the 

methodology used. It includes a complete pipeline starting with sample preparation, parameters of 

microCT measurement and data processing. 

The main part of this thesis can be found in the fourth chapter. Each section is dedicated to one specific 

biological project. The motivation for using the microCT method is given and detailed procedure and 

analysis are explained. Sections refer to published manuscripts that originated from the presented 

work and can be found in the appendix of the thesis. 

The fifth chapter then focuses on combining microCT with other imaging methods. It describes the 

motivation for why different techniques were needed, so it naturally defines the capability of microCT 

imaging. Specifically, it explains the combination of microCT with classical microscopy and histological 

staining on an example of muscle imaging and connective tissues. 

The appendix of the thesis contains a list of author outputs – publications, products, conferences and 

grants associated with this dissertation work. First-author and co-author publications can be then 

found in the attachment.  
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1 Literature review 

1.1 X-ray Computed Tomography 

1.1.1 History 

The development of X-ray computed tomography methods started at the end of the 19th century. Since 

then, this method has passed significant technological advancement, but it is still based on the same 

physical principle. This imaging method is connected with several Nobel prize winners, and the first to 

mention is Wilhelm Conrad Röntgen. He detected hitherto unknown rays on the evening of 

8th November 1895. He found out that when running a high-voltage discharge tube enclosed in thick 

black cardboard, a paper plate covered on one side with barium platinocyanide would 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, and he named the radiation X-rays [1]. In 1901, he was 

awarded the first Nobel Prize in physics in recognition of the extraordinary services he had rendered 

by discovering the remarkable rays named after him [2].  

From this Röntgen’s discovery, X-rays found their application in diverse fields and disciplines 

throughout the 20th century. Another important name to mention in connection with the development 

of the X-ray computed tomography method is R. N. Bartholomew and R. M. Casagrande. In 1957, they 

used X-rays when they were discovering the density of the particles of the fluid layer inside steel piping. 

By taking X-ray projections from different angles, they were working the first tomographic data 

ever [3]. Despite this first industrial application, the first CT machines were used mainly for medical 

purposes thanks to Godfrey Hounsfield. He came up with an idea for viewing and examining organs 

from outside the body. However, Hounsfield was unaware that other scientists had already come up 

with this idea, but only in theory (Johann Radon and Allan Cormack). But they did not take this idea 

further in terms of creating an instrument that could carry this out. Also, when rumours of a cross-

sectional X-ray imaging technique first emerged, research and development departments in the 

traditional X-ray companies were highly sceptical [4]. 

Hounsfield’s first experimental system used gamma rays to scan bottles or perspex jars filled with 

water and pieces of metal and plastic. A lathe bed provided the means for moving and rotating the 

gamma-ray source, and sensitive detectors were placed on either side of the bottles or jars. This 

measurement took nine days, and such time wasn’t convenient for measuring live patients. With an X-

ray tube and a generator, time was reduced to nine hours. Other Hounsfield’s experiments were done 

on bullock’s and pig’s brains, and he produced the first pictures in which white and grey matter could 

be clearly differentiated [5]. In 1979 Allan M. Cormack and Godfrey N. Hounsfield received the Nobel 

Prize for physiology and medicine “for the development of computer-assisted tomography” [6].  

By 1980 the number of CT installations had expanded rapidly. Also, there was an urgent need to share 

the knowledge. As a result, teaching and training courses sprang up all over the World [4]. This method 

has been used for industrial and laboratory purposes to a more considerable extent since the 1990s 

[7]. The application of microCT has spread across science, metrology and manufacturing, engineering, 

biological or geological sciences [8]. Today, it is possible to perform X-ray imaging at the resolution of 

nanometres and to visualise complex 3D structures.  
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1.1.2 Principle of measurement 

During CT measurement, a series of 2D X-ray projections are recorded from different sample angles. 

The taken projection is a result of the interaction of X-rays with a scanned sample. When an 

electromagnetic X-ray wave passes through an object, both the intensity and the phase change vary 

according to the refractive index, n 

𝑛 = 1 − 𝛿 + 𝑖𝛽 ,      (1.1) 

where the attenuation, i.e. absorption of the samples, is given by the imaginary part (𝛽), and the 

phase shift is given by the real part (𝛿) [8].  

The attenuation of radiation is then described by Beer-Lambert Law. For radiation with an intensity 𝐼0 

generated by the source, passing the distance 𝑥 through the sample, the intensity at the detector 𝐼 is 

described as 

𝐼 = 𝐼0𝑒−𝜇𝑥,                                                                         (1.2) 

where 𝜇 is the attenuation coefficient that is specific for every material. In non-homogenous material, 

attenuation coefficient 𝑥 is not constant, and it differs along the direction of propagation. The 

greyscale values on the detector pixels correspond to the absorption of the measured object. 

Specifically, a ratio of  
𝐼

𝐼0
 is recorded 

∫ 𝜇(𝑥)d𝑥 = − ln
𝐼

𝐼0
 .                 (1.3) 

When non-chromatic radiation passes through the sample, the intensity 𝐼 of the radiation is a function 

of the energy (E). In other words, for a polychromatic beam with different energies, spectral intensity 

𝑗0(𝐸) must be considered 

𝐼 = ∫ 𝑗0(𝐸)exp (∫ 𝜇(𝑥, 𝐸)d𝑥
𝑥

)
𝐸

d𝐸.              (1.4) 

One of the aims of the tomographic measurement is then to find function 𝑓  that describes attenuation 

𝜇 in the sample. This function can be derived by merging equations (1.3) and (1.4): 

𝑓 = ∫ 𝜇(𝑥)d𝑥 = − ln (
∫ 𝑗0(𝐸)exp (∫ 𝜇(𝑥,𝐸)d𝑥

𝑥
)

𝐸
d𝐸

𝐼0
).   (1.5) 

A computed reconstruction algorithm is then used to create a stack of cross-sectional slices from these 

2D projections (radiographs) of the object [8]. There are various approaches how to perform the 

tomographic reconstruction. One of the most widely-used algorithms is filtered back projection (FBP). 

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). The methodological 

basis used for describing reconstruction is presented in detail in the work of Kak and Slaney [9] and 

Rosenfeld and Kak [10]. Another critical work written by Herman 11 describes reconstruction methods 

based on the algebraic reconstruction technique. 

The resulted 3D data are made up of many cubic volume elements called voxels. The voxel resolution 

is then described as the cube edge length. Depending on the scanning conditions, spatial resolution is 

typically larger than the voxel resolution. Conventional (medical or heavy industrial) CT generally refers 
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to submillimetre resolutions or poorer (voxel sizes ≥ 100 µm), microCT machines usually state 

micrometre resolutions (voxel sizes ≥ 0.1 µm) and nanoCT goes down to voxel sizes about 10nm [8]. 

Voxel size is generally connected with the size of the scanned object; higher resolution usually means 

accepting a smaller object size. CT for laboratory purposes uses a similar principle as CT scanners used 

for medical diagnosis. The main difference is that the sample rotates between source and detector, 

and the X-ray source and detector stay still. The principle of laboratory CT machine is schematically 

shown in Fig. 1.1. The real experimental setup at the Laboratory of X-ray computed micro and 

nanotomography at Central European Institute of Technology (CEITEC) in Brno is shown in Fig. 1.2. 

 
Figure 1.1: Principle of X-ray computed tomography scanning. A sample is placed on the rotation 

stage between the X-ray source and detector. 

 
Figure 1.2: Experimental setup of microCT measurement inside in GE phoenix v|tome|x L 240 

machine: A – detector; B – X-ray tube; C – filter; D – sample; E – rotational stage [11]. 
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1.1.3 X-ray sources 

The X-ray source is one of the essential components of a CT system as they supply the necessary X-ray 

photons to perform the scan. In most cases, the source is either an X-ray tube or a synchrotron storage 

ring. In both cases, X-rays are produced by the acceleration of electrons [8].  

Although the size and appearance of the X-ray tube have changed significantly since its invention by 

Röntgen, the fundamental principle of X-ray generation has not changed, and X-ray tubes are 

(relatively) simple. The essential 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 and the number of electrons bombarding 

the target. The tube current controls this number. The energy of the generated X-ray photons depends 

on the electric potential difference between the cathode and the anode [12]. Both reflection and 

transmission targets exist; transmission targets are said to have a finer spot because they limit the 

mean free path of the incident electrons.  

Commercially available machines are mostly cone-beam setups. They are straightforward in terms of 

imaging and utility. Their main advantage is that they are very flexible in terms of sample size and the 

resolution of reconstructed data. Magnification of the data is then given by the geometry of the 

experiment and by placing the sample at the proper distance between a sample and a detector, as 

schematically shown in Fig. 1.3.  For the highest resolutions, the sample-source distance must be small 

(range of millimetres) [13]. Another approach is usually applied in nanoCT devices where the source-

detector distance is fixed, and the sample is placed close to the detector. The beam is then considered 

semi-parallel because only a small part of the cone-beam is used. The detector consists of a scintillator, 

followed by an optical system providing magnification of the image. The small voxel size is achieved by 

small pixels of CCD or sCMOS detectors [14]. 

A more powerful source of X-ray is a synchrotron. Synchrotron research facilities can be 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 

[15]. Synchrotron consists of an evacuated storage ring in which high-energy electrons circulate at 

highly relativistic velocities and so-called beamlines tangential to the storage ring that utilise 

synchrotron light emitted by the electrons tangentially to their orbital path. The path of circulating 

electrons is bent and accelerated radially either by bending magnets or by insertion devices such as 

undulators or wigglers. Synchrotrons provide many orders of magnitude more flux than classic X-ray 

tubes. Also, they possess the ability of monochromatic beam that is selected and filtered from white 

beam X-ray spectrum. This improves sensitivity and can limit certain artefacts such as beam-hardening. 

Often the beam is spatially coherent, which is a critical condition for phase-contrast imaging. The X-

ray beam reaching the specimen is typically highly parallel because the X-ray source is tens to hundreds 

of metres from the object [8]. 

Compared with the wide use of classic X-ray tubes, there are relatively few synchrotron facilities 

worldwide. Their beams differ in X-ray flux, source size and X-ray energy spectrum [15]. To experiment 

at a synchrotron facility, submitting an official application is usually required. An international panel 

then reviews the application. When the experimental proposal is approved, the applicants are given 

the required number of shifts for such measurement at the synchrotron facility. 
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One of the trends in X-ray imaging is the use of liquid metal jet X-ray sources. A solid metal anode is 

replaced by liquid metal here. This type can tolerate much higher electron-beam power because it is 

not focused only on one place, but the electrons hit the flowing jet of metal. The resulting X-ray beam 

has a very high flux and brightness while maintaining a small and stable focal spot. The classical power 

limit of an X-ray source, when the electron beam permanently damages the anode, may be 

disregarded. On the other hand, the operation of a metal jet X-ray source is significantly more 

expensive in comparison with classic X-ray tubes [14, 16]. 

 

 
Figure 1.3: Magnification of imaging system determined by cone-beam geometry and position of the 

scanned sample. For the highest resolution, the sample-source distance must be small. 
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1.2 3D imaging in biology 

Historically, pre-clinical and clinical studies usually rely on conventional imaging such as magnetic 

resonance imaging (MRI), positron emission tomography (PET), single-photon emission computed 

tomography (SPECT) and X-ray computed tomography (CT). Each of these methods has advantages and 

disadvantages; MRI provides high contrast of soft tissues, PET/SPECT delivers a high level of sensitivity, 

and CT provides high resolution of biological structures with high absorption. On the other side, MRI 

suffers from a long acquisition time for high-resolution images. PET/SPECT doesn’t have a high spatial 

resolution, and CT is limited by patients' exposure to ionizing radiation [17]. 

In developmental biology, analysis of histological sections has remained a mainstay. However, it 

requires elaborate preparation and destruction of the specimen. Also, it can generate heterogeneous 

distortions [18]. The reconstruction of 3D volumes from 2D slices provides important information to 

analyse developing structures in a 3D context and understand the pathogenesis of various 

disorders [19-21]. The use of high resolution, 3D visualization has been receiving growing interest 

within life sciences, with non-invasive imaging tools becoming more readily accessible [22].  Such 

technologies capable of 3D imaging have become an important part of research works. They include 

confocal microscopy and light-sheet methods [23-25], optical projection tomography (OPT) [26-28] or 

microCT [29-32].   

However, a considerable limitation of X-ray techniques, in general, is their low contrast for soft tissues. 

Indeed, these techniques are suitable for investigating high absorbing samples, such as bones and 

mineralized tissues. Still, it struggles with discriminating non-mineralized or soft biological tissues with 

similar or low X-ray absorbing properties [33]. Therefore, to increase the capability of microCT for low-

absorbing tissues, contrast-enhancing techniques exist based on diverse principles, i.e. staining by 

chemical compounds, phase-contrast and dual CT. 

1.2.1 Staining 

Chemical compounds containing high atomic number elements that bind to soft tissues have been 

adopted as contrast/staining agents for X-ray Computed Tomography. There are contrast agents that 

can be applied in-vivo as well as ex-vivo. In-vivo contrast agents include iodine-based, lanthanide-

based, and gold and other metallic nanoparticles [34]. Their detailed description can be found in the 

review by Lusic and Grinstaff [34], and they are not discussed further in this chapter, as the focus of 

this work is imaging of biological tissues ex-vivo. Particular emphasis is given to protocols suitable for 

the characterization of musculoskeletal tissues. 

The goal of staining sample ex-vivo is to get a contrast agent uniformly to the whole sample or to stain 

the targeted tissue uniformly only. The example of an adequately stained mouse embryo is shown on 

X-ray projection in Fig. 1.4. In this Figure, there is also an X-ray projection of the sample that was only 

partially stained, i.e. the staining time was not sufficient, and some parts of the sample still miss the 

contrast agent. Also, it can happen that the contrast agent doesn’t penetrate to the tissue at all, and 

the sample remains transparent to X-ray except for the mineralized parts. Therefore, when choosing a 

contrast agent, it is crucial to consider the tissue type and the size of the sample to be stained. 
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Figure 1.4: Staining of soft tissues on the X-ray projection of mouse embryo. The left image shows a 

properly stained sample. Orange arrows in the middle image show areas where staining wasn’t 

efficient. The right image shows an improperly stained sample. Tissues that started ossification can 

be barely seen; the soft tissues are transparent for X-ray. 

One of the first contrasting agents used for X-ray Computed Tomography was osmium tetroxide [35]. 

The use of this compound was logical as it is commonly used for soft tissues in electron microscopy. 

In 2009, Metscher [36, 37] came up with studies investigating the staining potential of several 

commercially available chemical compounds for different sample types. Also, Pauwels et al. [38] 

compared the contrasting enhancement of 28 other chemicals on samples larger than one cm³. These 

studies showed that the best contrasts are obtained by using solutions of osmium tetroxide, 

phosphomolybdic (PMA), phosphotungstic acid (PTA), or inorganic iodine. However, osmium tetroxide 

is a highly toxic stain, and its penetration is limited. On the other side, the main advantages of iodine 

and PMA/PTA staining are the simple sample preparation and their safer nature than osmium 

tetroxide. Nevertheless, also these stains have some limitations as the shrinking of stained samples. 

After Metcher’s publications in 2009, a number of studies dealing with staining protocols with a focus 

on specific tissues started to appear. MicroCT contrast agents with polyoxometalate structure [39] or 

hexabrix for cartilage imaging were introduced by the group of Kerckhofs [40, 41]. The complete review 

of studies dealing with contrasting agents from 2006 to 2019 can be found in the review of 

Bournonville [33]. 

An alternate approach to visualise bone and cartilage simultaneously was described by 

Gabner et al. in 2020 [42]. Their protocol is based on ethanolic fixation and staining with ruthenium 

red. Bone mineral stays preserved during staining; thus, the entire embryonic skeleton can be imaged 

with high contrast. Furthermore, differences in X-ray attenuation of ruthenium and calcium enable the 

spectral separation of cartilage matrix and bone by dual-energy CT. This protocol is promising for 

distinguishing bone and cartilage without advanced segmentation methods. 
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1.2.2 Phase-contrast 

Although attenuation contrast suffices for visualizing objects containing very different materials, many 

specimens contain materials that attenuate similarly. Therefore, better contrast can be obtained by 

exploiting the materials’ X-ray phase-contrast [8]. This technique also enables extending 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. Hence, phase-contrast X-ray imaging is a 

promising technique for observing the structure inside biological soft tissues without staining and 

severe radiation exposure [43-45]. The captured X-ray projection image will always contain a mixture 

of contributions from both the absorption and the phase shifts in samples [46, 47]. 

X-ray phase-contrast imaging techniques are evolving fast, and different approaches exist, i.e. Zernike 

phase contrast, interferometry, grating-based or analyser-based methods. The most common X-ray 

computed tomography imaging approach is the free-space propagation technique (also called in-line 

phase-contrast imaging) [48]. Free-space propagation techniques require a simple set-up as 

introducing an appropriate propagation distance between the sample, and the image detector can be 

sufficient to make the phase effects detectable. The set-up is identical to a conventional CT except that 

the detector is far from sample [8].  Detectors cannot measure phase, but it is possible to decode the 

phase shifts from the recorded intensity patterns. 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 [49, 50]. 

Moreover, the X-ray beam needs to have spatial coherence and parallel geometry to observe phase 

change. These are typical characteristics of a synchrotron beam CT systems using synchrotron sources. 

They are capable of fine resolution because the synchrotron’s electron beam can be used to generate 

high-brilliance X-ray beams that have narrow bandwidths. However, under certain conditions, the 

laboratory-based CT machines are also capable of phase-contrast imaging [8]. 

1.2.3 Dual-energy CT 

Dual-energy CT (DECT) has recently demonstrated technological progress in clinical applications such 

as tumour visualization. It has the potential to improve soft-tissue contrast and reduce artefacts caused 

by beam hardening and metal [51]. DECT is generally used to distinguish two compounds with a similar 

attenuation but with a different K-edge. Two CT scans of the same subject are performed, each with 

different energy (i.e. accelerating voltage and current for X-ray tubes). As described in section 1.1.2, 

μ changes abruptly at the element-specific energies corresponding to these edges. This can enhance 

contrast in X-ray CT or identify the presence of different elements [8]. By scanning at two different 

energies (before and after the specific K-edge), contrast enhancement can be achieved [52]. 

Another possibility is a combination of DECT with contrasting agents. For example, the dual-energy 

technique combined with the dual contrast agent has been shown by Honkanen et al. [53] in the 

example of articular cartilage. However, the performance of conventional CT systems is usually limited 

by beam hardening and long acquisition times. Therefore, synchrotron microCT shows greater 

potential using a monochromatic X‐ray beam and fast image acquisition for the dual contrast 

technique [54]. 
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1.3 Data segmentation 

The term segmentation of microCT data means dividing the 3D dataset into subgroups which helps in 

reducing the complexity of the dataset to make further processing or analysis simpler. In other words, 

segmentation means delineating anatomical structures or other regions of interest [55]. If the 

histogram of microCT data is bimodal or multimodal (has more peaks), the data segmentation can be 

done automatically. One of the most widely applied techniques for histogram segmentation is 

thresholding, which assumes that homogeneous objects in the image manifest themselves as clusters. 

The key to the histogram-based technique is selecting a set of thresholds that can discriminate objects 

and background pixels [56]. 

Biological data after staining often don’t meet up criteria for histogram-based segmentation. 

Anatomical structures, i.e. clusters to be segmented, have similar greyscale values. For example, fig. 

1.5 shows microCT data of the head of adult Ambystoma Mexicanum. Greyscale values are similar, and 

the histograms of anatomical structures (brain, cartilage, bone, eyes and muscles) overlap (Fig. 1.6). 

Therefore, it is challenging to segment data into classes using the conventional segmentation methods. 

Manual contouring is still the standard way to segment the structures, but it is time-consuming and 

user-biased [11, 57]. 

 
Figure 1.5: Segmentation of soft tissues in the head of adult Ambystoma mexicanum. The upper 

image shows the original CT slice in grayscale values. The lower image shows segmented structures. 

The green plane on the 3D model indicates the position of the 2D CT slice. 
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Figure 1.6: Schematic histogram of selected segmented structure from the head of adult Ambystoma 

mexicanum showed in Fig.1.5. Note the overlap of greyscale intervals. 

 

One promising way seems to be a 3D fully convolutional neural network (CNN). For example, 

Léger et al. [57] utilized U-net to automatically segment mineralized cartilage from bone microCT 

images of the Achilles tendon-to-bone interface. Using the 3D U-net, they reached a high similarity of 

the samples an average Dice Similarity Coefficient that statistically describes the similarity of samples 

was 0.85 at the manual annotations for twelve 3D datasets.  

Another recent successful example of using CNN was presented by Schultheiss et al. [58], who focused 

on CNN for lung nodule detection in the presence of foreign bodies. In their study, CNN was trained 

and evaluated. The presented CNN has the potential to help radiologists during a clinical routine. The 

CNN’s decisions can be followed by inspection of individual lesion scores and box predictions, which is 

advantageous over other CNN architectures [58]. 
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2 Aims of Doctoral Thesis 

Even though microCT imaging has made significant progress in biological imaging in the last few years, 

many challenges still need to be addressed. The main aim of this dissertation is to bring new insight 

into microCT imaging and mainly subsequent 3D analysis of biological structures. As described below, 

the thesis aims can be divided into three parts: MicroCT measurement and data segmentation of 

biological samples, quantification of segmented 3D models and implementation of the results to 

particular biological projects. 

2.1 MicroCT measurement and data segmentation of biological samples 

There are three basic approaches for imaging biological samples by microCT: Staining, phase-contrast 

imaging, dual CT or a combination of these methods. Staining by chemical substances is often used 

because of the tissues' very similar attenuation coefficient. However, the staining has some limitations: 

generally, it is usually applied only on ex-vivo samples; shrinking tissue can appear with a longer 

staining time [59]; penetration of stains is limited etc. [36, 37]. In some cases, phase-contrast imaging 

is more convenient. The combination of staining and phase-contrast can give a good differential 

contrast and a higher resolution [46, 47, 60].  After getting the 3D dataset, data analysis and 

segmentation is another challenging task. Because of the complex structures of biological samples, it 

is hard to find a universal algorithm for the segmentation of biological data. Above that, the staining 

of soft tissues gives the same greyscale value to various tissue types. Thus, it is challenging to segment 

data into anatomical structures using conventional segmentation methods. On the other hand, due to 

the staining, a large variety of tissue can be observed by the human eye. Therefore, manual 

segmentation is taken as a golden standard [55]. However, this approach can be time-consuming and 

suffers from operator variability [11].  

Therefore, this dissertation aims to set the appropriate strategy for microCT measurement of soft 

tissues, segment the structures and create a database of segmented data. Then, this database would 

serve as an input for machine learning algorithms, specifically convolutional neural networks (CNN). 

2.2 Quantification of segmented 3D models 

To answer the question of biological issues and to reveal and describe complex phenomena, 

visualization is usually not enough. Developmental studies in biology require the exact number of 

comparisons of groups with different ages, treatments, or mutations of the samples. Thus, this work 

should focus on finding ways to quantify differences among different developmental stages or how to 

compare wild types and mutants quantitatively. 

2.3 Implementation of the results to particular biological projects 

The main aim of this work is to implement obtained results in practical biological projects with an 

impact on the biological community. Particular attention should be given to soft tissues that have not 

been analysed by microCT before, like cartilaginous chondrocranium in mouse embryos, muscles with 

attachment points, tendons, and supportive tissues with a focus on their developmental programs. 

The dissertation work should also interactively reflect the needs of biologists for the segmentation and 

quantification of the studied structures.  
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3 Methods 

All animal work (mouse embryos and salamanders) was approved and permitted by the Ethical 

Committee on Animal Experiments (Norra Djurförsöksetiska Nämnd) and conducted according to the 

Swedish Animal Agency’s Provisions, and Guidelines for Animal Experimentation and international 

guidelines and regulations were followed (Institutional Review Board/Institutional Animal Care and 

Use Committee). Mouse embryos for extraocular muscles project and investigation of neck muscles 

were handled as per European Community guidelines, and the ethics committee of the Institut Pasteur 

(CTEA) approved protocols (APAFIS#6354–20160809 l2028839). 

3.1 Sample preparation 

Staining with elements with higher atomic numbers turned out to increase the contrast of the soft 

tissues as the best option. Several staining protocols were tested to visualize mouse brain structures 

by microCT. Samples were stained in PTA, iodine or a combination of both solutions for various 

periods [59]. The staining protocols were modified by the work of Metscher [36; 37].  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. Also, when 

iodine is compared to PTA, PTA appears as a larger molecule with much slower tissue penetration 

rates [36]. 

The staining time depends on the size of the sample. For samples larger than a few millimetres 

(i.e. mouse embryos 17.5 days post fertilisation and older), PTA penetration to the samples is limited. 

To improve the penetration of staining agents to the sample, we applied a few small holes by the 

needle to the skin of the sample (see Fig. 3.1). However, it turned out that they don’t serve as the input 

for staining the whole sample. Another attempt was to cut to some parts to fasten the staining. The 

dissected area had faster perfusion of contrasting agents and decreased the staining time. However, 

the staining of PTA was still very slow and limited, and the sample did not stay intact. By applying 

iodine, it has turned out that staining time decreased significantly (from weeks with PTA to days with 

iodine, depending on the size of the sample). A comparison of iodine and PTA staining on the example 

of a mouse embryo is shown in Fig. 3.2. Both, the PTA and iodine stains were found to impart strong 

tissue contrast to soft tissues [36]. On the example of mouse embryo, soft tissues are stained almost 

equally, and they give similar input for segmentation, both manual and semi-automatic. A more 

detailed comparison of iodine and PTA staining with different concentrations and staining times can 

be found in the attached manuscript [59]. 

The next step after staining the sample is the sample's fixation for microCT measurement. Mechanical 

stability (both the CT machine and the specimen) is essential for high data quality. The motions must 

be smaller than the voxel size; otherwise, the reconstructed 3D volume will be blurred, as shown 

in Fig. 3.3. Biological samples were placed in polyimide/capton tubes filled with 1% agarose gel to 

ensure stability.  
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Figure 3.1: Problems of staining by PTA for samples larger than a few millimetres. The left image 

shows an improperly stained mouse embryo with holes by needle – only the areas of the needle 

marks (orange arrows absorbed some of the contrasting agents, but staining didn’t penetrate to the 

sample. The middle image shows the cut in the neck area (yellow arrow). The right image shows 

staining by iodine instead of problematic PTA. 

 
Figure 3.2: Comparison of iodine and PTA staining on mouse embryo 17.5 days post fertilisation. The 

blue plane on 3D models schematically indicates the position of the CT slice. 
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Figure 3.3: Artefacts caused by movement of the sample during microCT measurement in the 

reconstructed CT slices of a salamander limb. Orange arrows show blurred areas in the CT slice. 

3.2 MicroCT 

3.2.1 Laboratory measurements 

CT measurements on laboratory equipment were realized in the laboratory of X-ray micro and 

nanocomputed tomography at CEITEC BUT in Brno. MicroCT machine GE phoenix v|tome|x L 240 is 

equipped with a 180 kV/15W maximum power nanofocus X-ray tube and high flat-panel dynamic 

41|100 with 4000 × 4000 pixels and a pixel size of 100 × 100 μm.   

The first step was to find suitable parameters for microCT measurement. It means to find proper 

sample-source and source-detector distance and find X-ray tube parameters for sufficient contrast. 

Because the illumination provided by X-ray sources is not uniform, and detectors show pixel to pixel 

variations in sensitivity, a projection must be acquired without the sample between source and 

detector. A bright, featureless image is captured to normalize the optical defects. The projection must 

be collected under the same conditions as the CT scan (i.e. same source-detector distance and 

parameters of the X-ray tube). This process compensates for these variations and is called a flat field 

correction [8].  

As described in the previous section, mechanical stability is essential for microCT measurement. At the 

same time, the stability of the sample is ensured by putting the sample in agarose gel. Furthermore, 

the mechanical stability of the system is secured by granite slabs that dampen vibration that could 

affect the fluency of rotation of the sample during microCT scanning. Anyway, there is always some 

motion except the rotation of the sample during the scanning. To compensate for this motion, GE 

phoenix v|tome|x L 240 has a module that manages to compensate for a slight movement called 

scan|optimizer. The projections acquired at 0° and 360° should be identical. Scan|optimizer captures 

several X-ray images from different angles before the measurement. The module compares the images 

captured before and during the measurement at appropriate angles to ascertain whether there has 

been any movement during tomographic measurement. If there is a motion, the module can 

compensate for it during the reconstruction. 

Information about applied acceleration voltage, current, exposure time, and the number of projections 

and filters for each sample are specified in publications (see section 9.1). The voxel size of obtained 

volumes was in the range of 1 μm for samples in the range of a few mm to 10-20 μm for samples in 

the range of a few cm. 
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3.2.2 Synchrotron measurements 

Synchrotron experiments were conducted at Sincrotrone Elettra in Italy under the supervision of 

Dr. Lucia Mancini. Measurements were held at SYRMEP (Synchrotron Radiation for Medical Physics) 

beamline using the white beam radiation mode. The samples were fixed in 1% agarose gel in polyimide 

or plastic tubes. During the first measurements, some motion artefacts occurred. Tiny bubbles were 

found in agarose gel, probably created by overheating the samples. Also, a change in the colour to blue 

was observed. Thus, we optimized scanning parameters to reduce the scanning time. After 

optimization, we decreased from the original 40 minutes to 17 minutes per scan: Exposure time was 

1.0 s per projection, with 1000 projections acquired over a total scan angle of 180°. The X-ray spectrum 

of the beam was filtered with 1.5 mm of silicon and 0.025 mm of molybdenum. The sample-detector 

distance was set at 100 mm. The first set of experiments was realized with a voxel resolution of 2.5 μm, 

and according to the size of the sample, it was tuned up to 1 μm. The tomographic slices were 

reconstructed using the SYRMEP Tomo Project (STP) software. The phase retrieval algorithm was 

implemented in STP software, which became crucial for visualising cells. Details of the synchrotron 

experiment realized on salamander limbs can be found in [60]. 

3.3 Data analysis 

Tomographic data from GE phoenix v|tome|x L 240 were reconstructed with GE phoenix datos |x 2.0 

3D computed tomography software (Waygate Technologies GmbH Germany). A scan optimiser module 

was applied during the reconstruction as described in the previous section regarding laboratory 

measurement to compensate for the small and smooth drift of the axis (samples and detector) and 

focus (X-ray tube) position. The output of the reconstructed CT slices was a 16-bit integer. For manual 

segmentation, 3D datasets were transformed to 8bit DICOM format to save processing time and 

reduce the size of the data to save space on the disk. Segmentation of structures was performed using 

software Avizo and VG Studio Max (Volume Graphics GmbH, Germany) as described in [11]. Firstly, the 

structures of interest were outlined in every 3rd to 5th slice manually or semi-automatically using 

watershed segmentation. Then, the mask was interpolated between slices. Segmentation along one 

direction caused disfluencies in the perpendicular direction. 

For this reason, the segmented masks were transformed into STL model and smoothed in VG Studio 

MAX software. The smoothing was controlled to preserve the small details in the original data. The 

disfluencies after interpolation and the smoothed model are shown in Fig. 3.4.  Quantitative analyses 

on the segmented structures were performed in VG Studio MAX software. Details of the analysis can 

be found in section 4 of this work. 

Another challenge of microCT imaging is effectively and intuitively sharing complex datasets between 

scientists from different fields. Generally, 3D datasets need special software for visualisation or are 

reduced to 2D images in which important information might be lost. For this reason, we created a 

manual that describes individual steps for creating an interactive 3D PDF file allowing rotation, 

movement or magnification to provide an intuitive approach to analysing structures in a 3D context. 

This manual is widely applicable in biological research and can be used to analyse volumetric data from 

any research field relying on 3D rendering and CT-biomedical imaging [61]. 

This manual can be found in the attachments of this document and was published as supplementary 

material in my work about interactive and intuitive visualisation methods for 3D data [61]. It contains 

a detailed description of the pipeline to create a personalised interactive 3D PDF file. Our procedure 
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involves a combination of free (Meshlab, Blender) and commercial (Avizo, VG Studio, 3D PDF Maker) 

software. Alternatively, segmentation or remeshing of the model can be done with other appropriate 

software [61]. 

 
Figure 3.4.: A comparison of mouse chondrocranium directly after manual segmentation (left) with 

model after smoothing to get rid of artefacts caused by interpolation between manually segmented 

slices. The top images show CT slices with yellow contour outlining cartilaginous chondrocranium. 

The middle images show a completed 3D model, and the bottom images show a nasal capsule detail. 
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4 Results  

4.1 Regeneration of salamander limbs 

Regeneration of human tissue has been an interest of scientists for centuries and could be an essential 

element for the future of healthcare [62]. Knowing the principles and limitations of regeneration is 

necessary for controlling the opportunity to restore damaged tissues or organs. While humans show 

poor regenerative ability, other vertebrates can regenerate diverse body structures. Salamanders 

exhibit the most remarkable regenerative ability among amphibians. They can regrow ocular tissues, 

nervous system, whole body parts and organs such as the heart [62]. Such conservation of regenerative 

principles gives hope to applying the basic knowledge obtained in salamanders to human regeneration 

in the distant future. Limb regeneration in salamanders is a well-established model system [49-51]. 

The speed of salamander limb regeneration varies among species and developmental stages, and they 

can regenerate entire limbs in a range of days to weeks.  [63].  

In past years, experimental techniques, including lineage tracing, DNA transformation, and gene 

knockdown in regeneration model organisms, have shed new light on the regeneration process [62]. 

Regeneration is often interpreted as a repetition of embryonic development. It is believed that a 

regenerated limb is an entirely normal anatomical and functional limb. However, whether each 

regenerated limb is really an unequivocal copy has not been confirmed. Regeneration results in a limb 

of the same size; however, the regeneration process is not perfect, and the patterning defects and 

anomalies have been documented in regenerated limbs [64]. Certainly, developmental mechanisms 

play an essential role during regeneration. However, structures have much larger size and speed of 

growth together with environmental conditions in a regenerating limb are different. To question the 

exactness of the regenerative process, we focused on Ambystoma mexicanum (also known as axolotl) 

and Pleurodeles waltl. We used the microCT technique to trace the transformation of the blastema to 

the new limb by scanning the salamander limb in the different stages after amputations to compare 

developmental and regenerative formation mechanisms. The blastema is formed after injury of the 

limb and provides cell material for the limb morphogenesis [65]. The blastema itself originates from 

the complex mixture of cell types, including muscle, cartilage, dermis, and Schwann cells. Already three 

weeks after amputation, we observed cartilage in the regenerating limb. Every week, a limb was 

collected, and a 3D model was created. Thus, we were able to follow the regeneration process in time. 

In fully regenerated limbs, we also looked at the process of ossification. It was challenging to find and 

segment ossified cartilage and newly formed bone in microCT data. Developing and regenerating limbs 

undergo different ossification types, as shown in Fig. 4.1. To segment cartilage, the semi-automatically 

method worked as cartilage is stained significantly weaker than surrounding tissue [11]. However, 

mineralized bone has higher X-ray attenuation and appears in lighter areas. Stained muscles also show 

higher attenuation with similar contrast to the bone. Above that, muscles touch the bone and thus, it 

is hard to find the border of the bone automatically. Therefore, special attention was given to these 

areas. The best method for segmentation turned out to semi-automatically segment the whole limb 

as described in section 3.3. In another step, bone and cartilage were separated based on their greyscale 

value (Fig. 4.2). 
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Figure 4.1: Different types of ossification in salamander limbs. The fully ossified ulna and radius in the 

top image; Ossification in patches in the middle image, and ossification in the border of the skeletal 

element in the bottom image. The left row shows segmented 3D models. The right row shows 

tomographic slices; yellow arrows show ossification in CT data. 
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Figure 4.2: Semi-automatic segmentation of bone and cartilage in ulna and radius in salamander 

limb. The top image shows the segmentation of skeletal elements as one 3D model. The bottom 

image shows separated models for bone and cartilage based on their greyscale value. 

When having a 3D model of cartilage and bone, we looked at the shape of segmented structures in 

more detail. When looking at the segmented models, it seemed that regenerated limbs have thicker 

cartilage and bone, respectively, compared to control limbs undergoing normal development. Firstly, 

to confirm this hypothesis, I divided the 3D model of all segmented elements into sub-models. The 

anatomically corresponding parts were taken into the same coordinate system in the second step. By 

changing the opacity of the registered models, it became clear that the length of the models is 

comparable. 

On the other hand, the thickness of regenerated elements is thicker. To gain some quantitative 

numbers for confirmation of this observation, nominal/actual comparison analysis in VG studio 

software was performed. This type of analysis was developed to compare two mesh models. The parts 

of the models with the same position are shown in green colour. When a deviation occurs, the distance 

between the meshes is computed and then demonstrated by colour-coding on the model. The whole 

process of shape comparison is shown in Fig. 4.3. 
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Figure 4.3: Shape comparison of ulna and radius of control and regenerated larval salamander limbs. 

There are no significant differences in the epiphysis. However, the diaphysis of control is narrowed 

compared to the regenerated limb. 

 

4.2 3D-cell distribution in the regenerative muscle-skeletal system 

During the measurements of salamander limbs with a conventional X-ray source at CEITEC BUT, we 

noticed very good contrast and resolution in tomographic data where the individual cells were 

detectable. However, automatic detection of the cells was not possible (Fig.4.4). As discussed in 

section 1.1.3, in synchrotron facilities, the small angular source size, the high intensity and the nearly-

parallel geometry of the X-ray beam make it possible to obtain high spatial resolution. Furthermore, 

applying phase contrast could help the contrast of cells where only cell nuclei were stained. Thus, we 

applied for a synchrotron experiment at Elettra synchrotron (Trieste, Italy). Our goal was to perform 

tomographic measurements of salamander limbs to quantify cells inside cartilaginous elements of 

developing salamander (Pleurodeles waltl) limb [60]. Mapping the cells, their orientation and 

extracellular matrix distribution in 3D during salamander limb development could be taken as an input 

for computational modelling. This section describes individual steps to perform such quantitative 

analysis. 
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Figure 4.4: CT slice of salamander limb measured with conventional X-ray source. The upper image 

shows the original reconstructed data. White spots in cartilage represent cell nuclei. The blue line on 

the bottom image shows an attempt to segment the cells automatically. Errors are evident as 

connected regions of interest or missing some cells. 

4.2.1 Number and density of cells within the extracellular matrix 

The high spatial resolution (down to 1 µm) of synchrotron microCT at SYRMEP beamline at Elettra 

synchrotron achieved the cellular resolution needed for quantitative analysis of cell distribution. The 

details of the synchrotron measurement can be found in the methods section 3.2.2. Also, thanks to 

phase-contrast, the borders of cells in cartilaginous elements have been distinguished. 

To perform a quantitative analysis of cells, several steps were required. The complete procedure is 

described in detail in the attached publication [60]: The first step was to segment individual 

cartilaginous elements (Fig. 4.5). However, the conventional segmentation algorithms failed on this 

task. Therefore, I used the freeware image analysis software ImageJ with its plug-in ABSnake. The 
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provided steps included the determination of the starting contour for segmentation (done manually 

by the user), the gradient threshold to be used in edge detection and the number of iterations of the 

segmentation cycles. 

Nevertheless, by applying a contour on the non-filtered tomographic slices, the iteration process did 

not converge to the cartilage border (Fig. 4.6 a–c) because of the irregular boundary of the cartilage. 

To avoid this problem, the contour was applied to the median-filtered images. After filtering, the 

iteration procedure converged, and the resulted contour was the smooth cartilage border. The final 

line copied the perimeter of the cartilaginous elements (Fig. 4.6 d–f). Then, the segmented data could 

be taken as input for further steps in quantitative analysis [60]. 

 
Figure 4.5: 3D visualisation of ulna and radius from an embryonic salamander limb (55A). White spots 

represent cell nuclei. Note difference density for epiphysis (high concentration of cells) and diaphysis 

(low concentration of cells). Modified from [60]. 

Another step was to count the cells, i.e. cell nuclei, inside segmented cartilaginous elements. 

The Pore3D software library [66] was used for this step. The 3D K-means clustering algorithm sorted 

data into three classes: the nuclei of cells, the extracellular matrix and the background. By evaluation 

of binarized data (comparison of Fig. 4.6 g and h), it is evident that some nuclei are connected into one 

blob (binary large object – blob). The red arrows show the example of connected blobs in Fig. 4.6. 

Moreover, some border segments of the cartilage are miss-detected as cell nuclei (yellow arrows 

in Fig. 4.6). The erosion of the 3D data was the next step to getting rid of the miss-detected blobs. After 

the erosion, the data was well suited to determine the number of cells. Blob analysis [67] was 

performed to obtain the number of cells.  
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Figure 4.6: Individual steps of segmentation. (a–c) Shows the contour applied to non-filtered 

tomographic slices. (d–f) Shows the outline applied to filtered data. (g–i) Blob analysis in the Pore3D 

software. (g) Application of the 3D K-means clustering algorithm, (h) the results of the blob analysis, 

and (i) the eroded segmented image. Red arrows show two nuclei of the cells connected within the 

blob analysis. Yellow arrows indicate the light border of the cartilage [60]. 

The described procedure allowed us to determine the total number of cells, the volume of the 

cartilaginous elements, average size (given by the ratio of the volume of the whole element and 

number of cells) and density [60]. The difference between diaphysis and epiphysis is evident: the 

density of cells in the diaphysis is half compared to the density in the epiphysis (Table 4.1 and 4.2). 

Table 4.1: Quantified criteria in the radius. 

 Epiphysis Diaphysis Epiphysis 

Number of cells 888 429 595 
Volume of the whole element [mm3] 0.0052 0.0071 0.0027 

Average size of one cell [mm3] 5.81 × 10-6 1.65 × 10-5 4.47 × 10-6 
Density of cells [mm-3] 171,926 60,791 233,684 

 

Table 4.2: Quantified criteria in the ulna. 

 Epiphysis Diaphysis Epiphysis 

Number of cells 441 333 1040 
Volume of the whole element [mm3] 0.0023 0.0058 0.0050 

Average size of one cell [mm3] 5.28 × 10-6 1.74 × 10-5 4.85 × 10-6 
Density of cells [mm-3] 189,309 57,401 206,360 
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Another way to describe the density of cells inside cartilaginous elements is to calculate the distance 

between cell nuclei. To perform this, the binarized dataset was taken as an input. To determine this 

parameter, the circumscribed spheres were created for each binary object, i.e. cell nucleus. Then, the 

distance between these spheres was described as the gap parameter in VG Studio software. By this 

definition, some values can be negative (overlap of the spheres). This type of analysis gives a similar 

result to Tables 4.1 and 4.2 and is shown by colour-coding in Fig. 4.7. 

 
Figure 4.7: Calculating the distance between cell nuclei. The parameter gap indicates the minimum 

distance between the surfaces of the circumscribed spheres of two objects (i.e. cell nuclei). 

4.2.2 The polarity of the cells in 3D 

During analysing and segmenting cartilaginous elements, another interesting phenomenon was 

observed: When looking at the cells in the extracellular matrix, it seems that they are oriented, i.e. 

polarized, in specific directions. Moreover, the direction of polarization is different in different places 

in the cartilage. The tomographic slices with areas of polarized cells are shown in Fig. 4.8. To describe 

this phenomenon in detail and quantitatively, the 3D approach is needed again. 

For this type of analysis, segmented binarized data were used. I used software VG Studio Max, with its 

module “Fiber orientation analysis”. Thus, every cell was considered the “fibre”, which means the 

direction of the axis of the element could be determined. Segmented data was registered in the 

coordinate system. The deviation angle of 0° corresponded to yz direction and blue colour. On the 

contrary, the deviation angle of 90° corresponded to xy direction and red colour. The result of the 

analysis is shown in Fig. 4.9. 
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Figure 4.8: Tomographic slices in two orthogonal directions showing cellular resolution in 

tomographic slices [60]. 

 
Figure 4.9: Polarization of the cells inside cartilage. There are polarized zones between the diaphysis 

and the epiphysis for all cartilaginous elements: ulna, radius and humerus [60]. 

“Fiber orientation analysis” provided detailed information about developing joint surfaces in the 

salamander limb. The impact of this observation is again described in the attached publication [60]: 

Orientation of chondrocytes in the developing joint correlated with the changing curvatures of joint 

surfaces. Also, the resolution and differential contrast was sufficient to map all chondrocytes' 

orientation inside the cartilage, which provided an essential foundation for future interpretation of the 

oriented cell behaviour during cartilage shaping. The results demonstrated that the predominant 

direction of chondrocytes in epiphyseal regions was different from rather central regions of the 

cartilage, where the cell density appeared low. In addition to this, superficial chondrocytes in 

epiphyseal regions were aligned with the developing surface of the cartilage (Fig. 4.10). 
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Figure 4.10: Detail of polarization of the cells on the salamander forelimb: Chondrocytes near-surface 

(yellow arrow) are aligned with the developing surface of the cartilage on the contrary with 

chondrocytes in the middle of the cartilage (green arrow). The orange plane on the 3D model 

indicates the position of the right image. Modified from [60]. 

4.2.3 Joint formation 

Another area of interest was a joint formation within different stages of development. Here, we took 

advantage of the staining of the samples by PTA. In other words, we needed to be able to observe 

muscles and cartilage simultaneously. The development of muscles might guide cartilage and joint 

formation [68]. The visualization of these tissues in one 3D model showed some unexpected 

observations [60]: Three developmental stages were observed from a muscle-skeletal point of view. 

At the earliest analysed stage (41–42), only one small group of muscle around the elbow joint was 

found. However, different muscle groups (biceps brachii, triceps brachii, brachioradialis and flexor 

carpi radialis) were recognized in the following two stages. 

Meanwhile, the elbow joint angle was decreased with the development of muscle. To calculate the 

elbow joint angle, the cylinders were fitted into humerus and radius and then, the angle between the 

cylinders’ axes was measured. Interestingly, the decreasing elbow joint angle was observed with 

increasing developmental stages. The result of the analysis is shown in Fig. 4.11. 

When looking at the visualisation of muscles in context with analysis of polarization of cells, there is a 

correlation between the cartilaginous cell polarity and attachment of the muscles. The chondrocytes 

next to the muscles’ attachment points have a higher cell polarity. It means a correlation between the 

cell polarity inside cartilage and muscle attachment points. It is natural to speculate the mechanical 

force from muscle stretch may be delivered to attach point and then influence local chondrocytes' 

polarity. Hitherto unknown mechanisms can control chondrocytes' location and density together with 

cell polarity and muscle attachment points [60]. 
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Figure 4.11: Development of the joint for three different developmental stages (41-42, 44-45 and 55A). 

The angle between ulna and humerus is decreasing with increasing developmental stage [60]. 

 

4.3 Adaptation of Proteus anguinus to dark habitats 

The salamander species most often used in regeneration research are the Ambystoma mexicanum and 

three species of newts (Notophthalmus viridescens, Cynops pyrrhogaster, and Pleurodeles waltl) [63].  

When exploring regeneration salamander species, we mainly worked on typical modern organisms 

Pleurodeles waltl and Ambystoma mexicanum. However, looking to the other, not so common species 

could give a new insight into the regeneration capabilities of amphibians. Thanks to the strategic 

partnership with synchrotron Elettra and its location in Dinaric karst, we got an opportunity to meet 

another salamander species – Proteus Anguinus, also known as olm or simply proteus. Proteus is the 

largest cave tetrapod and the only European amphibian living exclusively in subterranean 

environments. Its geographic distribution is limited to the Dinaric Karst; it ranges from the Gulf of 

Trieste in Italy through the southern half of Slovenia, the coastal mainland of Croatia and parts of 

Bosnia and Hercegovina, as far as adjacent parts of Montenegro [69, 70].  Proteus had a historical role 

during the formation of modern science from the 17th to 19th century, but also has the potential to 

answer the questions of today and future science (e.g., regeneration, cave-related adaptations, 

enormous genome, and conservation of subterranean biodiversity) [71]. However, specimens of 

proteus are rare and protected as proteus is currently classified as vulnerable [72]. 

For this reason, we accessed existing collections to avoid collecting them from nature. These animals 

died of natural causes, and their bodies were preserved (stored in 75% ethanol). We accessed the 

collection in Speleovivarium Trieste, Tular Cave Institute and the University of Ljubljana. We applied 

non-destructive staining and non-destructive imaging and then returned the specimens to the 

collection. The image of proteus captured in Tular Cave Institute is shown in Fig. 4.12. 
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Figure 4.12: Live image of Proteus anguinus. The image was taken by Gregor Aljančič at Tular Cave 

Institute. 

For this study, we wanted to cover more developmental stages of proteus, and thus we accessed 

different collections to visualise larval and adult stages. Specifically: larva, 3 weeks old, captive 

breeding originating from the Postojna-Planina Cave System, from the collection of the Tular Cave 

Laboratory (Slovenia); juvenile, deceased at the collection site in a spring near Metković (Croatia), from 

the collection of the Department of Biology, Biotechnical Faculty, University of Ljubljana (Slovenia); 

adult, collected in Postojna-Planina Cave System (Slovenia, 1989), died in captivity of the 

Speleovivarium in 1999, from the collection of the Speleovivarium Erwin Pichl (Italy) [73]. 

Figure 4.13 shows 3D reconstructions of soft tissues in the head of proteus for three developmental 

stages. We focused on cartilaginous chondrocranium, brain and sensory organs, as olfactory 

epithelium and the presence of eyes. I was able to find eyes at larval and juvenile proteus, but no 

remnant of eyes was found in the adult. However, the absence of remnant eyes in microCT data can 

be caused by the low grayscale value contrast of the eye compared to other structures as the 

segmentation was done manually [73]. 
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Figure 4.13: 3D reconstructions of proteus head. Larva (top), juvenile (middle) and adult (bottom]. 

Images in the first column show semi-transparent 3D renderings of the head with skin in dorsal view. 

Dorsal, lateral and frontal views of the segmented internal soft structures are shown in the second to 

the fourth column [73]. 

Also, we compared proteus with Ambystoma mexicanum, also known as the axolotl, to make a model 

comparison between cave- and surface-dwelling paedomorphic salamanders. The visualisations and 

detailed commentary can be found in the attached manuscript [73]. By microCT scanning with a 

conventional source, we got excellent data quality, and single cells could be identified in cartilaginous 

elements. However, even though cells can be seen by the human eye, their automatic segmentation 

and quantification can be further challenging. The potential of X-ray microCT imaging with synchrotron 

imaging on salamander limbs has been discussed in chapter 4.2. Based on our partnership with 

Synchrotron Elettra and as this project was created in close cooperation with this institution, we 

decided to go also for synchrotron experiments. A comparison of the conventional and synchrotron X-

ray microCT is reported in Fig. 4.14. Here, I show the potential of synchrotron imaging on larvae of 

Ambystoma mexicanum in the head structures (brain and eye). Such data can be used for mathematical 

modelling regarding joint shaping [74] or more general regenerative dynamics in various skeletal and 

non-skeletal tissues. 
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Figure 4.14: Comparison of conventional and synchrotron sources. The top images show the brain of 

Ambystoma mexicanum larvae, and the bottom images show its eye. 

 

4.3.1 Frequency response analysis and future work 

Based on microCT 3D reconstructions, we tried to understand how proteus adapts to living in the dark 

habitat. We hypothesized that proteus could rely on sound and vibrations transmitted by the 

elongated jaw bones. To prove that, we wanted to look at the resonating frequencies for such 

hypothetical sound transmission compared to the axolotl, another salamander living in the open air. 

We were able to reconstruct ear labyrinths for proteus and axolotl species, create STL models, and 

look at some simulations of resonating frequencies. Fig. 4.15 shows frequency response analysis for a 

frequency of 160 kHz. Frequency response analysis measures the ear labyrinth's response to an 

acoustic stimulus with an increasing frequency and a constant amplitude. We looked at the acoustic 

modes of the ear labyrinths and determined the resonating frequencies for the system. This simulation 

was done by Anass Bouchnita (University of Texas, USA). In our future work, we would like to look in 

more detail at all reconstructed ear labyrinths and try to understand the physics of sound transmission. 

Another interesting area for future work is understanding the predatory behaviour of proteus, and we 

would like to do biting analyses based on the 3D model of jaws and facial muscles. This type of analysis 

may shed light on the predatory abilities of proteus.  
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Figure 4.15: Detail analysis of ear labyrinth of adult proteus. The left image shows 3D reconstruction 

based on microCT data with dimensions measurements. The middle image shows the STL object with 

mesh and schematically shown area of stimulation for frequency response analysis (f=160 kHz). 

Simulation done by Anass Bouchnita (University of Texas, USA). 

4.4 Vertebrate cartilage growth studied on mouse embryos 

Cartilage is the core of embryo growth and shaping before the bone forms. It is an essential skeletal 

and supportive tissue in our body. The shape and size of each cartilage element result from complex 

developmental processes. Cartilage elements vary widely in shape: 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 highly complicated with many irregular shapes [31, 32]. 

The craniofacial region consists of diverse embryonic cell types, including skeletal, muscular and 

nervous components [75]. The final shape of the face strongly depends on the geometry of the skeletal 

elements and their interaction with adjacent soft tissues such as muscles and the nervous 

system [31, 32]. In the human embryo, defects in cellular processes can affect the developmental 

program leading to congenital disabilities [31, 32, 76]. Numerous congenital craniofacial abnormalities 

affect the face's form and function, and explanations of these malformations still await the 

understanding [77].  According to the World Health Organization, genetic disorders have an incidence 

of 3 % in the human population [78], and they are causal for up to one-quarter of all reported neonatal 

deaths [79]. Thus, contextual visualisation of embryonic development is critical to clarify the origins of 

malformations [61].  

The mouse model is a compelling experimental model: it is a mammalian system with similar 

embryology, anatomy and physiology to humans; genes, proteins and regulatory programs are largely 

conserved between humans and mice [80]. The developing cartilaginous skull, the chondrocranium, 

displays a complex geometry of mostly sheet-like cartilages resulting from coordinated anisotropic 

growth in all dimensions. To understand the changes in dimensions of chondrocranium growth at 

major developmental stages, we created 3D reconstructions of cartilaginous chondrocranium 

(Fig. 4.16). Based on 3D microCT reconstructions of mouse chondrocranium, we were able to report a 

novel principle of vertebrate cartilage growth based on introducing transversally-oriented clones into 

pre-existing cartilage [31]. The microCT analysis, followed by 3D quantification, has enabled the 

understanding of complex morphological aspects of face development [31, 32, 76], which is further 

described in this chapter. 
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Figure 4.16: 3D reconstructions and segmentations of cartilaginous chondrocranium in mouse 

embryos, developmental stage E14.5-E17.5 The top row shows the 3D rendering of skin. The middle 

row shows semi-transparent heads with segmented chondrocranium. The bottom image shows only 

cartilaginous chondrocranium. 

Also, in this project, it was crucial to distinguish mesenchymal condensations, cartilage and bone. 

Mesenchymal condensations are the stage before early cartilages start to form, and thus, the 

segmentation in microCT data was challenging. On the opposite, the transition of cartilage to bone was 

clearly recorded in the data as synchondroses are involved in this transformation. Synchondroses have 

a lower density than cartilage and newly formed bone, and thus, they can be detected as darker areas 

with lower attenuation (Fig. 4.17). Since growth plates or synchondroses are oriented towards a 

specific direction, expanding cartilage in other dimensions was unclear and required further 

investigation [31]. 
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Figure 4.17: 3D reconstructions of cartilage, bone and synchondroses in mouse 2 days after 

born (P2). A corresponding CT slice with segmented structures is shown in the bottom part. Modified 

from [31]. 
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4.4.1 Wall thickness analysis 

By observing the results of cartilaginous nasal capsules from different developmental stages, E14.5 

generally establishes the shape of the structure. Nevertheless, from E14.5 until E17.5 the cartilaginous 

nasal capsule is accurately scaled up with significant geometrical tuning. Therefore, we wanted to 

understand the mechanism of scaling and whether cartilage thickens or narrows during development. 

We applied wall thickness analysis in software VG Studio MAX to study this process. The analysis 

inscribes the sphere to the STL model, and the diameter of the inscribed sphere is taken as the “wall 

thickness”. Surprisingly, the thickness of the cartilaginous sheets did not change as much as the other 

dimensions during nasal capsule growth. Thus, the sheet-shaped cartilage expands mainly laterally 

(within the plane) during directional growth (Fig. 4.18) [31].  

 

 

 
Figure 4.18: Wall thickness analysis of the cartilaginous chondrocranium of mouse embryos 

developmental stages E14.5-E17.5 

 

4.4.2 Shape comparison 

Also, we wanted to compare the shapes of the nasal capsules of major developmental stages and at 

five Wnt/PCP mutants (Wnt5a-/-, Vangl2-/- and Ror2-/- together with Vangl2+/-Ror2+/- heterozygous 

control). By simple look, the shape of the nasal capsules seemed very similar to one another for 

normally developing stages. However, we wanted some quantification to prove the exact shape of the 

segmented models. A typical way of comparison of 3D models is morphometric analysis. Traditional 

morphometrics relies on measurements such as linear distances, angles, weights or areas. However, 

most modern morphometric approaches are based on an analysis of landmarks. It means that set of 

landmarks is set on the 3D model. The assumption is that these landmarks are defined homologically 

across models. A particular landmark should unequivocally correspond to the same point across the 

stages etc. However, homology is a significant issue for morphometrics [81]. In our study, we defined 

the landmarks as shown in Fig. 4.19: Here, five representative distances were determined on the nasal 

capsule and these distances were measured for analysed developmental stages. Then, proportions 

were compared. 
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Figure 4.19: Morphometric analysis of E12.5, E15.5 and E17.5 stages. Red dimensions in the blue 

nasal capsule show the measurements used for morphometric analysis [31]. 

Even though morphometric analysis gave us logical and presumed data, we looked for further options 

on how to compare the shapes in a more intuitive demonstrative way that will not be dependent on 

the definition of landmarks. The best uniform option was given by the shape comparison analysis that 

is often used in the industrial sector for the comparison of two CAD/STL models. According to their 

septum, the nasal capsules were converted into STL files and registered in one coordinate system. 

Then, registered 3D models were compared (always the older one to the previous developmental 

stage) in a GOM Inspect Software by finding the closest distance between models with the searching 

angle of 30°. Finally, the same procedure compared E15.5 Wnt/PCP mutants to the same 

developmental stage of a wild-type control embryo. The result of the analysis is shown in Fig. 4.20. 

 
Figure 4.20: Shape comparison between control developmental stages and Wnt/PCP mutants. 

Colouration represents the incremental difference in the shape of the compared samples from green 

to red or blue colour [31]. 
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4.4.3 Modelling of cell division based on microCT models 

A significant advantage of segmented microCT 3D models is that they can be transformed into 

polygonal mesh suitable for other techniques such as 3D printing [11] or mathematical modelling. In 

this project, segmented cartilage was taken as an input to modelling uneven growth in shaping the 

nasal capsule. To exploit that, it was necessary to determine areas with different proliferation. To track 

and visualise the speed of proliferation, microCT data were combined with EdU labelling and 

fluorescence microscopy (Fig. 4.21). For each fluorescence image, a corresponding microCT slice was 

found and based on the number of tracked cells, sub-3D-models were created based on the original 

nasal capsule model. By tracking and matching the whole 3D microCT dataset with data from microCT, 

different proliferation was determined in 3D. More details on mathematical modelling can be found in 

the attached publication [31]. 

 

Figure 4.21: Input for modelling of uneven growth in a nasal capsule. The left image shows different 

cell proliferation in the 3D model. Right images show the creation of these growth zones based on 

matching EdU incorporation [31] with microCT slices. 

4.4.4 Re-use potential 

The presented 3D datasets with segmented craniofacial cartilage were published in Gigascience 

Database (GigaDB) [82]. In addition, reusable tomographic data from 7 full 3D scans of mouse embryo 

heads (E12.5-E18.5) were made publicly available. Such datasets published in public repositories such 

as GigaDB are linked and cited in the paper through a citable DOI (Digital Object Identifier), providing 

stability and, most importantly, additional discoverability and traceability [83]. This dataset can be 

taken as input in creating a robust method for segmentation cartilaginous structures from microCT 

data. Deep learning algorithms have lately dominated the field of image processing, and 

specifically, convolutional neural networks consistently achieve state-of-the-art results in fully 

automatic image segmentation tasks [84]. The dataset has been validated for deep learning 

algorithm 83 and can be used by other researchers for automatic and neural network 

segmentation. Also, there is a potential for biological re-use as mouse embryos are typical model 

organisms in developmental biology [80]. 
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4.5 Extraocular muscles development 

Among the craniofacial muscles, the morphology of the extraocular muscles (EOMs) has been a 
longstanding challenge in comparative anatomy and evolutionary biology. It had been unknown how 
the individual muscle masses emerge from the individual muscle anlagen and how the development 
of their tendons and attachment points is coordinated. These muscles do not have bone-to-bone 
attachments and constitute an evolutionary conserved cranial muscle unit. They are responsible for 
the coordinated movement of the eyeballs and vision. The basic EOM pattern is shared among all 
vertebrate classes. They include four recti muscles and two oblique muscles for eyeball movement [85-
87]. Fig. 4.22 shows the anatomy of EOMs, and their responsible movements are described 
in Table 4.3. 

This project investigated the morphogenesis of extraocular muscles (EOMs). The process of muscle 
patterning is essential for the acquisition of muscle shape and impacts the function of the adult 
muscles. While significant knowledge of the mechanisms of differentiation and patterning within 
individual tissues has been attained, much less about the patterning of different adjacent 
tissues [88, 89]. The study of muscles is usually done by confocal microscopy or optical projection 
tomography. However, these methods can visualize specific tissues such as muscles, but they do not 
give information about other anatomical structures such as eyeballs, cartilage, tendons etc. So knowing 
the position of the eyeball, lens and EOMs in the context of the whole head gives essential information 
about the developing structures. This project aimed to build a precise spatiotemporal map of EOMs 
and quantify changes between developmental stages and genetically modified mice or after inhibitor 
treatments. By creating microCT 3D reconstructions, we identified a time window in which individual 
EOMs emerge from a unique muscle anlage and establish insertions in the sclera [90]. Also, connective 
tissue, tendons, and attachment points were visualized to determine whether they are derived from 
neural crest lineage.  

The detail of this project can be found in the attached publication [90]. This chapter then describes 

microCT analysis and quantitative measurements as ventralization of the eyeball or distance of 

superior rectus muscle from the eyeball. 

 

 
Figure 4.22: 3D reconstruction of extraocular muscles (EOM), eyeball, lens and trochlea in mouse 

embryo head 17.5 days post-fertilisation. 
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Table 4.3: Extraocular muscles and their responsible movement of the eye [91]. 

Name of the muscle Responsible movement 

Superior oblique Downward and outward 
Superior rectus Upward 
Lateral rectus Outward 
Medial rectus Inward 
Inferior rectus Downward 

Inferior oblique Upward and outward 
 

4.5.1 Ventralization of the eyeball 

By PTA contrasting and subsequent segmentation of microCT data, we got a precise spatiotemporal 

atlas of the development of EOMs, eyeball, lens and optic nerve. We got information on these 

structures in one 3D dataset. Besides that, we observed these structures in the context of developing 

cartilage and the skin of the mouse embryos. To have the context of the developing structures was 

crucial when comparing normal development with genetically modified embryos. For BMS493-treated 

embryos, we noticed that eye of the mutant “looks down” compared to the control one. In other 

words, there is a ventralization of the eyeball. The ventralization for mouse embryos 13.5 days post 

fertilisation is shown in Fig. 4.23. We wanted to have a specific number representing the changes 

between the mutant and the control to describe this phenomenon. Therefore, we decided to measure 

the angle of inclination. 

In geometry, the angle can be defined as the figure formed by two rays meeting at a common endpoint. 

For our purpose, we needed the definition of these two rays that will fit the geometry of the developing 

eye. Firstly, we fitted geometrical objects to selected biological structures: Two spheres were fitted to 

the eyeball and lens, and one cylinder was fitted into the eye nerve. Secondly, the first ray was defined 

as the axe of the cylinder and the second ray was defined as the vector for the nearest distance 

between eyeball and lens. Finally, the angle of inclination was den calculated as the angle of these two 

rays. The individual steps of this analysis and the computation result are shown in Fig. 4.24.  In this 

way, the actual number was determined that describes the observed fact that mutant looks down in 

comparison with control. 
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Figure 4.23: Comparison of control and genetically modified (BMS493-treated) mouse embryos 13.5 

days post-fertilisation. The top images show the 3D rendering of the skin of the whole head. The 

middle images show semi-transparent skin with the segmented eyeball, lens, optic nerve and EOMs. 

The bottom images show only segmented structures. The perspective of the eyeball in the whole 

head shows ventralization in the mutant. 
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Figure 4.24: Fitting geometrical objects to biological structures. A cylinder is fitted to the optic nerve, 

and spheres are fitted to the eyeball and lens. The difference between a control and a mutant 
(BMS493-treated) is 40°. 

 
Another interesting phenomenon observed in 3D models was the distance of the superior rectus 
muscle from the eyeball. It seemed that this muscle was going very near to the eyeball in the control 
embryo. However, at the mutant, the distance seemed farther. Firstly, we looked at tomographic slices 
of the reconstructed volume. As there is a ventralization of the mutant eyeball, it is very challenging 
to find corresponding orientation for two volumes of two different samples. Based on this fact, I fitted 
one point to the muscle and one point to the eyeball, but also this procedure is dependent on the 
operator, so I further looked for other options on how to determine this distance. The best option 
seemed to fit additional volume between the muscle and the eyeball. In the second step, I subtract the 
segmented structures from the volume. In the third step, I looked at the “thickness” of the gap 
between the structures. The result of this analysis is shown in Fig. 4.25. By calculating the thickness of 
this gap, the procedure becomes fully automatic and is not dependent on the operator. The manually 
measured distances can serve as the control for the automatic wall thickness analysis. 
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Figure 4.25: Measurement of distance between superior rectus muscle and eyeball for control and 
mutant embryo (BMS493-treated) 13.5 days post-fertilisation. The top images show CT slices, and 

green arrows indicate the distance to be measured between the muscle and eyeball. Middle images 
show manually measured distance. The bottom images show distance measured in 3D by 

determining wall thickness on volume inserted between the muscle and the eyeball. 
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5 Combination of microCT with other methods 

5.1 Neck muscles and associated connective tissues 

The neck is composed of approximately 80 skeletal muscles that allow head mobility, respiration, 

swallowing, and vocalization processes in humans. A robust network of muscles ensures these 

processes at the head-trunk interface, a transition zone subjected to a spectrum of human muscle 

diseases [92-94]. Neck muscles have remained poorly defined due to their complex morphogenesis 

and dual mesodermal origins [95]. Describing the embryology of these distinct muscle groups is crucial 

to understanding the mechanisms underlying specific muscles' susceptibility to muscular dystrophies. 

While myogenesis at the cranial and trunk levels has been studied extensively, the developmental 

mechanisms at the basis of neck muscle formation are poorly documented and often debated [96]. 

To describe the origins of different muscle groups, we combined immunostaining on sections and 3D 

microCT reconstructions of the neck and pectoral girdle of control and two genetically-modified 

embryos (Tbx1-/- and Pax3-/- ) [95].  All samples were 18.5 days post-fertilisation. Because of the larger 

size of this developmental stage and possible limited staining penetration, we decided to cut off the 

area of interest for scanning. The cutting helped penetration a contrasting agent (PTA) into the sample. 

In other words, there was a dissection of the cervical region (including the mandible and scapular 

components). Thus, the staining time was reduced to 10 days.  Another step for creating a 3D map of 

a neck region was to define the muscles of interest for 3D segmentation. When applying the staining 

procedure to soft tissues, segmentation is based on grayscale value and anatomical shape. However, 

using these criteria on muscles is quite challenging as they are hard to distinguish. To validate the neck 

muscles, we combined microCT data with immunostaining. Immunostaining clearly showed the 

individual muscles, but only on eight sections (Fig. 5.1) in the sample. In opposite, the resolution of 

microCT scanning was 5.7 µm for all samples but with lower differential contrast. The data showing 

both immunostaining and CT slices are shown in Fig. 5.2. When we combined information from both 

techniques by tracking marked muscles from immunostaining throughout microCT volume, we were 

able to get high-resolution reconstructions for muscles and skeletal elements in the context of the 

whole mouse embryo (Fig. 5.3). 
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Figure 5.1. Mouse embryo 18.5 days post-fertilisation. Eight sections (A-H) indicate the planes of 

immunostaining that were subsequently matched with microCT data [97]. 

 

 
Figure 5.2. The immunostaining section (left) and corresponding CT slice of a mouse embryo (18.5 

days post-fertilisation). The pink colour shows the muscles, and white asterisks mark the muscles 

that need to be visualized in 3D. Note similar contrast for muscles and other tissues at microCT 

slice [97]. 
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Figure 5.3: 3D reconstruction of the neck area of mouse embryo (18.5 days post-fertilisation). 3D 

rendering of skin (left), semi-transparent skin (middle) and segmented structures (right). Note cut in 

the area of head and abdomen. Blue arrows then indicate penetration of contrasting agent (PTA) to 

the sample in these areas. 

Together with a 3D atlas of a control embryo, 18.5 days post-fertilisation, we analysed the effect of 

inactivation of Tbx1 and Pax3 genes on neck muscle formation, compared to the muscle phenotypes 

observed at cranial and trunk levels. Fig. 5.4 shows the reconstruction of the muscles and different 

colour-coding for anterior-most somatic, branchiometric and more posterior programs. Fig. 5.5 shows 

then only cartilaginous reconstructions for better clarity. Note the malformation of trapezius muscle 

affected in Pax3Cre/Cre and missing entirely in Tbx1-/-. On the contrary, scapular muscles of the more 

posterior program are not significantly affected in Tbx1-/-but missing in Pax3Cre/Cre. Also, intrinsic 

laryngeal muscles were affected together with skeletal elements of the larynx. More details of 

biological observations can be found in the attached publications [95]. 

When comparing differences between genetically modified samples and developmental programs, we 

generated many 2D images with different transparency from the 3D models, different zooming etc. As 

a result, it became hard to get oriented in a generated data. For this reason, we began to look for the 

other way to put the 3D models into the publication so that anyone can access them without the need 

for specialised software. The best suitable option turned out to convert 3D models into interactive 3D 

PDF format. In this way, microCT data can be interpreted in small file format, readable on all operating 

systems using the widely used Portable Document Format (PDF). To convert the biological models into 

this type of document, I faced some challenges such as the size of the data, the colouring of the models 

with the conservation of sub-models hierarchy etc. First, I wrote down all the challenges that I faced 

during the creation of the model. Then, I formed a manual describing individual steps, starting with 

segmentation of the data and surface extraction to embedding models into interactive 3D PDF files. 

This manual was also published with an example of craniofacial structures, so anyone working with a 

3D imaging technique can use our user-friendly protocol  [61]. We believe that intuitive and interactive 

3D PDF files have a great potential for data sharing, communication, and publications. 
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Fig. 5.4: 3D reconstructions of neck muscles in three mouse embryos: Ctrl (control) and two mutants 

(Tbx1-/- and Pax3Cre/Cre). Different colours correspond to different developmental programs. 

 

Fig. 5.5: 3D reconstructions of associated skeletal elements to which muscles attach.  
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6 Conclusion  

This dissertation reflects the current need for the biological community for precise 3D characterisation 

of studied structures. The microCT technique has shown great potential in developmental biology in 

recent years. However, there has been a lack of methodology for the quantitative characterization of 

3D structures. 

The particular applicability of this work is demonstrated in the research projects that have been 

published in impact factor journals. Specifically, my dissertation focused on studying salamander limbs' 

regeneration down to cellular level in different salamander species: Pleurodeles waltl, Ambystoma 

mexicanum and rare cave amphibian Proteus anguinus. Above that, a digital atlas of proteus was 

created involving different developmental stages and comparison with surface-dwelling axolotl. Since 

these 3D models are published online, scientists worldwide can access and use these models in their 

research, which is particularly valuable given the proteus is an endangered and protected animal.  

Another animal in which structures were thoroughly analysed was mouse and mouse embryos, 

respectively. Also here, we accessed a diverse range of developmental stages together with 

genetically-modified animals. Particular attention was given to soft tissues in the head that have not 

been analysed by microCT before. We focused on cartilaginous chondrocranium and quantitative 

comparison of thickness and shapes. Similarly, muscles with attachment points, tendons, and 

supportive tissues were visualised and analysed, focusing on their different developmental programs. 

Many samples were scanned and segmented, so also here, we created a digital atlas containing 

microCT data of major developmental stages and relevant segmentations. This mouse embryo atlas 

was again published online so that anyone can access this valuable data. The segmented cartilage was 

then used as an input for deep learning‑based automatic segmentation. Thus, the effort and resources 

given to the 3D reconstructions can serve as the initial input for other scientific projects. 

During the creation of 3D models and analysis, I faced many challenges: I fought with the contrast of 

soft tissues and staining protocols, unsolicited motion during microCT measurement and challenging 

data segmentation and 3D characterisation. In this work, I tried to address all topics relevant to 

microCT characterisation of biological structures in 3D, so any student or scientist dealing with a similar 

topic can take this document as a user-friendly recipe for their experiment. 
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8 List of symbols and shortcuts 

2D  two-dimensional 

3D  three-dimensional 

BUT  Brno University of Technlogy 

Blob  Binary large object 

CEITEC  Central European Institute of Technology 

CNN  Convolutional Neural Network 

CT  X-ray Computed Tomography 

Ctrl  Control 

DOI  Digital Object Identifier 

E  Energy 

EOM  Extraocular muscles 

FBP  Filtered Back Projection 

GigaDB  GigaScience Database 

𝑗0  Spectral intensity 

𝐼  Intensity at the detector 

𝐼0  Intensity generated by the source 

microCT X-ray Computed Microtomography 

n  refractive index 

PDF  Portable Document Format 

PMA  Phosphomolybdic Acid 

PTA  Phosphotungstic Acid 

STP  SYRMEP Tomo Project  

WT  Wild Type 

β  Imaginary part of refractive index 

𝛿  Real part of refractive index 

𝜇  Attenuation coefficient 
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Abstract

Background: Lightless caves can harbour a wide range of living organisms. Cave animals have evolved a set of morphological, physi-
ological, and behavioural adaptations known as troglomorphisms, enabling their survival in the perpetual darkness, narrow temper-
ature and humidity ranges, and nutrient scarcity of the subterranean environment. In this study, we focused on adaptations of skull
shape and sensory systems in the blind cave salamander,Proteus anguinus, also known as olmor simply proteus—the largest cave tetra-
pod and the only European amphibian living exclusively in subterranean environments. This extraordinary amphibian compensates
for the loss of sight by enhanced non-visual sensory systems including mechanoreceptors, electroreceptors, and chemoreceptors.We
compared developmental stages of P. anguinus with Ambystoma mexicanum, also known as axolotl, to make an exemplary comparison
between cave- and surface-dwelling paedomorphic salamanders.

Findings: We used contrast-enhanced X-ray computed microtomography for the 3D segmentation of the soft tissues in the head of
P. anguinus and A. mexicanum. Sensory organs were visualized to elucidate how the animal is adapted to living in complete darkness.
X-ray microCT datasets were provided along with 3D models for larval, juvenile, and adult specimens, showing the cartilage of the
chondrocranium and the position, shape, and size of the brain, eyes, and olfactory epithelium.

Conclusions: P. anguinus still keeps some of its secrets. Our high-resolution X-ray microCT scans together with 3D models of the
anatomical structures in the head may help to elucidate the nature and origin of the mechanisms behind its adaptations to the
subterranean environment, which led to a series of troglomorphisms.

Keywords: Proteus anguinus, Ambystoma mexicanum, olm, axolotl, X-ray microCT, microtomography, salamander, cave animal, subter-
ranean adaptations

Data Description
Context
Proteus anguinus, also known as the olm or simply proteus, has
attracted the attention of scientists and animal traders for cen-
turies. P. anguinus is an apex predator of the karst underground
waters. Its presence indicates the stability of food chains in the
subterranean ecosystem. Its geographic distribution is limited
to the Dinaric Karst; it ranges from the Gulf of Trieste in Italy,
through the southern half of Slovenia, coastalmainland of Croatia
and parts of Bosnia and Hercegovina, as far as adjacent parts of
Montenegro. With its extremely fragmented and limited habitat,
P. anguinus is particularly vulnerable to pollution of groundwater.
Some populations have been locally destroyed or endangered by

pollution or habitat destruction [1, 2]. P. anguinus is an important
object of research from at least 2 perspectives. First, P. anguinus
played a historical role during the formation of modern science
from the 17th to 19th century, puzzling the minds of most promi-
nent early naturalists, from Valvasor to Linnaeus, Scopoli, Cuvier,
and Humboldt, and from Lamarck to Darwin and Goethe. Second,
P. anguinus has potential to answer the questions of the science
of today and the future (e.g., regeneration, cave-related adapta-
tions, enormous genome, and conservation of subterranean bio-
diversity) [3].

P. anguinus was first mentioned by Janez Vajkard Valvasor in
1689. Its scientific name Proteus anguinus was given by Josephus
Nicolaus Laurenti in 1768, and thus P. anguinus became the first
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taxonomically described cave animal in the world [4]. In the past
2 centuries, more detailed research has been performed on P. an-
guinus. Two of the central figures of the early P. anguinus research
were Žiga Zois, a naturalist from Ljubljana, who first described its
behaviour and conducted the earliest physiological and ecologi-
cal observations. Then, Karl von Schreibers, a Viennese zoologist,
was the first to explore the anatomy of P. anguinus [5]. This mys-
terious animal, which retains larval features at the adult stage,
started to interest the scientific community in the early 19th cen-
tury, with a focus on its secretive mode of reproduction. In 1859,
P. anguinus served as an example of blind cave animals in the fa-
mous monograph On the Origin of Species, where Charles Darwin
attributed the reduction of eyes wholly to their disuse in darkness
[6]. P. anguinus also became a model species in classical studies of
comparative anatomy of the late 19th century. In the 20th century,
more systematic research was enabled by overcoming the inac-
cessibility of P. anguinus’s subterranean habitat in captivity of cave
laboratories worldwide, including France, Slovenia, and Germany;
the studies focused on cave-related physiology, ecology, behaviour,
and molecular phylogeny [3]. Fortunately, the attention to P. an-
guinus and its habitat has gradually received an important cul-
tural and conservation attitude (1951 protected species in Slove-
nia, 1971 Ramsar convention, 1979 Bern convention, and 1992 EU
Habitat Directive). The year 2019 represented another milestone
in the research of P. anguinus. The public presentation of the P.
anguinus genome sequencing project [7] aimed to decipher the P.
anguinus genetic information coded in its genome, which is ∼15
times larger than the human genome.

Obligate cave-dwellers often result in a set of specific mor-
phological, physiological, and behavioural traits (i.e., troglomor-
phism). Compared with their epigean relatives, cave-dwelling an-
imals may have phylogenetically retained older sensory proper-
ties, improved them, or acquired new ones, enabling their sur-
vival in dark habitats [8].P. anguinus evolved a range of adaptations
such as the loss of pigmentation, slowmetabolism, and capability
of surviving extreme starvation. Moreover, the loss of eyesight is
compensated by other specialized senses that enable navigation
in complete darkness. The mode of cave life and other biological
peculiarities of P. anguinus and other troglobionts evoke the po-
tential role of underwater audio-, mechano-, electro-, and mag-
netoreception [9, 10].

Specimens of P. anguinus are valuable study material because
they are protected and vulnerable. Our knowledge of P. anguinus
larval and juvenile stages is still scarce. For these reasons, we
aimed to use P. anguinus specimens from existing collections to
avoid collecting them from nature. These animals died by natu-
ral causes and their bodies were preserved. We accessed the col-
lection, applied non-destructive staining and a non-destructive
imaging method (X-ray computed microtomography [microCT]),
and then returned the specimens back to the collection. In this
way, we obtained high-quality and high-resolution 3D data with-
out needing to kill any animal.

X-ray microCT has become a powerful method in developmen-
tal biology for exploring morphological changes in 3 dimensions.
Geometric morphometrics based on X-ray microCT has already
been used previously for an exploratory analysis of the morphol-
ogy of the cranial osteology in the white and black subspecies
of P. anguinus [11, 12]. However, without contrast-enhanced tech-
niques, less dense tissues such as sensory organs would be un-
recognizable or inaccurately captured owing to insufficient con-
trast for detailed 3D analysis. In our study, we use staining of soft
tissues by phosphotungstic acid (PTA) or iodine to visualize soft
tissues in the head of P. anguinus. For the first time, we look at vol-

umetric internal structures by using a non-destructive imaging
technique and we show the sensory organ with a high spatial and
contrast resolution.

P. anguinus has been an important object of study in the history
of international nature research, intriguing scientists. Thanks to
studies in the past 300 years [5], themysteries of this cave amphib-
ian are slowly being unravelled. However, P. anguinus still leaves
gaps in our knowledge about its ecology, evolution, and physiol-
ogy. Our high-resolution microCT scans, together with 3D models
of anatomical structures in the head, could help to elucidate the
nature and origin of themechanisms behind its adaptations to the
subterranean lightless environment, which led to the acquisition
of the troglomorphic features.

Methods
Sample preparation
Approval for the capture, handling, maintenance, and breeding
in captivity of the animals used in the study was granted by
the Ministry of the Environment and Spatial Planning of the Re-
public of Slovenia, Slovenian Agency for the Environment (Per-
mits Nos. 35701-36/01, 35601-95/2009-4, and 35601-132/2014-4),
by the Italian Republic, Friuli Venezia Giulia Region (Permit Nos.
4105/6MU4/95/04/12), and by the Italian Republic,Ministry of Eco-
logical Transition (Permits Nos. 3006/015590-93, 39/04). No ani-
mals were killed for this study. Our experimental plan involved
scanning P. anguinus and the axolotl Ambystoma mexicanum sam-
ples at different stages to study various parts of the skull and sen-
sory organs.

All 5 P. anguinus specimens (NCBI:txid221568) were stored in
75% ethanol. Specimens ofA.mexicanum (NCBI:txid8296) had been
reared at the Speleovivarium Erwin Pichl (Italy) since 2004 and in-
cluded a 5-year-old adult female (died in 2009) with a total length
of 194 mm, and a larva of 6 days old (died in 2012) with a to-
tal length of 11 mm. Specimens of P. anguinus included 1 larva,
3 weeks old (died in 2007), length 23 mm, captive breeding orig-
inating from the Postojna-Planina Cave System, from the collec-
tion of the Tular Cave Laboratory (Slovenia); 1 juvenile, 35 mm
long, deceased at the collection site in spring near Metković (Croa-
tia), from the collection of the Department of Biology, Biotechnical
Faculty, University of Ljubljana (Slovenia); 1 adult, sex unknown,
length 276mm, collected in Postojna-Planina Cave System (Slove-
nia, 1989), died in captivity of the Speleovivarium in 1999, from the
collection of the Speleovivarium Erwin Pichl (Italy).

We modified a contrast-enhancing protocol initially developed
by Brian Metscher [13] that has been successfully applied on sala-
mander tissues before [14]. Larval samples of both P. anguinus
and A. mexicanum, and juvenile P. anguinus were stained with 1%
PTA in 90% methanol for 7 weeks. The solution was exchanged
with a fresh one once a week. The adult P. anguinus and A. mex-
icanum specimens were stained with 2% iodine (instead of PTA)
in 90% methanol for 6 weeks to ensure that the contrasting agent
would penetrate the entire sample because iodine penetrates bet-
ter than PTA. Subsequently, the samples were gradually rehy-
drated in ethanol series (90%, 80%, 70%, and 50%), 1 day for each
concentration (i.e., 4 days of rehydration). The samples were then
stabled in polyamide tubes filled with 1% low-melting agarose gel
to prevent sample movement during CT scan.

Image acquisition
The head region of the samples was scanned by using a labora-
tory X-ray microCT system GE Phoenix v|tome|x L 240 (Waygate
Technologies / Baker Hughes Digital Solutions GmbH, Wunstorf,
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Germany). The system was equipped with a 180 kV/15 W maxi-
mum power nanofocus X-ray tube and a high-contrast flat-panel
detector DXR250 with 2,048 × 2,048 pixels resolution and (200 ×
200) μm2 pixel size. A total of 2,000 projections over a total scan
angle of 360◦ were acquired with an exposure time of 900 ms per
projection. Each projection was captured 3 times, and an average
of the signal was used to improve the signal-to-noise ratio. The ac-
celeration voltage of the X-ray tube was set to 60 kV and the tube
current to 200 μA for larval and juvenile P. anguinus; 80 kV and
250 μA were used, respectively, for voltage and current for adult
samples. The X-ray beams of lower energies were filtered with a
0.2-mm-thick aluminium plate for larval and with a 1-mm-thick
aluminium plate for adult samples. The voxel sizes of the recon-
structed data were as follows: 3.5 μm for juvenile P. anguinus, 5.8
μm for larval P. anguinus, 25 μm for adult P. anguinus, 2.8 μm for
larval A. mexicanum, and 27.5 μm for adult A. mexicanum.

Tomographic data processing
The tomographic reconstructionwas performed using GE phoenix
datos|x 2.0 software (Waygate Technologies / Baker Hughes Dig-
ital Solutions GmbH, Wunstorf, Germany) (Phoenix Datos|x 2.0,
RRID:SCR_017996). A segmentation procedure was then applied
to reconstructed slices. The Avizo 7.1 (Thermo Fisher Scientific,
Waltham, MA, USA) (Avizo 3D Software, RRID:SCR_014431) im-
age processing software was used for semi-automatic segmen-
tation [15–17] of structures in the head. To reduce the load of
the 3D segmentation volume, every third slice was manually seg-
mented, and the rest was calculated by linear interpolation be-
tween manually segmented slices [17]. We converted the semi-
manually segmentedmodels into polygonalmeshes and imported
this in VG Studio MAX 2.2 software (Volume Graphics GmbH,
Heidelberg, Germany) (VG Studio MAX, RRID:SCR_017997) for 3D
visualizations.

Data validation and quality control
By contrast-enhanced X-ray microCT scan, we were able to vi-
sualize the internal structures of the P. anguinus head. Figure 1
shows themanually segmented cartilaginous chondrocranium,as
well as the position and the shape of the brain, the remnant eyes,
and the olfactory epithelium.A considerable portion of the cranial
skeleton in the adult P. anguinus specimen remains cartilaginous.

A validation of the semi-automatic segmentation procedure is
presented in Fig. 2. The 3D models were created by an operator
based on the grey-scale value contrast and the shape of the struc-
tures. The detailed procedure is described in the Methods section
and followed our previous study [17].

In Fig. 3, we compare the microCT datasets and segmentations
of the internal head structures of the larval and adult specimens
of both P. anguinus andA.mexicanum. The head of the troglobiotic P.
anguinus is narrower and more elongated in comparison with the
epigean A.mexicanum, which lives in open surface bodies of water
but not underwater caves. Our 3D segmentations show remnant
eyes at larval and juvenile stage P. anguinus, but no remnant of
eyes was noticed in the adult specimen. The progressive degen-
eration of the eye in the development of P. anguinus may lead to
the apparent disappearance of the eye in the adult animal [18].
By contrast, 3D models of A. mexicanum clearly show the eyes, to-
gether with an optic nerve that leads to the brain, in both the lar-
val and adult stages. However, the absence of remnant eyes and
optic nerves in our data could be caused by low contrast of these
structures in microCT data because the segmentation was done

manually by the operator and based on their grey-scale values
and their shape.

Reuse potential
Museum-type documentation of rare and endangered
species
The presented datasets give insight not only into the developmen-
tal biology of P. anguinus. Together with 3D datasets of A. mexi-
canum, they are important studymaterials for the conservation ef-
forts to preserve these endangered amphibians. According to the
global assessment of the International Union for Conservation of
Nature (IUCN), 43% of amphibian species are in decline while 32%
are threatened with extinction [19]; P. anguinus is currently classi-
fied as vulnerable. The X-ray microCT method enables anatomi-
cal studies without damaging the morphology of the specimens
and is therefore exceptionally appropriate for studying endan-
gered species with a limited amount of available specimens. Semi-
automatically segmented images and the extracted 3D models
could also be taken as an input into a machine learning algo-
rithm. The field of image processing is becoming dominated by
deep learning algorithms and convolutional neural networks [20].
Creating an online database could also be beneficial for student
studies and distance learning. Especially, last year showed the
importance of easy access to online study materials because of
Covid-19 restrictions.

Perspectives: Cellular resolution
Using microCT scan with a conventional X-ray source, we ob-
tained data of excellent quality that depict single cells in the carti-
laginous elements (Fig. 4). Despite the fact that the cells can be vi-
sually detected, their automatic segmentation and quantification
is challenging. The potential of X-ray microCT imaging with syn-
chrotron sources for the study of 3D cell distribution was demon-
strated in our previous study on salamander limbs [12], and the
potential for biomedical applications was shown before [21, 22].
The data with cellular resolution can be used as the input for the
study of polarization of cells in the extracellular matrix in sala-
mander limbs or for mathematical modelling of joint formation
[14].

Research outlook
Themorphology of the cranium carries important information re-
lated to mechanics involved in feeding, as well as competitive, re-
productive, and anti-predatory behaviour. Even small differences
in cranial skeleton may have important biomechanical and eco-
logical implications [23]. The most detailed descriptions of the P.
anguinus skull are those of Dolivo-Dobrovolsky [24, 25], Ivanović
et al. [11], Papi et al. [12], and Bizjak Mali and Sket [26]. MicroCT
contrast-enhanced data included overall 3D information and a
further segmentation.Working on the provided data can be taken
as an input for various type of analyses (Fig. 5). The visualiza-
tion of muscles of the upper and lower jaw could be used for
biting analyses that may shed light on the predatory abilities of
P. anguinus.

In general, our datasets will help to investigate how evolution-
ary changes in the shape of the head and its integrated muscu-
loskeletal apparatus, nervous system, and sensory organs would
help for troglomorphic adaptation. Because P. anguinus is a cave-
dwelling animal, the craniofacial design underwent a number of
cave-related evolutionary adaptations, acquiring protracted and
longitudinally elongated skeletal elements, in comparison with
the epigean A. mexicanum, as revealed by comparative microCT
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Figure 1: 3D reconstructions of P. anguinus head based on X-ray microCT data. Larva (top), juvenile (middle), and adult (bottom) P. anguinus. Images in
the first column show semi-transparent 3D renderings of the head with skin in dorsal view. Dorsal, lateral, and frontal views of the segmented and
color-coded internal soft structures are shown in the second to the fourth columns.

Figure 2: Accuracy validation of semi-automatic segmentations of X-ray microCT data in juvenile P. anguinus. Raw CT image (left) and the
corresponding segmented image (middle) through the transverse plane (green) of the head of a juvenile P. anguinus (right).

scanning analysis and in-depth 3D analysis. Indeed, when com-
pared to P. anguinus, A. mexicanum exhibits a wider skull with a
massive jaw. Elongated skull, body, and limbs are common fea-
tures of troglomorphism for organisms inhabiting subterranean
habitats [27, 28]. Only 14 cave-obligate species are known (all
plethodontid and proteid salamanders), but this number is likely
to be an underestimate because of cryptic species [29]. In this
regard, the results of our study provide insight into evolution-
ary trends in adaptive morphological traits as a result of conver-
gent evolution across phyla. Even without evolutionary compari-
son across phyla, our results enable further studies on evolution
of the skeletal parts in the adaptive landscapes individually for
closely related species.

Not only evolutionary questions but also developmental pat-
terns can be tackled with these data. For instance, to investi-
gate whether the elongated skull shape develops evenly with
the growth of the animal, we investigated the larval P. anguinus.
The larva of P. anguinus, although small, revealed its miniaturized
protracted chondrocrania with similar spatial proportions to the
adult form. Thus, the elongated body and stretched cranium may
indicate possible benefits at any phase of development. Such com-
parative developmental and growth-related studies open up new
opportunities to look into the dynamics of skeletal shape devel-
opment in relation to the specifics of the environment.

However, when it comes to the adaptations in sensory organs,
the 3D analysis of the head revealed major differences in visual
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Figure 3: Comparison of the head and internal soft-tissue anatomy of the cave-dwelling P. anguinus with A. mexicanum in larval and adult specimens.
Images in the first row show 3D renderings of the head with skin in dorsal view. The second row shows color-coded segmented brain, cartilage, bones,
and eyes with optic nerve and olfactory epithelium. The third row shows these structures without bone and cartilage for better clarity.

Figure 4: Images at near cellular-level resolution showing the cartilaginous elements in juvenile P. anguinus obtained by microCT. The white dots
represent cell nuclei. 3D detail of the cartilaginous first basibranchial element of the hyobranchial apparatus in ventral view (yellow; top row) with 3
orthogonal CT slices along the frontal, sagittal, and transverse planes (second row).

and olfactory systems of P. anguinus and A. mexicanum. First, P. an-
guinus is blind, a typical troglomorphic trait that is explained by
the troglobiotic way of life. The eye development in P. anguinus
larva begins as in other amphibians. The regression of the almost
normally formed eyes starts soon after hatching and gradually

leads to a considerable reduction of the eyes in adult P. anguinus
[18], while surface-dwelling salamanders develop fully functional
eyes. The morphological comparisons of the P. anguinus develop-
mental stages with their gradual reduction of eyes may improve
our knowledge on themechanisms of eye degeneration in P. angui-
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Figure 5: Potential use of contrast-enhanced X-ray microCT data. Segmentation of craniofacial muscles and ear labyrinth in A. mexicanum and P.
anguinus.

nus and possibly other similar blind cave-dwellers. Moreover, the
eyeballs develop in a complex conjunction with muscular appa-
ratus [30] and optical nerve. Here, in P. anguinus, it is possible to
question how the induction and degeneration of auxiliary tissues
is achieved during the degradation of the pre-shaped eyeballs.

The animals with eye regression are generally known to inhabit
caves; therefore vision is nearly useless to them. The blind Mex-
ican cave fish (Astyanax mexicanus) is one of the popular model
systems to study the loss of vision and developmental arrest of
the visual system [31]. However, blind fish and other model or-
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ganisms, including P. anguinus, still have a great potential for com-
parison with other eyeless vertebrates [32]. Therefore, our results
and datasets may enable new insights into evolutionary trends in
the eye development and degeneration strategies in cave-dwellers
across vertebrate clades.

Olfaction plays an important role in the life of salamanders
[8]. The analysis of 3D-rendered olfactory organs revealed strik-
ing differences between the surface-dwelling A. mexicanum and
the cave-dwelling P. anguinus. Elongated and tube-shaped olfac-
tory cavities in P. anguinus likely emerge as another adaptation to
the cave environment,where enhanced olfaction capabilities pose
an advantage in the absence of visual signals [33]. Comparing to
A. mexicanum, the elongated olfactory cavities of P. anguinusmight
enable a higher dynamic range of sensitivity, owing to a more effi-
cient longitudinal diffusion of signals upon entry via the nostrils.
In line with this, the olfactory nerves of P. anguinus are also con-
siderably elongated, which is explained by a rather long rostral
part of the skull in P. anguinus. Therefore, studies of evolutionary
divergence of the olfactory system and its sensitivity and general
design could benefit from the deposited datasets.

Finally, salamanders represent a well-established model sys-
tem for the research of regeneration, and the fundamental princi-
ples of multi-tissue regeneration have already been revealed [34].
Regeneration of P. anguinus has been described previously, yet the
provided data offer an important insight into the evolutionary dif-
ferences in regeneration among salamanders with fundamentally
different lifestyles.

Data Availability
The datasets underlying this article are available in theGigaScience
Database repository [35]. We provide reconstructed slices as DI-
COM image stacks and segmented structures in STL format for
the head region of 3 specimens (1 larva, 1 juvenile, and 1 adult) of
P. anguinus and 2 specimens (1 larva and 1 adult) of A. mexicanum.
For segmented structures, we also provide segmented masks as
DICOM image stacks—1 stack for each structure. The folders are
structured so that each folder represents 1 sample containing a
folder with DICOM stack, a folder with STL files, and a folder with
segmented masks. The DICOM image stacks can be opened in any
image viewer supporting this format; we recommend ImageJ for
viewing the data [36]. To explore datasets in 3 dimensions, spe-
cialized free viewers are available—Drishti [37], DragonFly (Object
Research Systems [ORS], Inc., Montreal, QC, Canada), or others.
For analysis and further segmentation, we recommend the use
of ITK-SNAP [38] or commercial software, e.g., Avizo or VG Studio
MAX. A detailed description and amanual for segmentation of bi-
ological data can be found in our previous works [17, 39]. The STL
files can be also explored in 3D mesh viewers: popular free open-
source software, e.g., MeshLab [40] or Blender [41], as well as in
the sketchfab repository [42].
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An interactive and intuitive 
visualisation method for X-ray 
computed tomography data of 
biological samples in 3D Portable 
Document Format
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3D imaging approaches based on X-ray microcomputed tomography (microCT) have become 
increasingly accessible with advancements in methods, instruments and expertise. the synergy of 
material and life sciences has impacted biomedical research by proposing new tools for investigation. 
However, data sharing remains challenging as microCT files are usually in the range of gigabytes and 
require specific and expensive software for rendering and interpretation. Here, we provide an advanced 
method for visualisation and interpretation of microCT data with small file formats, readable on all 
operating systems, using freely available Portable Document Format (PDF) software. Our method is 
based on the conversion of volumetric data into interactive 3D PDF, allowing rotation, movement, 
magnification and setting modifications of objects, thus providing an intuitive approach to analyse 
structures in a 3D context. We describe the complete pipeline from data acquisition, data processing 
and compression, to 3D PDF formatting on an example of craniofacial anatomical morphology in 
the mouse embryo. our procedure is widely applicable in biological research and can be used as 
a framework to analyse volumetric data from any research field relying on 3D rendering and CT-
biomedical imaging.

One of the formidable phenomena in developmental biology is how the shape diversity observed among living 
organisms is defined and controlled during development and growth. Embryonic patterning is a highly dynamic 
process implicating multiple molecular mechanisms and cell interactions at the basis of organ formation. In the 
human embryo, defects in such cellular processes can affect the developmental program leading to congenital 
disorders. Congenital defects have an incidence of 3% in the human population1 and they are causal for up to 
one-quarter of all reported neonatal deaths2. Thus, contextual visualisation of embryonic development is critical 
to elucidate the origins of malformations.

Multi-disciplinary collectives composed of clinical doctors, biologists, engineers and imaging experts are 
currently pushing forward the understanding of biological questions using three dimensional (3D) approaches. 
While the analysis of histological sections remains a mainstay in developmental biology, the reconstruction of 
3D volumes from 2D slices has provided important information to understand morphogenesis in mouse and 
human embryos3–6. Non-destructive technologies such as 3D imaging by confocal microscopy and light sheet 
methods7–9, optical projection tomography (OPT)10–12 and micro-computed tomography (microCT)13–16 consti-
tute emerging powerful methods to analyse the topography of developing structures in 3D context, to gain insight 
into the pathogenesis of congenital disorders. However, one major challenge of 3D approaches is sharing of com-
plex datasets effectively and intuitively between colleagues from different fields for discussion, and ultimately 
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presenting them in a publication format. Generally, 3D datasets need special software for visualisation or are 
reduced to 2D pictures in which important information might be lost.

The study of the developing head constitutes a good example of the need for 3D approaches given its com-
plex anatomy. The craniofacial region is built of diverse embryonic cell types giving rise to hard and soft tissues 
including skeletal, muscular and nervous components17. The final shape of the face strongly depends on the 
geometry of the skeletal elements and their interaction with adjacent soft tissues such as muscles and the nervous 
system15,16. Numerous congenital craniofacial abnormalities affect the form and function of the face and explana-
tions of these malformations still await the fundamental understanding of the underlying failure of morphogene-
sis18. The microCT approach followed by 3D reconstruction has enabled high-quality information of the complex 
morphological aspects of head and face development15,16.

To facilitate assimilation and visualisation of microCT datasets, interactive 3D Portable Document Format 
(PDF) has been used in different field including in developmental biology6,19,20, in human physiology and anat-
omy4,21–23, in entomology24 and marine biology25,26. However, a major limitation of previously published methods 
is the requirement of advanced programming skills and/or installation of further prepaid software packages21. 
Most of these approaches depend on the use of Adobe Acrobat Pro Extended software4,6,19,23–28 or JavaScript 
programming language20,27.

Here, we provide an alternative, user-friendly way to create interactive 3D PDF files from microCT datasets 
taking the complexity of mouse craniofacial anatomy as a model example. Our innovative and efficient pipeline 
comprises microCT data acquisition, segmentation and final establishment of a 3D PDF using a combination of 
free and pre-paid software. The resulting file can be viewed with standard PDF viewers and offers an interactive 
interface for microCT data sharing, analysis and presentation.

Pipeline for the Creation of Interactive 3D PDF
To create an interactive 3D PDF from microCT data, the critical steps are: (i) chemical contrasting of biological 
samples if soft tissues are to be visualized, (ii) data acquisition and (iii) CT virtual reconstruction (Fig. 1). This is 
followed by data processing, the most critical step consisting of segmentation, surface extraction, adjustment of 
segmented 3D models, and conversion into a final interactive PDF file. Here, we provide a detailed description of 
each step of the pipeline (see also Supplementary Material 1).

Figure 1. Overview of the method pipeline described in this study.
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X-Ray Microtomography Measurement
MicroCT is an established technology for imaging mineralized tissues in animal specimens. However, its use in 
comparative morphology has been limited by the low intrinsic X-ray contrast of non-mineralised soft tissues. To 
overcome this problem, methods have been developed to increase tissue contrast, including chemical treatment 
with contrasting agents29,30, phase-contrast imaging31–36 or dual-energy computed tomography (DECT)37.

Chemical contrasting treatments have mostly been applied for the characterization of musculoskeletal tissues 
on small fixed samples. For in vivo CT imaging including clinical diagnoses, non-toxic iodine-based contrast 
agents (e.g. iohexol or hexabrix) are used for the analysis of the cardiovascular system and cavities, but not for 
direct analysis of muscle tissues38,39. Clinical CT imaging of the musculoskeletal system is commonly performed 
without a contrasting agent, thereby limiting the analysis to discrete soft organs40. Therefore, on small fixed sam-
ples, multiple contrasting protocols have been used, each with its own advantages and limitations41,42. The stain-
ings based on iodine, osmium or the toxic phosphotungstic acid (PTA) are the most commonly used29,30. For the 
pipeline proposed here on the study of craniofacial mouse development, we propose the use of PTA contrasting 
treatment that permits high contrast imaging of a wide variety of soft and mineralised tissues composing the 
mouse head (Fig. 2). However, microCT data obtained with other contrasting agents or in their absence, such 
as clinical data or data from non-biological specimens, will be equally ameneable for the subsequent steps of the 
3D PDF pipeline.

Data Processing
Following the acquisition of high-contrast tomographic slices, the segmentation of complex craniofacial struc-
tures constitutes a major challenge. Fully-automatic approaches have been tried and were generally unsuccessful43. 
Thus, the manual approach is usually the only method available to achieve precise and accurate segmentations44. 
However, some semi-automatic methods such as local segmentation or interpolation between manually seg-
mented slices can be used45,46. For verification of the accuracy of manually segmented structures, Fig. 2 shows 
both original and segmented tomographic slices. This approach permitted the segmentation of soft tissues such 
as eyeballs, extraocular muscles and the central nervous system, as well as of hard tissues including the chondro-
cranium, bones and future teeth (dental placodes) (Fig. 3).

For 3D volume rendering, it is then more convenient to use 3D mesh formats rather than a stack of 2D images. 
3D mesh formats represent a series of 2D polygons (typically triangles or quadrangles) linked together to recre-
ate the surface of a 3D object28. It encodes the 3D model’s geometry, colours, textures, etc. For further work, the 
segmented masks need to be transferred to the meshes. Most software can transfer the mask into a wide range of 

Figure 2. Tomographic measurements and segmentation of craniofacial structures in a mouse embryo 15 days 
post-fertilisation. Colour planes on 3D models (left panels) indicate the position of the raw tomographic slices 
(middle panels) and some segmented structures (right panels) including the central nervous system (purple), 
the lens (dark blue), the dental placodes (light blue) and extraocular muscles (red).
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equivalent formats. However, only some of the formats contain information about the colour (e.g. OBJ, VRML 
and STEP) which is important for the visualisation of several structures in one model. Other formats represent 
only the mesh (e.g. STL and Matlab m-file).

Another problem to be solved is the size of the model (i.e. the number of faces in the mesh). When transfer-
ring the segmented mask into the mesh, an unnecessarily large number of faces can be created. Comparison of a 
different number of faces and corresponding size can be found in Fig. 4. Surprisingly, reducing by four times the 
number of faces does not significantly compromise details in the 3D models. Simple shapes such as the eyeball do 
not show notable errors besides the slight deformation of the sphere. However, further simplification of complex 
shapes, such as the chondrocranium and extraocular muscles (EOM), reduces the model quality and some details 
are lost (Fig. 4, red arrows). Thus, depending on the structures analysed and the resolution needed, different face 
reductions should be tested and validated before further analysis. Therefore, the compression of the data should 
be customised according to the complexity of the model and the resolution of tomographic slices.

Among the 3D printing software, some free software enable colour modifications or mesh simplification. 
Here, we made use of the Meshlab47 and Blender48 packages for this purpose. Notably, the latter allows unifying 
different sub-models into one mesh preserving the individuality of each object (see Supplementary Material 1 for 
more details).

Creation of an Interactive 3D PDF
Once the models are colour-labelled and simplified, they are then converted into an interactive file. We exploited 
3D PDF Maker Standalone49 taking advantage of the pre-prepared model that provides an interactive window 
in the PDF file by clicking on Add 3D button. Before embedding the model into an interactive file, the user can 
prepare an ordinary PDF file using standard software (e.g. Microsoft Office, Apache OpenOffice etc.). This file 
is used as a template showing, for example, individual structures or predefined views. These areas (i.e. images or 
signs) are taken into life in 3D PDF Maker by assigning whatever area in the page to specific view/structure (see 
for more details Supplementary Materials 1 and 2).

The model document presented here (Supplementary Material 3) consists of four predefined views (ventral, 
dorsal, lateral and medial) and a possibility of showing individual craniofacial structures (brain, cartilage, bone 
and teeth). It helps to manipulate the 3D model and can be set according to the areas/views of interest that are 
important to show. For example, for better visualisation, some structures can be set to the semi-transparent mode, 
or structures can be switched on/off individually in the model tree. The interactive 3D PDF also allows the user to 
rotate, turn and pan the model, change the pre-defined 3D-rendering, change the lights and background colour 
or add a virtual cross-section on the model.

Figure 3. Surface rendering of segmented structures in a mouse embryo 15 days post-fertilisation. Structures of 
interest are colour-coded.
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Discussion and Conclusion
Comparative morphological studies in the field of developmental biology have been challenging, but 
contrast-enhanced X-ray computed tomography has brought new possibilities of high-resolution 3D visualis-
ation15,16,50. In this study, we present a detailed, user-friendly protocol for the surface rendering of craniofacial 
structures including soft tissues (muscles, eyeballs, central nervous system) as well as of hard tissues (cartilages, 
bones and teeth), with a step-by-step procedure from sample collection to the creation of an interactive 3D PDF. 
The final PDF is readable on all operating systems with the free standard AdobeReader®/AcrobatReaderDC 
(Adobe Inc., California USA).

Our 3D reconstruction methodology has already shown its utility and strength for visualisation and pheno-
typic analysis of complex structures such as the neck musculoskeletal system50 and nasal capsules of control and 
mutant mouse embryos16. Therefore, a user-friendly method for creating such files will be of great utility for biol-
ogists. In addition, our procedure can be used as a framework to analyse volumetric data for any field of research 
that relies on 3D rendering, e.g. for visualisation of volumetric information of geological samples by laser-induced 
breakdown spectroscopy51.

The use of interactive 3D PDF files has a great potential for data sharing, communication and publications21, 
but is still sparsely used. We believe that our work will inspire researchers working with 3D imaging to present 
their data in such a user-friendly format.

Methods
Use of experimental animals. All animal work was approved and permitted by the Local Ethical 
Committee on Animal Experiments (North Stockholm Animal Ethics Committee) and conducted according to 
The Swedish Animal Agency’s Provisions and Guidelines for Animal Experimentation recommendations. Mice 
were sacrificed with isoflurane (Baxter KDG9623) overdose or cervical dislocation, and embryos were collected 
into ice-cold PBS. Subsequently, tissue samples were fixed into freshly prepared 4% paraformaldehyde (PFA) in 
PBS solution for 24 hours at +4 °C with slow rotation and washed in PBS.

Figure 4. The number of faces affects the detection of details in chondrocranium, extraocular muscles (EOM) 
and eyeball models. Red arrows indicate details in the 3D model that disappear with model simplification.
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tissue contrasting. Staining protocol has been adapted and modified from the original protocol developed 
by Brian Metscher laboratory33,34. After fixation, the samples were dehydrated in increasing concentration of eth-
anol series (30%, 50%, 70%, 90%), one day in each concentration to minimise the shrinkage of tissues. For tissue 
contrasting, samples were then transferred into 1% PTA (phosphotungstic acid) in 90% methanol for three weeks. 
The PTA-methanol solution was changed every two days. Subsequently, the samples were rehydrated by ethanol 
series (90%, 70%, 50% and 30%) and shipped to the CT-laboratory for scanning.

X-ray microct measurements. After fixation and contrasting treatments, samples were fully rehydrated 
in distilled water, embedded in 1.0% agarose gel and placed in a polypropylene tube to avoid movement artefacts 
during tomography scanning. The polypropylene tube was fixed on a plastic rod by a silicone gun. The rod was 
put in the centre of the rotation stage axis. The microCT scanning was performed using the laboratory sys-
tem GE Phoenix v|tome|x L 240 (GE Sensing & Inspection Technologies GmbH, Germany) with a 180 kV/15 W 
maximum power nanofocus X-ray tube and flat panel dynamic 41|100 with 4000 × 4000 px and a pixel size of 
100 × 100 μm. The exposure time was 600 ms in each of the 2200 projections acquired over a total angle of 360°. 
Three projections were acquired and averaged in every position to reduce the noise in the tomographic data. 
Thus, the scanning time was 73 minutes. The acceleration voltage and current of the X-ray tube were 60 kV and 
200 μA, respectively. The beam was filtered by a 0.2 mm-thick aluminium filter. The linear voxel resolution of the 
measurement was set to 4.2 μm in all dimensions. The tomographic reconstruction was conducted using the soft-
ware GE phoenix datos|x 2.0 (GE Sensing & Inspection Technologies GmbH, Germany).

Data processing and analysis. Segmentation of craniofacial structures was performed semi-manually 
in Avizo (Thermo Fisher Scientific, USA). We used some automatic tools using a region growing method and 
thresholding on 2D slices. Segmentations were done on one of three to five slices, and the mask was interpolated. 
Subsequently, the segmented models were smoothed in VG Studio MAX 3.2 (Volume Graphics GmbH, Germany) 
according to45. The segmented mask was then exported into a mesh (*.OBJ format) and was colour-labelled and 
adjusted in Meshlab47 and Blender software48. The colour-coded models were transferred into a pre-prepared PDF 
file in 3D PDF Maker Standalone49. The detailed manual can be found in Supplementary Material 1. The use of the 
interactive 3D PDF is available in Supplementary Material 2.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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Supplementary Material 1 
Manual for creation of 3D PDF 

The manual contains a detailed description of the pipeline for the creation of a personalised interactive 

3D PDF file. Our procedure involves a combination of free (Meshlab, Blender) and commercial (Avizo, 

VG Studio, 3D PDF Maker) software. Alternatively, segmentation or remeshing of the model can be 

done with other appropriate software. 

1a. Segmentation (Avizo) 

✓ Import image stack into Avizo software (DICOM, tiff, raw etc.)  

Click on: Open data - mark all images in the stack - option Read complete volume into memory. 

✓ The loaded volume of data appears in a file format samples_name.vol.  

Select this file for all processes with volumetric data. 

✓ Open segmentation editor: Right click on file samples_name.vol - Image segmentation -option 

Edit new label field.  

Each label field represents one object (anatomical structure) or a type of objects (e.g. dental 

placodes, muscles etc.) 

✓ Adjust the contrast by changing the histogram in the right panel. 

✓ The segmentation is performed using the following software tools: 

▪ Brush—manual drawing; Size of the brush can be changed according to the 

dimensions of the segmented object 

 

▪ 2D lasso—useful for filling borders of larger, in homogeneous areas. 

 

▪ Blow tool—uses region growing method for areas with distinct borders and 

homogenous filling inside. The segmented area spreads until it reaches a 

threshold represented by a grayscale value.  

✓ Perform manual segmentation for approximately one from three to ten slices (depending on 

object heterogeneity).  

Compute the slice gaps by interpolation (ctrl + I) and check the interpolated slices. This method 

can lead to incompleteness that should be corrected manually. 

✓ After interpolation, click on Add selected voxels. 

✓ To visualise the segmented area, move back to project scene tree and mark item Labels – Display 

- Isosurface - Apply. 

✓ To export segmented mask into the mesh, mark selected item of labels - Compute - Generate 

Surface – Apply. The computed surface appears in the right panel as file samples_name.surf. 
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Supplementary Material 1           Manual for creation of 3D PDF 

2 
 

✓ Export the mesh by marking item file samples_name.surf - click on Save Data As - select any 

of formats (STL ascii, STL little endian etc.) 

 

1b. Smoothing of the model (VG Studio) (Optional) 

✓ Import image stack into the VG Studio software.  

Click on: File - Import – Image stack/Raw volume/DICOM image stack ...  

✓ Import mesh to VG studio software into raw data. Click on: File - Import – Mesh. 

✓ Transfer mesh to the region of interest in the volumetric data — software function ROI from the 

mesh in the left panel:  

 

✓ Use the function Smoothing (left panel) if distinct inaccuracies occurred during interpolation of 

manual segmentation: 

 

✓ Right click on the smoothened region of interest – Convert to mesh – click on Export – Convert. 

2. Remeshing and colour-labelling of the model (Meshlab) 

✓ Import the meshes – take your mesh from the folder and drop it in the scene. 

✓ Window with a sign Unify duplicates appears – click on OK. 

✓ All meshes appear in the right panel. Change visibility by clicking on/off :  

   
✓ When adjusting the model, select the appropriate mesh in the right panel. 

✓ To visualise detailed structures (faces) of the mesh, click on Wireframe icon   

in the top panel.  

✓ To reduce the size of the model (i.e. the number of faces), in top panel click on: Filters – 

Remeshing simplification and reconstruction – Simplification: quadric edge collapse (or choose 

other appropriate options for model simplification).  

In the new window, determine Percentage reduction (0.5 = reduction of 50%).  

Repeat this step if needed. The simplified model can be observed in the window in real time. 

The appropriate size of a final model is usually between 1-20 MB. 

✓ Repeat these steps for all meshes.  

✓ For complete colour-labelling of the model, colour-labelling of vertex and faces is required: 

▪ For vertex colour-labelling, click on: Filters – colour creation and processing – perlin 

colour (or choose other appropriate options). 

▪ For faces colour-labelling, click on: Filters – colour creation and processing – transfer 

colour vertex to face – apply. 

✓ Once the models are remeshed and colour-labelled, export new meshes: 

In the right panel, click on the mesh to be exported.  

In the top panel, click on Export mesh as (choose the format that can contain information about 

the colour e.g. OBJ, VRML and STEP) – OK. Do not use diacritics or space in the model name. 

 

3. Creation of mesh composed of sub-meshes (Blender) 

✓ Import mesh into Blender software, click on: File – Import – OBJ and select the mesh. 

✓ Repeat this step for all meshes that will be merged into one 3D structure. 

✓ Export final mesh, click on Export as wavefront – OBJ. 

▪ All meshes that have been imported individually will be exported altogether as one 

OBJ file, but keeping their individuality. 
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4. Pre-preparing of the PDF template (Powerpoint) (Optional) 

✓ Before creating an interactive file, you can prepare an ordinary PDF file from Powerpoint, which 

is used as a template for future 3D PDF. It can shows e.g. signs, individual structures, predefined 

views, etc. 

 

5. Creation of interactive 3D PDF (3D PDF Maker) 

✓ Launch 3D PDF Maker Software. Then, you can choose between two options: 

▪ Open pre-prepared PDF template with static images. 

▪ Start with a new blank page.  
✓ To add a 3D model into the page, click on Add 3D button and select the mesh to be 

inserted.  

✓ You can predefine the default view and background colour in this step (that can also be 

modified later). Then select an area for an interactive window by dragging the mouse. 

✓ All options regarding the interactive window are set in the top panel by button Edit selected 

3D element: 

 

 

 

✓ By activating this button, you can:  
▪ Change default view, background colour, lighting scheme and rendering style: 

 

▪ Add new views: 

 

▪ Change transparency of objects: 

 

✓ Linking pre-defined view with some image/sign can be done by clicking on Add link to 3D 

view button (this function allows the user to create interactive areas in the final PDF).  
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Drag the mouse in the area that you want to make interactive. The list with predefined views 

will appear, choose the view that you want to associate with this area. 

 

 

 

 

✓ You can check the provisional form of the PDF by Show preview with Adobe Reader button: 

 

 

✓ To save the final version, just click on the Save icon:  

 

Note:  A free 30-day trial to test the 3D PDF Maker software is available on www.3dpdfmaker.com. 

http://www.3dpdfmaker.com/
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A quantitative analysis of 3D-cell 
distribution in regenerating muscle-
skeletal system with synchrotron 
X-ray computed microtomography
Markéta Tesařová1, Lucia Mancini2, Andras Simon3, Igor Adameyko4,5, Markéta Kaucká  4,5, 
Ahmed Elewa3, Gabriele Lanzafame  2, Yi Zhang4,6, Dominika Kalasová1, Bára Szarowská4, 
Tomáš Zikmund1, Marie Novotná1 & Jozef Kaiser  1

One of the greatest enigmas of modern biology is how the geometry of muscular and skeletal structures 
are created and how their development is controlled during growth and regeneration. Scaling and 
shaping of vertebrate muscles and skeletal elements has always been enigmatic and required an 
advanced technical level in order to analyse the cell distribution in 3D. In this work, synchrotron X-ray 
computed microtomography (µCT) and chemical contrasting has been exploited for a quantitative 
analysis of the 3D-cell distribution in tissues of a developing salamander (Pleurodeles waltl) limb – a key 
model organism for vertebrate regeneration studies. We mapped the limb muscles, their size and shape 
as well as the number and density of cells within the extracellular matrix of the developing cartilage. 
By using tomographic approach, we explored the polarity of the cells in 3D, in relation to the structure 
of developing joints. We found that the polarity of chondrocytes correlates with the planes in joint 
surfaces and also changes along the length of the cartilaginous elements. Our approach generates data 
for the precise computer simulations of muscle-skeletal regeneration using cell dynamics models, which 
is necessary for the understanding how anisotropic growth results in the precise shapes of skeletal 
structures.

Several experimental techniques have recently been used for the visualization of cells in three dimensions (3D). 
These techniques usually use electromagnetic radiation with wavelengths of visible light or X-rays (wavelength 
10−6–10−10 m). Mainly due to the shape and composition of the investigated samples, all imaging methods have 
their own advantages and limitations. The 3D biological structures, in their natural shape, may be thick and highly 
scattering, preventing e.g. light from penetrating them without significant distortion. Advanced light microscopy 
techniques can image thicker biological specimens at a high spatial resolution such as confocal microscopy, mul-
tiphoton microscopy, and optical coherence tomography1.

Confocal microscopy is considered to be one of the most convenient techniques for imaging cells in 3D. 
Moreover, this method has also been used specifically for the study of cell columns in the articular cartilage 
of rats2. Also, an in vivo study of the collagen matrix was performed by high-resolution fluorescence confocal 
microscopy3. However, in vivo, fluorescence imaging or the immunostaining of labelled specific cells4 have high 
requirements for the sample preparation. Moreover, fluorescence-based techniques are used to visualize a fluores-
cent marker that was targeted to the structure of interest. The auto-fluorescent properties of the cells can provide 
sufficient contrast to allow for the identification of the desired structures1. However, they cannot be used for all 
types of tissues, which can limit the utilization of this technique.

Additionally, imaging techniques based on the scattering of light are not suitable for imaging larger samples, 
e.g. the whole limbs of vertebrates. The penetration depth of confocal microscopy is limited to less than 100 µm5,6. 
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Surface imaging microscopy has been compared to confocal microscopy imaging in order to visualize larger sam-
ples, such as whole embryos7. Despite the high spatial resolution for the whole body of an embryo, the method is 
destructive and highly demanding in terms of sample preparation.

A deeper sample penetration for 3D imaging can be achieved by multi-photon microscopy. This technique 
provides deep penetration mainly because of a scattered signal of photons which results from localized nonlinear 
signal generation. It can allow for optical sectioning in samples on a millimeter thickness scale, depending on the 
tissue type8. Such a thickness is comparable with the size of the skeletal elements of some embryonic vertebrates. 
However, this method cannot be applied to biological samples in general. The three-dimensional resolution of a 
two-photon excitation microscope is identical to that achieved in an ideal confocal microscope, i.e. hundreds of 
nanometers9.

Optical coherence tomography is a technique, which is capable of obtaining images from even thicker tissue 
samples10. On the other hand, the spatial resolution is lower (of the order of 5–10 µm)11,12, which is not sufficient 
for a quantitative analysis of single cell distribution in vertebrates.

A number of improvements have developed in X-ray-based methods for cellular imaging. X-rays can pene-
trate cells and thick tissues (from millimeter- to centimeter-sized samples) without the need for sectioning the 
sample and it is possible to generate quantitative 3D data with spatial resolution of up to several dozen nano-
meters on the selected regions of interest13–15. Soft X-ray microscopy or tomography and coherent diffractive 
imaging are techniques that examine even the subcellular structures. The soft X-ray microscopes usually use 
wavelengths in the so-called water window – the region of the spectrum between the K shell absorption edges of 
carbon and oxygen, which are the typical components for biological tissues. Carbon and nitrogen compounds 
absorb these X-rays more than water12,16. However, visualizing an entire organ or a developing limb would gen-
erate an inhibitive amount of data. The feasible approach must allow for the 3D imaging of a large field of view 
(millimeter scale) with the eventual possibility of zooming into areas of interest17.

X-ray computed microtomography (µCT) is a non-destructive imaging method that provides high spatial 
resolution (from micron to sub-micron scale) of 3D data for samples with the size ranging from sub-millimeter 
to several millimeters. The result is a map of the X-ray attenuation coefficient within the sample volume and, if 
certain experimental conditions are fulfilled, then also phase changes can be detected18,19. Recent developments 
of this method have significantly advanced biological imaging.

In synchrotron facilities, the small angular source size, the high intensity and the nearly-parallel geometry of 
the X-ray beam makes it possible to obtain not only a high spatial resolution on the macroscopic samples, but also 
to exploit the transverse coherence properties of the X-ray beam. This allows a very simple experimental approach 
to be used in the propagation-based phase-contrast imaging (PCI)20,21. By using synchrotron radiation, µCT 
measurements of the different regions of the large-scale objects (centimeter range) can be imaged at high spatial 
resolution (on the micron scale)22–28. Furthermore, the application of PCI techniques could allow different tissues 
with similar chemical compositions and radioscopic density, to be distinguished29,30.

Staining with heavy elements such as iodine, tungsten or osmium-based compounds31,32 also enhances 
the contrast within the various types of tissues using advanced µCT instruments (either laboratory or 
synchrotron-based). A PCI of biological samples can be employed even for unstained samples33–35. However, the 
combination of phase-contrast with the increasing X-ray absorption contrast by staining gives excellent image 
quality with better voxel resolution than absorption µCT setups25,26.

The patterning of skeletal elements during limb development in salamanders differs from other tetrapods36. 
Salamanders show an anterior or preaxial dominance in the order of formation and ossification of the zeugopo-
dial and autopodial elements. Moreover, some proximal elements condense later than proximal ones37, which is 
definitely isolated from the familiar order of proximal to distal limb development in other tetrapods. In contrast 
with mammals, salamanders have a remarkable ability to regenerate their extraordinary range of body structures 
such as limbs, tails, retina, and spinal cord, along with some sections of the heart and brain38. Limb regeneration 
depends on the formation of a blastema, which is a pool of progenitor cells that arise after amputation. Blastema 
cells redifferentiate, proliferate and then restore the structured limbs39. The basic anatomy of the salamander 
joints, with the apposed, articular surfaces between the adjacent long bones, encapsulated by the connective 
tissues, is very similar to mammals40–42.

In many cases, the oriented cell dynamics and proliferation play an essential role in shaping and scaling, but 
the directional deposition of the matrix in the bone and cartilage is not very well understood. The majority of 
work so far has concentrated mainly on the analysis of the epithelial or migratory mesenchymal populations 
during limb or facial development, which has produced important knowledge on the asymmetric proliferation of 
mesenchyme and convergent extension processes in shape-making, in general43–45. However, the sculpting of pre-
cise and highly complex cartilaginous structures has not been recently focused upon except for several published 
works46–50. Despite attention to the cartilage shape, current works do not provide any comprehensive explanation 
for shape-making, but rather focuses on the importance of a multitude of factors for different aspects of cartilage 
and mesenchyme development with some general impact on shape.

Muscle is a tissue that lies immediately next to the developing cartilage tissue in the embryo and remains 
in close proximity to the cartilage template after birth51,52. On the one hand, the mechanical forces, induced by 
muscle contraction, seem to directly influence the morphogenesis regulation. Animal models, where muscle 
contractions have been removed or altered, and mouse mutants, without forming skeletal muscles, have led to 
the underdeveloped and misshapen skeletal elements53. Similar to humans, a short stature and scoliosis are com-
mon features in children with Duchenne Muscular Dystrophy54. Moreover, the immobilized muscle can also 
lead to joint structures loosening, such as a cavity, articular surfaces and patella53. On the other hand, muscle 
cells can release biochemical signals to regulate the cartilage gene expression indirectly55. It is still unknown how 
the precise, three-dimensional shape of skeletal elements is established, scaled up and what is the interaction 
in muscle and cartilage development. Finding a way to visualize and analyse cell distribution in 3D would be a 
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great step forward to answering these biological issues. 3D morphological characterization at cellular resolution 
using synchrotron-generated X-rays has already been successfully demonstrated. Furthermore, the spatial distri-
bution of single cells inside the articular cartilage has been proven on stained56 and unstained samples57. Other 
tissues, such as Purkinje cells in the brain, were quantified using automated cell counting58. However, previous 
approaches did not suffice in analysing cell polarization and the complex organization of multiple tissue types 
simultaneously with other 3D-analysis.

Here, we took advantage of the synchrotron-based X-ray μCT technique in combination with chemical con-
trasting in mapping the actual cells, their orientation and extracellular matrix distribution in 3D, during salaman-
der (Pleurodeles waltl) limb development in the simultaneous analysis of cartilage and muscles. We decided to 
use the larval limb of a Spanish ribbed newt because it is a promising emerging model of limb regeneration and 
development59. The developing cartilages of P. waltl limbs are of the suitable size and are in the active growing 
and shaping phase. Our results demonstrated how the cell density and polarization within individual cartilagi-
nous elements can be measured highlighting the localized accumulations of the extracellular matrix and changes 
in cell distribution and polarization during cartilage development. The method allowed for the mapping and 
3D-reconstruction of several different tissue types at the same time, which is essential for understanding the 
development of a muscle-skeletal system. This study is a proof of the principle which shows the opportunity to use 
this type of analysis for exploring and modeling the development of skeletal structures with single-cell resolution.

Results
X-ray microtomography measurements. The conventional X-ray µCT was exploited for overview 
experiments and the 3D visualization of developing P. waltl limbs stained with phosphotungstic acid (PTA). Here, 
we achieved an exceptional quality in chemical contrasting of the samples. However, the employed, conventional 
µCT instruments, did not provide sufficient resolution for a quantitative analysis and counting every single cell. 
Nevertheless, the resolution delivered by conventional µCT, gave basic information about qualitative cell distribu-
tion in the cartilage element (Fig. 1a,d). Though the information was only near-cellular, it was possible to detect 
some cell nuclei inside the limb.

The high photon flux, X-ray beam geometry and high spatial resolution (down to 1 µm) of synchrotron µCT 
achieved the cellular resolution for a quantitative analysis of cell distribution (see Fig. 1b,e). Moreover, the pos-
sibility to perform PCI experiments allowed the borders of cells in cartilaginous elements to be distinguished. A 
comparison of the same slice from conventional and synchrotron X-ray µCT is reported in Fig. 1. A video of raw 
tomographic slices obtained by synchrotron µCT measurement is in Supplementary Material 1.

Figure 1. Comparison of the tomographic slices of a P. waltl forearm obtained by conventional and 
synchrotron µCT. Despite near-cellular resolution, the employed conventional µCT setup does not provide 
sufficient resolution for the automatic counting of cells with necessary accuracy. (a) Tomographic slice of the 
limb, the red area shows detail of one finger, (b) reconstructed slice obtained by phase-contrast µCT at the 
SYRMEP beamline of the Elettra synchrotron facility, yellow arrows show cells of skin epithelium, green arrows 
show nuclei of cartilage, (c) 3D visualization of a limb with red plane representing the same plane of interest of 
tomographic slices: (d) Data obtained by conventional µCT and (e) by synchrotron µCT.
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Data processing and analysis. Obtaining high-contrast tomographic data is the first step in 3D analysis. 
By chemical contrasting, the cartilage is significantly less stained in comparison to the surrounding tissue, which 
leads to easier discrimination and outline of cartilage in µCT data48–50,60. The reason is that PTA provides a strong 
X-ray contrast as it is attached to proteins such as collagens and fibrils61,62. Another important part is the data 
processing and analysis of the reconstructed tomographic volumes. Post-reconstruction data treatment requires 
segmentation of the investigated cartilage or bone elements by applying the appropriate algorithms for distin-
guishing every single cell in the desired area and then its quantitative analysis.

First, the detection and separation of a cartilaginous element is needed with segmentation. Conventional 
segmentation algorithms using the region growing method63 are not suitable, due to the white spots inside the 
cartilage. These spots represent cell nuclei. Here, we applied the freeware image analysis software ImageJ64 with its 
plug-in ABSnake65,66. The next steps are to determine the starting contour for segmentation, the gradient thresh-
old to be used in edge detection and the number of iterations of the segmentation cycles. Nevertheless, by apply-
ing a contour on the non-filtered tomographic slices, the iteration process does not converge to the border of the 
cartilage (Fig. 2a–c). This is due to the light spots (cell nuclei) in the cartilage body. Thus, the segmentation is not 
precise enough for the analysis. To avoid this problem, the contour is applied on the 3D median-filtered images. 
By filtering, the iteration procedure converges and the result of the process is the definition of the cartilage border. 
The final contour is smooth and perfectly copies the border of the cartilage body (Fig. 2d–f). The segmented data 
(cartilage element) can then be utilized for further analysis.

The next step for the quantification of cells was to count the cell nuclei represented by light spots in the image. 
For this purpose, the Pore3D software library67 developed at Elettra, was employed. The 3D K-means clustering 
algorithm was used to sort data into three classes. The K-means algorithm converts an input image into vectors of 

Figure 2. Automatic segmentation of skeletal elements performed by ABSnake65,66. (a–c) Shows the contour 
applied to non-filtered tomographic slices; however, rough borders caused errors. (d–f) Shows the contour 
applied to a filtered image. The mask was obtained without any errors and the shape of the resulting data 
appears almost perfect. (g–i) Blob analysis in the Pore3D software67. (g) One of the reconstructed slices used for 
the analysis, after the application of the 3D K-means clustering algorithm, (h) the results of the blob analysis, 
(i) the eroded segmented image. Red arrows indicate two nuclei of the cells that were connected within the blob 
analysis. The erosion of the binary image splits the blob into two parts. Yellow arrows show the light border of 
the cartilaginous element which should not be counted in the analysis. The erosion of the image also solved this 
problem.
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equal size and then by minimizing the sum of the squared distances from all points in a class to the class center68. 
This way, the binary images were obtained for the nuclei of cells, extracellular matrix and the background. The 
binary image for the class, representing the cell nuclei (binary large object – blob) is shown in Fig. 2h.

By comparing Fig. 2g,h, it is evident that some nuclei are connected into one blob. This example is shown 
by the red arrows in Fig. 2. Moreover, some border segments of the cartilage are miss-detected as blobs (yellow 
arrows in Fig. 2). To correct these analytical issues, the erosion of the 3D data is the next step. After this step, the 
data is well suited to determine the number of cells (Fig. 2i). To obtain the final number of cells, the binary data of 
cell nuclei after erosion (Fig. 2i) was implemented for further blob analysis69.

Basically, the limit of this type of analysis is determined by the resolution (spatial and contrast) of the system 
and by the size of the analysed structure. The spatial resolution of the detection system and the detectability of the 
given features of interest can be further influenced by working in phase-contrast mode70. In our 3D image pro-
cessing and analysis, the objects considered as cells and included in the computations, were those with size larger 
than 3 pixels = 27 voxels (=27 μm3 per blob). The video of segmented data is shown in Supplementary Material 2.

Biological results. Our analysis of developing ulna and radius cartilages from a P. waltl limb demonstrated 
zonation that included a wide central region inhabited by the chondrocytes submerged in much larger amounts 
of extracellular matrix as compared to developing epiphyseal regions defined based on the instant changes of a 
cell density on a histogram. The cell number of these sparse chondrocytes in the central regions of both the ulna 
and the radius appeared low, which could reflect the reduction of cell number by decreased proliferation and 
acquisition of a hypertrophic stage. According to a classical model, epiphyseal chondrocytes continue prolifera-
tion longer than chondrocytes in a central region of a cartilaginous element and, consequently, show much higher 
density according to our data (Fig. 3).

Figure 3. (a,b) 3D visualization of cartilaginous elements from a developing P. waltl limb forearm. White spots 
represent cell nuclei. c) Quantitative analysis allowed the determination of cell number, average size (given 
by ratio of volume of the whole element and number of cells), density and the volume of each cartilaginous 
element. 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.
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Further analysis showed more detailed distribution of cartilage along the growing skeletal element. For each 
slice, the area of the cell nuclei and area of the whole extracellular matrix were computed. Both structures showed 
uneven distribution in the distal direction. Interestingly, the ratio between cell nuclei and extracellular matrix 
areas changes (from approx. 0.1% to 0.01% - Fig. 4). The determined density of cells corresponds to the litera-
ture, which records estimated values for the cell density in cartilage between 30,000 and 110,000 cells mm−3 by 
confocal imaging71 or digital volumetric imaging by Jadin et al.72. However, the distribution in epiphyseal and 
diaphyseal regions has not been further discussed.

A key advantage of synchrotron X-ray µCT measurements enhanced by PTA staining is the large variety 
of tissues that can be detected simultaneously. Information from all structures in a sample is included in one 
dataset obtained by a single measurement, which determines the position of each structure within the sample 
(Fig. 5, Supplementary Material 3). Efficient analysis can be done for a wide spectrum of tissues. This allows to 
reveal connections between muscles and cartilage development simultaneously. The muscles showed incremen-
tal growth during the regeneration process in coordination with expanding cartilage and also appeared with 
their corresponding attachment points at different timing. The development of muscles then might guide car-
tilage and joint formation73. Three developmental stages were observed in muscle-skeletal point of view. At the 
youngest analyzed stage (41–42), only one small group of muscle around the elbow joint was found. However, 
different muscle group (biceps brachii, triceps brachii, brachioradialis and flexor carpi radialis) were recognized 
in the next two stages (Fig. 6b). Meanwhile, the elbow joint angle was decreasing with the development of mus-
cle. Interestingly, the decreasing angle between ulna and humerus was observed with increasing developmental 
stages (Fig. 6a). Beyond question, the development of biceps brachii and brachioradialis may contribute to the 
decreasing elbow joint directly (the physical function of biceps brachii and brachioradialis is to bend the elbow 
joint). Another important finding is shape and position of the developing muscles. Surprisingly, there is no mus-
cle splitting at the youngest analysed stage (41–42). The muscle splitting occurs later together with shaping of the 
cartilaginous joint. Furthermore, there is a correlation between the cell polarity inside the cartilage and splitting 
of the muscles (Fig. 7). The chondrocytes next to the muscles attachment points have a higher cell polarity. In 
another word, there is a correlation between the cell polarity inside cartilage and muscle attachment point. It is 
natural to speculate the mechanical force from muscle stretch may be delivered to attach point and then influence 

Figure 4. Distribution of extracellular matrix and cell nuclei along skeletal elements. Top: distribution of the 
area of extracellular matrix along the element. Middle: distribution of number of cells represented by the area 
of cell nuclei. Bottom: ratio between the area of cell nuclei and the area of extracellular matrix; the red-dotted 
line fits the data by a second order polynomial. The minimum of the parabola sits in the centre of the diaphyseal 
regions.
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Figure 5. (a,b) 3D visualization of soft tissues showing other structures in the sample. (c–e) Sample 
segmentation showing cartilage (light blue), muscle fibers (red) and skin epithelium (yellow). (f–g) Clipping 
planes on the 3D model showing segmented structures inside the sample.

Figure 6. (a) Development of cartilage of the joint for three different developmental stages. The angle between 
ulna and humerus is decreasing with increasing developmental stage. (b) Visualization of joint simultaneously 
with developing muscles for three developmental stages. There is a correlation between decreasing angle and 
splitting of the muscles.
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local chondrocytes polarity (Fig. 7d). It gives rise to a thought that a hitherto unknown mechanism controls the 
location and the density of chondrocytes together with cell polarity and muscle attachment points.

Our visualizations provided detailed information about developing joint surfaces at cellular resolution in 3D 
in the regenerating salamander limb. Development of surface geometry correlated in time with the formation 
of attached striated muscles. Orientation of chondrocytes in the developing joint, measured for the first time in 
the entire 3D volume by using X-ray computed tomography, correlated with the changing curvatures of joint 
surfaces. More generally, the resolution and differential contrast were sufficient to map the orientation of all 
chondrocytes within the cartilage, which provided important foundation for future inference of the oriented cell 
behaviour during cartilage shaping. Our results demonstrated that the predominant orientation of chondrocytes 
in epiphyseal regions was different from rather central regions of the cartilage, where the cell density appeared 
low. In addition to this, superficial chondrocytes in epiphyseal regions were aligned with the developing surface 
of the cartilage (Fig. 7e).

Taken together, our biological results show that development of cartilage geometry (including forming joints) 
correlates in time with developing skeletal muscles, which may influence the orientation of chondrocytes in epi-
physeal regions, and through this, and in accordance with previously published data73, regulate morphogenesis 
and fine shaping of specific regions in cartilage.

Discussion and Conclusion
In this study, we have demonstrated a novel, technical approach allowing for the quantitative analysis of polariza-
tion and 3D cell distribution inside the whole developing muscle-cartilaginous units from a regenerative animal 
model. This approach is based on the chemical contrasting of samples with PTA, followed by a high-resolution 
X-ray microtomography (μCT) measurement and the subsequent 3D data-processing and analysis. The polariza-
tion of the cell is determined by analysing the shape of cells in the matrix or the shape of their nuclei within other 
soft tissues. The best results, suitable for the quantitative analysis, with a single cell resolution and qualified for 
the computer simulations, were achieved by the phase-contrast synchrotron X-ray μCT analyses performed at the 
SYRMEP beamline of the Elettra facility. On the other hand, by using a conventional X-ray µCT instrument, the 
resolution turned out to be near-cellular, whereas the quantitative analysis faced a number of additional problems. 

Figure 7. (a) Polarization of the cells inside cartilage. There are polarized zones between diaphysis and 
epiphysis for all cartilaginous elements: ulna, radius and humerus. Deviation angle 0° for ulna and radius was 
set to the plane x, y and for humerus was set to the plane y, z; (b,c) Corresponding tomographic slices verifying 
the computation of polarization; (d) Muscle attachment points in correlation with cell polarization; (e) Detail 
of orientation of the cells: Superficial chondrocytes near surface (yellow arrow) are aligned with the developing 
surface of the cartilage in the contrary of chondrocytes in the middle of the cartilage (green arrow).
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Nevertheless, the data obtained by the conventional setup delivered important complementary information and 
allowed the visualization of many well-resolved internal structures.

Unexpectedly, our biological results show that the orientation of cells in the cartilage changes with cell density 
and position along the cartilaginous element and also in relation to the general position of the muscle attach-
ment points and forming joint surfaces. The polarity of a cell may reflect so-called oriented cell behaviour, which 
might include oriented cell divisions, cell migration or other asymmetric processes important for shaping the 
structure74. Geometrical signs of cell polarisation in the cartilage, obtained from tomographic data, suggest the 
potential role of mechanical forces in cartilage geometry formation via the control of the chondrocyte cell ori-
entation within the extracellular matrix. The polarity of chondrocytes and perichondrial cells in the attachment 
point areas may result from tension in the developing muscles, which we mapped in terms of geometry and 
volume. Previous findings already established the role of the developing muscles in cartilage shaping73. Brunt 
and co-authors73 demonstrated that muscles are important for the morphogenesis of joints by using zebrafish as a 
model system together with computer simulations. The authors of the study concluded that the mechanical strain 
created by the muscles, influences cell orientation in the developing jaw joint of a fish73, which goes along with 
our findings in the regenerative model system, where we provide 3D information of cell orientation suitable for 
further 3D-modeling efforts. On the other hand, according to our data, the muscles also expand in the direction 
following the attachment points that change their relative position in the growing cartilage with time.

In general, the obtained data, including the number of cells in 3D volume, their density, polarization, zonal 
distribution and the total volume of the skeletal elements, are important to understand growth, shaping, scaling 
and the regeneration of muscle and cartilaginous structures in the developing and regenerating vertebrates. Here, 
we have delivered proof of the principle study to show the possibility of visualizing and counting the individual 
chondrocytes in the cartilage of a vertebrate model system, suitable for both the developmental biology and the 
regenerative research. This approach can provide precise information about the incremental growth of a structure 
in terms of changes in cell polarity, cell numbers and simultaneously with the transforming shape. We envision 
that in the near future conventional laboratory µCT setups will gain similar imaging capabilities to the syn-
chrotron beamlines, opening new possibilities of studying biological structures in 3D with single-cell resolution. 
Hereby, the use of such conventional µCT measurements in combination with open-source software for 3D image 
analysis, will enable new opportunities for the community of biologists and biomedical specialists, investigating 
the development and regeneration of skeletal and non-skeletal tissues.

Methods
Sample preparation. The Pleurodeles waltl (Spanish ribbed newt) colony was established from fertilized 
eggs produced in a laboratory colony located in Madrid, Spain. Animals originating from a wild population in 
the Doñana National Park (Spain) were obtained for research purposes by Agustin Gonzalez. The animals, used 
to prove the concept study were 4th/5th generation, developmental stage 41–42, 44–45 and 55 A (approximate 
length of the whole larva was 3.7 cm). Staging of the larva was performed according to Joven et al.75. The frontal 
amputated limbs were briefly washed in PBS and fixed in freshly mixed 4% PFA for 12 hours at +4 degrees. A 
contrasting of the developing limbs was performed as follows: the samples were dehydrated in increasing ethanol 
grade (30%, 50%, 70%, 90%) at room temperature, 2 hours for each step, using a slow rotation of the samples. The 
samples were transferred into a solution of 0.7% PTA (phosphotungstic acid) in 90% methanol and incubated 
at +4 degrees for 5 days using slow rotation and the PTA-contrasting solution was changed after every 24 hours 
for a fresh one. The samples were washed with 90% methanol overnight at +4 degrees and then rehydrated in a 
decreasing ethanol grade (90%, 70%, 50%, 30%) at room temperature, 2 hours for each step and slow rotation.

Use of experimental animals. All procedures on newts were approved by local ethics committee 
(Stockholms Djurförsöksetiska Nämnd) and were performed in accordance with national regulations issued by 
the Swedish Board of Agriculture.

Conventional X-ray µCT measurements. The contrast of the stained samples was checked by a conven-
tional X-ray µCT. Following that, the developing limbs were embedded in 1.0% of agarose gel and placed in poly-
propylene tubes to avoid movement artefacts during tomography scanning. A polypropylene tube was fixed on 
a plastic rod by a silicone gun. The rod, containing the sample, was put in the centre of the rotation stage axis. A 
μCT scanning was performed using the laboratory system GE Phoenix v|tome|x L 240 (GE Sensing & Inspection 
Technologies GmbH, Germany) with a 180 kV/15 W maximum power nanofocus X-ray tube and a high contrast, 
flat panel detector DXR250 with 2048 × 2048 px2 and a pixel size of 200 × 200 μm2. Exposure time was 900 ms in 
each of the 2200 projections acquired over a total angle of 360°. The utilized acceleration voltage and the current 
of the X-ray tube were 60 kV and 200 μA, respectively. The beam was filtered by a 0.2 mm-thick aluminium filter 
to reduce beam-hardening artefacts. The tomographic reconstruction was done using the software GE phoenix 
datos|x 2.0 (GE Sensing & Inspection Technologies GmbH, Germany) with an isotropic voxel size of 2.5 μm.

Synchrotron X-ray µCT measurements. Phase-contrast synchrotron X-ray µCT measurements were 
performed at the SYRMEP beamline of the Italian synchrotron radiation facility Elettra with the white beam 
mode. The X-ray spectrum of the beam was filtered with 1.5 mm of silicon and 0.025 mm of molybdenum. The 
sample-detector distance was set at 100 mm. The experiments were conducted with an isotropic voxel size of 
1.05 μm. The exposure time per projection was 1.0 s with 1000 projections acquired over a total scan angle of 
180°. Thus, the total scanning time was about 17 minutes. The tomographic slices were reconstructed using the 
SYRMEP Tomo Project (STP) software developed at Elettra76.

Data processing and analysis. Reconstructed slices were further analysed using the freeware ImageJ62 
and the Pore3D software library65,67. Firstly, the segmentation of cartilaginous elements was carried out using the 
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plugin ABSnake63,64 with a gradient threshold of 30 and a setting of 50 iterations. This plugin was applied to the 
dataset filtered by a Median 3D filter with a radius of 10 in all three dimensions. The final cartilaginous element 
(i.e. developing P. waltl forearm) was obtained in ImageJ by using the segmented slices as a transparent-zero 
mask on the original, non-filtered dataset. Further analyses were carried out by using Pore3D. To separate the 
background, the extracellular matrix and the bright cell nucleus, a 3D K-means clustering algorithm was applied 
to divide the data into three classes. The binary image of the class represented by the cell nuclei was consequently 
processed by the erosion and the blob analysis modules of Pore3D, which allowed for the determination of the 
number of blobs, i.e. the number of cells. Cell polarization was determined using the software, VGStudio Max 
3.1, with its module Fiber orientation analysis. The different tissues such as the skin epithelium and muscles 
were segmented semi-automatically in combination with the software Avizo and VGStudio Max 2.2 according to 
Tesarova et al.60.

Data Availability
The datasets generated and/or analysed during the current study are available in the Image Data Resource repository.
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Serotonin limits generation of chromaffin cells
during adrenal organ development
Polina Kameneva1,2,19, Victoria I. Melnikova 3,19, Maria Eleni Kastriti 1,2, Anastasia Kurtova 3,

Emil Kryukov 1,2, Aliia Murtazina2, Louis Faure 1, Irina Poverennaya1, Artem V. Artemov1,4,

Tatiana S. Kalinina5, Nikita V. Kudryashov 5,6, Michael Bader7,8,9,10, Jan Skoda 11,12, Petr Chlapek11,12,

Lucie Curylova 11,12, Lukas Sourada 11,12, Jakub Neradil 11,12, Marketa Tesarova 13,

Massimo Pasqualetti 14,15, Patricia Gaspar 16, Vasily D. Yakushov17, Boris I. Sheftel17, Tomas Zikmund 13,

Jozef Kaiser 13, Kaj Fried18, Natalia Alenina7,8, Elena E. Voronezhskaya3✉ & Igor Adameyko 1,2✉

Adrenal glands are the major organs releasing catecholamines and regulating our stress

response. The mechanisms balancing generation of adrenergic chromaffin cells and pro-

tecting against neuroblastoma tumors are still enigmatic. Here we revealed that serotonin

(5HT) controls the numbers of chromaffin cells by acting upon their immediate progenitor

“bridge” cells via 5-hydroxytryptamine receptor 3A (HTR3A), and the aggressive HTR3Ahigh

human neuroblastoma cell lines reduce proliferation in response to HTR3A-specific agonists.

In embryos (in vivo), the physiological increase of 5HT caused a prolongation of the cell cycle

in “bridge” progenitors leading to a smaller chromaffin population and changing the balance

of hormones and behavioral patterns in adulthood. These behavioral effects and smaller

adrenals were mirrored in the progeny of pregnant female mice subjected to experimental

stress, suggesting a maternal-fetal link that controls developmental adaptations. Finally, these

results corresponded to a size-distribution of adrenals found in wild rodents with different

coping strategies.
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Adrenal glands are key hormonal regulators in our body, as
they control major physiological processes of our daily
life, and homeostasis cannot be maintained without their

normal function. The structure of adrenal glands includes the
cortical matter, consisting of cells that produce steroid hormones,
and the centrally positioned medulla (adrenal medulla—AM),
which orchestrates the response of our body to stress by releasing
catecholamines (adrenaline and noradrenaline). Quite remark-
ably, there is another similar catecholamine-producing organ
transiently present in our body, namely the Organ of Zuckerkandl
(ZO)1. The ZO eventually disappears during the first years of
human life. Chromaffin cells represent the major catecholamine-
producing cell type in the AM and in ZO (together called chro-
maffin organs).

Despite the importance for our physiology, the key details of
adrenal gland development remain unclear. These details are
important not only for the adrenal gland engineering attempts or
for understanding associated congenital abnormalities, but also
for coping with tumors arising from sympathoadrenal lineage,
namely neuroblastoma, pheochromocytoma, and paraganglioma.
According to a recent paradigm, tumor cells exploit and re-play
developmental programs to elicit intra-tumoral plasticity and
resist treatment2. In addition, the good knowledge of develop-
mental steps and molecular profiles assists better classification of
tumors and helps to pinpoint the tumor-initiating cell types using
transcriptional similarity of malignant cells to particular devel-
opmental cell states3–5.

In line with this reasoning, recent studies showed that the
initial stages of chromaffin cell development depend on the
recruitment of local nerve-associated Schwann cell precursors
(SCPs), which turn into a short-living transient population of
“bridge” cells that rapidly transitions towards mature chromaffin
cells in mouse and human embryos6–9. This finding complicated
the old picture of adrenal development (where migratory neural
crest cells immediately generate chromaffin tissues), and raised a
series of questions regarding the control of the number of chro-
maffin progenitors operating during the differentiation steps.
These “bridge” cells are characterized by the expression of
Htr3a6,8—a gene encoding for a subunit of HTR3 receptor to
serotonin (5-hydroxytryptamine, 5HT). Based on that, 5HT was
recently hinted to be a part of the mechanism related to the
development of adrenal medulla6.

More generally, 5HT is crucial for the embryonic
development10 and for postnatal growth in the animal
kingdom11–13, including the formation of the nervous
system14–16. Moreover, 5HT is one of the main players shaping
mood, fight-or-flight stress response, and aggressive behavior in
mammals17. One of the key connection between embryonic
development, chromaffin organs and 5HT comes from studies of
animal domestication. Domesticated animals have higher levels of
5HT and less catecholamine-triggered aggressive behaviors18.
Genetic differences between wild and tame animals of the same
species include genes encoding for the enzymes of 5HT synthesis
and degradation19. Moreover, the adrenal glands of domesticated
animals are smaller than their wild relatives20,21. Therefore,
behavioral differences can be attributed to variations in 5HT and
catecholamine systems and to the size of the respective endocrine
organs, particularly the adrenal glands, which are shaped during
embryonic development.

In this study, by analysing cellular composition and cell
dynamics in the developing adrenal medulla and ZO, we show a
5HT-mediated regulatory negative feedback loop between chro-
maffin cells and their immediate precursor “bridge” cells. In line
with this, we demonstrate that neuroblastoma cell lines with high
expression of HTR3A are more tumorigenic and respond to
HTR3A agonists with reduced proliferation rate. Finally, we

discover that high levels of mother-derived 5HT affect the
development of embryonic adrenal medulla in a systemic way,
being possibly involved in transmission of environmental signals
and stress-related states from pregnant mother to her progeny.
Indeed, we find that maternal mild stress induces smaller adrenal
medullae in the progeny of stressed animals. Furthermore, the
wild rodent population demonstrate a natural distribution of
adrenal medulla sizes correlated with their preferred individual
lifestyles. Taken together, these results support a major ecological
and evolutionary role of the mechanisms controlling the devel-
opment of adrenal glands and, in particular, chromaffin cells via a
5HT pathway.

Results
5HT-secreting and 5HT-sensitive cells in chromaffin organs.
To address the role of 5HT signaling in adrenal gland develop-
ment, we re-analyzed the expression of related enzymes and
receptors using previously published single-cell transcriptomics
dataset of chromaffin and sympathetic development at E12.5 and
E13.5 stages6 (Supplementary Fig. 1). As shown earlier by Furlan
et al., chromaffin cells originate from SCPs and the differentiation
progresses through the transitory “bridge” population. Thus
“bridge” cells are immediate progenitors of chromaffin cells
(Supplementary Fig. 1a). According to our analysis at E12.5,
Htr3a/3b (encoding 5HT-receptor 3A/3B) are strongly expressed
in the population of “bridge” cells and are only sporadically
expressed in cells from other clusters. At E13.5, Htr3a/3b speci-
fically marks the “bridge” cell population and also appears to be
present in a minor portion of sympathoblasts (Supplementary
Fig. 1b). To check if HTR3A is expressed in human adrenal
medulla during development, we isolated adrenal glands at weeks
5-to-7 and subjected them to single-cell transcriptomics analysis
with Chromium 10X approach. The results showed the sparse
expression of HTR3A in “bridge” cells and rather consistent
expression in sympathoblasts (Supplementary Fig. 2a, b).
Although we detected only 6 HTR3A+ cells in a “bridge” popu-
lation, the statistical test supports the significance of this find
(Supplementary Fig. 2c). At the same time, this suggests low
expression level of HTR3A, which we experimentally validated
with RNAscope in situ hybridisation on slices of week 6 and week
8 human adrenal tissue (Supplementary Fig. 2d). Indeed, if the
expression of HTR3A is truly present, it is weak and at the border
of detection, which leaves the question about the role of HTR3A
in human “bridge” cells open. Consistently, the data from other
groups show almost absent expression of HTR3A from SCPs and
“bridge” cells in developing human adrenal medulla despite its
clear presence in sympathoblasts22. Again, a question of whether
HTR3A is sufficiently present in “bridge” cells of human adrenal
glands requires further investigation with more sensitive
methods.

5HT, the ligand activating the ion channel receptor formed by
HTR3A/3B proteins, can be supplied through the embryonic
bloodstream, although it might be also produced locally by other
cells of the developing adrenal medulla (AM). Thus, we explored
different cell types in AM for the presence of enzymatic cascades
necessary to produce local 5HT. It turned out that nearly all cells
in AM express Ddc gene encoding the enzyme responsible for
decarboxylating 5HTP (5-hydroxytryptophan) into 5HT, and
Maoa gene encoding the enzyme responsible for monoamine
degradation. At the same time, the synthesis of 5HT from
tryptophan does not take place in AM cells, as most cells do not
express the Tph1 and Tph2 genes at E12.5 and E13.5
(Supplementary Fig. 1c). Thus, the majority of immature and
mature chromaffin cells, and a subset of SCPs and “bridge” cells
are capable of producing 5HT from the chemical precursor
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5HTP, but not from tryptophan. In addition to this, at E12.5,
chromaffin cells are positive for Slc29a4, which encodes Plasma
Membrane Monoamine Transporter (PMAT)—a non-selective
transporter responsible for pumping 5HT inside the cells
(Supplementary Fig. 1d). Therefore, embryonic chromaffin cells
are capable of taking 5HT from the bloodstream, especially given
that the adrenal glands are heavily vascularized. Moreover,
chromaffin cells and sympathoblasts express Slc18a1 and Slc18a2,
which encode for VMAT1 and VMAT2, non-selective vesicular
monoamine transporters responsible for the storage of mono-
amines in intracellular secretory vesicles. Therefore, chromaffin
cells possess the necessary molecular machinery to uptake,
synthesize, and secrete 5HT, and they originate from the 5HT-
sensitive HTR3A+ “bridge” cells.

To characterize the local cell type composition and to assess the
physical contacts between different cell types in AM and ZO, we
took advantage of a standard combination of immunohistochem-
ical markers (SOX10 for SCPs, tyrosine hydroxylase (TH) for
chromaffin cells, and 5HT) together with genetically modified
Htr3aEGFP mice in order to visualize “bridge” cells and their
newly-differentiated progeny23. Because EGFP can be retained in
cells up to 48 h after the cease of active expression24, we
additionally visualized “bridge” cells by Htr3a mRNA in situ
hybridization, which revealed a proportion of Htr3aEGFP+ cells
actively expressing Htr3a mRNA in developing AM at the time of
the observations (Supplementary Fig. 3a). This result shows that
Htr3aEGFP+ cells negative for Htr3a mRNA (post-bridge cells)
rapidly differentiate into TH+ chromaffin cells. No chromaffin
cells were found positive for Htr3a mRNA (Supplementary
Fig. 3b). Therefore, the Htr3aEGFP mouse strain can be used
to trace the transition from the intermediate “bridge” cell
population to the chromaffin cells by assessing the proportions
of TH−/Htr3aEGFP+ “bridge” cells, TH+/Htr3aEGFP+ early
chromaffin cells and TH+/Htr3aEGFP− mature chromaffin cells.

AM and ZO are dynamically developing organs, and, therefore,
the proportion of cells building AM and ZO changes between
E12.5 and E14.5 towards more mature cell types (Fig. 1). Indeed,
TH−/Htr3aEGFP+ “bridge” cells compose most of the AM and
ZO at E12.5 (Fig. 1a–d, Supplementary Fig. 4a–d), and they
rapidly differentiate into TH+/Htr3aEGFP+ early chromaffin cells
and TH+/Htr3aEGFP− mature chromaffin cells, composing most
of the AM and ZO at E13.5 and E14.5 (Fig. 1f–o, Supplementary
Fig. 4f–o). We validated the active transition from SCPs to
“bridge” cells by visualizing the presence of SOX10+/Htr3aEGFP+

cells at E12.5 and E13.5 (Fig. 1b, g insets, Supplementary Fig. 4),
as well as by assessing Htr3a mRNA expression at E13.5
(Supplementary Fig. 3a).

Next, our analysis revealed that already at E12.5, nearly 32% of
early and mature chromaffin cells are 5HT+ in the AM (Fig. 1e).
Soon after, around 58% and 77.8% of chromaffin cells became
5HT+ in the AM at E13.5 and E14.5 correspondingly (Fig. 1f–o).
At the same time, SCPs did not show 5HT immunoreactivity
(Supplementary Fig. 5a), and only 1.7–5.1% of all Htr3aEGFP+

cells were Htr3aEGFP+/TH−/5HT+ (5HT-positive “bridge” cells)
at E12.5–E14.5 (Fig. 1e, j, o). In ZO the proportion of 5HT+ cells
among TH+ and Htr3aEGFP+ cells followed a similar pattern
(Supplementary Fig. 4). Therefore, chromaffin cells contribute
most of the local 5HT to the surrounding and neighboring cell
types in the adrenal gland. In line with these observations, at
E12.5–E13.5, Htr3aEGFP+/TH− “bridge” cells (sensitive to 5HT)
are intermingled with chromaffin cells in the primordium of AM
and ZO (Fig. 1a, e, Supplementary Fig. 4a–h), and are susceptible
to 5HT generated by neighboring chromaffin cells. Based on this,
we propose a mechanism of a paracrine control, where
chromaffin cells release 5HT acting on neighboring “bridge”
cells, with some contribution of the autocrine regulation, where

few 5HT+ “bridge” cells act on themselves and other HTR3A+

“bridge” cells in their vicinity. As the SCPs and few chromaffin
cells express other receptors to 5HT, additional modes of local
autocrine and paracrine control might be also present (Fig. 1p).

When the differentiation of chromaffin cells slows down
around E14.5 (E13.5 in ZO)6,8, the proportion of SOX10+/
Htr3aEGFP+ cells decreases gradually (from 6.3% at E13.5 to 4.7%
at E14.5), as the SOX10+ SCPs engage into the “bridge” fate at a
decreasing rate (Fig. 1k–o, Supplementary Fig. 4f–o). Consis-
tently, after E14.5, the majority of SOX10+ cells of AM and ZO
are supporting glial cells and immature Schwann cells, as reported
in the literature25.

Thus, the observed transitions between SCPs, “bridge” and
chromaffin cells suggest that the key 5HT-mediated regulatory
phase occurs predominantly in a limited time window during
chromaffin organ development (E11.5–E14.5). This is substan-
tiated by the fact that Htr3aEGFP+/TH+/5HT+ early chromaffin
cells (reflecting the transition from Htr3aEGFP+ cells to
chromaffin cells) are observed already at E12.5 within the AM
(Fig. 1a, f insets), whereas at E14.5 the proportion of these cells
drops two-fold in comparison with E13.5 (Fig. 1j, o). Moreover, at
E14.5, a subset of TH+ chromaffin cells in AM undergoes further
functional specialization as shown by the onset of expression of
Pnmt gene encoding phenylethanolamine N-methyltransferase
(PNMT) (Supplementary Fig. 5b), the enzyme responsible for
converting noradrenaline to adrenaline. Even though the
contribution of SCPs to “bridge” cells and their differentiation
towards early chromaffin cells peaks at E13.5 and is reduced
significantly after E15.5 in AM, in E14.5 ZO 90% of cells are
represented by newly-generated Htr3aEGFP+/TH+/5HT+ early
chromaffin cells (Supplementary Fig. 4o). Importantly, during
this time window and up to postnatal day 14 (P14) (the latest
stage we checked), chromaffin cells in AM and ZO maintain
5HT-immunoreactivity (Supplementary Fig. 5c). Thus, chromaf-
fin cells in mice are capable of releasing both 5HT and
catecholamines during embryonic development and later during
postnatal life26–30 being involved into a system of cell number
control, which we specify below.

High 5HT causes developmental reduction of chromaffin
organs. To reveal the effects of 5HT on the developing AM, we
performed a gain-of-function experiment by administering its
biochemical precursor, 5HTP, to pregnant rats (Fig. 2a). The
administration of 5HTP enables to increase the physiological
concentrations of 5HT in embryos without disruption of preg-
nancy caused by direct 5HT administration31. Moreover, 5HTP is
converted to 5HT by the placenta14. As expected, administration
of 5HTP to pregnant females led to a significant increase of 5HT
concentration in the placenta and trunks of E14.5 embryos
(Fig. 2b), and enhanced the release of 5HT by the fetal adrenal
glands (Fig. 2c), as measured by HPLC-ED. Thus, the adminis-
tration of 5HTP to pregnant rodent females causes a stable and
physiological increase of 5HT concentration in embryos, as pre-
viously shown for other tissues including the uterus32,33.

Pregnant Wistar rats received 5HTP during
E11.5–E15.5 stages, and the adrenal glands of E15.5 embryos
were investigated in 3D by micro computerized tomography
(microCT) (Fig. 2d). We observed a 37.2% reduction of the mean
volume of adrenal glands in embryos upon 5HTP treatment
(Fig. 2e, f). Immunohistochemical analysis of adrenal glands of
littermates revealed a significant reduction of the AM, whereas
the area of the adrenal cortex was similar in control and
experimental offspring (Fig. 2g). The volume of kidneys in treated
embryos did not change, confirming the lack of general
developmental delay.
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To make sure that the effect of 5HT on the AM size is
consistent in a different rodent model, we analyzed the adrenal
glands of mice and obtained consistent results (Fig. 2h). 5HTP
treatment of pregnant rats and mice during the active
differentiation of “bridge” cells into chromaffin cells resulted in
a long-lasting reduction of AM size in embryonic and postnatal
life in both species. Administration of 5HTP outside this critical

time window led to a less pronounced effect (Fig. 2h). Thus, we
were able to influence the size of the adrenal glands in rodent
offspring through the elevation of 5HT levels in pregnant animals
during a limited developmental time window corresponding to
the peak of chromaffin cell generation.

To pinpoint the specific medullary population affected by the
increased levels of 5HT in developing AM and ZO, we repeated

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30438-w

4 NATURE COMMUNICATIONS |         (2022) 13:2901 | https://doi.org/10.1038/s41467-022-30438-w |www.nature.com/naturecommunications

www.nature.com/naturecommunications


the 5HTP treatment in the transgenic Htr3aEGFP mice. In order
to target the same consistent stages across species, 5HTP was
administered to pregnant mice at E11.5–E12.5, corresponding to
E13.0–E15.0 in rats34 (Fig. 3a). As a result, at E13.5, the numbers
of early chromaffin cells (TH+/Htr3aEGFP+) and mature
chromaffin cells (TH+/Htr3aEGFP−) were reduced by 39.1%
and 38.8%, respectively (difference between mean values of
control and 5HTP groups), in AM of the embryos from the
treated mice (Fig. 3c). We did not detect a significant change in
“bridge” cells number at E13.5. In the ZO, the number of “bridge”
cells (Htr3aEGFP+/TH−) was twice higher, and the number of
mature chromaffin cells (TH+/Htr3aEGFP−) was reduced (Fig. 3c).
Schwann cell precursors (SOX10+) cell numbers were unaffected
in both chromaffin organs (Fig. 3c).

To control for the systemic effect, we checked the cells in the
sympathetic chain ganglia (SCG), which are directly derived from
the migratory neural crest cells and do not transition through a
“bridge” stage6,35. Thus, SCG served as an internal control for the
changes in size of chromaffin organs. 5HTP administration did
not influence the size or cellular composition of SCG (Supple-
mentary Fig. 6). Therefore, the reduction of chromaffin organs is
specific and occurs at the expense of chromaffin cells.

To confirm that the observed phenotype emerged due to the
activation of HTR3A, we used SR57227 hydrochloride, a potent and
selective HTR3A agonist. Administration of SR57227 to pregnant
mice at E11.5 and E12.5 caused a 30.6% reduction (difference
between mean values of DMSO control and SR57227 groups) of
early and mature TH+ chromaffin cells in AM at E13.5 (Fig. 3d).
This is similar to the effect caused by 5HTP administration to
pregnant mice during the same developmental time. To rescue the
phenotype caused by the elevated 5HT level, we co-administered
granisetron, a HTR3A antagonist, in combination with 5HTP. In
this condition, the number of TH+ cells in AM turned out to be
similar (Fig. 3d), whereas the administration of 5HTP alone caused a
34.5% reduction (difference between mean values of DMSO control
and 5HTP groups) of the chromaffin cells in AM. The SCG
(representing a control tissue with different genesis) showed the
same numbers of TH+ sympathoblasts in all groups (Fig. 3d).
Therefore, the HTR3A activation mediated 5HT-dependent signal-
ing in the development of the chromaffin cell lineage and caused the
decrease of chromaffin cells in AM and ZO upon 5HTP treatment.

To further investigate the reasons for the observed reduction in
chromaffin cell numbers, we checked the dynamics of cell cycle in
various populations of cells in the chromaffin lineage. For this
purpose, we administered consecutively 5-ethynyl-2′-deoxyuri-
dine (EdU) and 5-chloro-2′-deoxyuridine (CldU) thymidine

analogues at E12.5 with 4-h intervals to Htr3aEGFP mice treated
with 5HTP (Fig. 4a). At the time of CldU injection, EdU is not
available for cells due to its rapid pharmacokinetics36. This
approach allowed calculating the proliferation rate as well as the
proportion of Edu+Cldu−, Edu−Cldu+, and Edu+Cldu+ cells.

Despite the overall numbers of proliferating (incorporating one
or both thymidine analogues) cells among SCPs, “bridge” cells,
early chromaffin cells or mature chromaffin cells did not show a
significant change in comparison with control (Fig. 4b), the
length of a cell cycle in “bridge” cells appeared significantly
increased in the 5HTP-treated group (Fig. 4c, d, Supplementary
Fig. 7a). Delayed cell cycle progression resulted in the reduced
number of “bridge” cells observed at this stage, soon after the
injection (Fig. 4b). Such reduction of “bridge” cells was not
observed at E13.5, due to a fast turnover of “bridge” cells and
subsequent recruitment of new “bridge” cells from SCPs.
Moreover, 5HTP and 5HT are rapidly depleted after the
injection-dependent concentration peak due to pharmacokinetics.
At the same time, the dynamics of cell cycle progression in SCPs
and early chromaffin cells in AM did not change in control vs
treatment group (Fig. 4c). The majority of mature chromaffin
cells were negative for EdU or CldU, as they temporarily exit cell
cycle in agreement with previous studies37. Due to fast
differentiation of chromaffin cells from progenitors in 14 h7,
reduction of the progenitor pool has a major effect of chromaffin
cell population. A majority of chromaffin cells do not proliferate
at E12.5–E13.5 and are unable to compensate for the loss.

Contrary to the AM, in the E12.5 ZO, we observed a lower
proportion and reduced absolute numbers of SOX10+ SCPs
incorporating EdU only in the 5HTP-treated group (Supplemen-
tary Fig. 7), which suggests another mechanism of cell number
control or delayed dynamics of 5HT’s effects in the ZO.

As we did not observe cleaved caspase-3 immunopositive
(CASP3+) cells in any cell population in the AM and ZO
(excluding exceptionally rare cases), the reduction of chromaffin
cells in 5HTP-treated group cannot be mediated via increased
apoptosis (Fig. 4e). Thus, the increase of 5HT causes a
prolongation of the cell cycle of “bridge” progenitors leading to
a decrease in their number, which results in a reduction of
derived chromaffin cells (Fig. 4f).

Next, to dissect the potential changes of gene expression upon
5HTP administration, we performed single-cell RNA sequencing
of the AM and ZO at E13.5 from 5HTP-treated and untreated
embryos (Fig. 5a). We sequenced 1528 cells (both conditions
combined) using Smart-seq2 technology, which allows an
extraordinary deep sequencing of individual cells (7000/8000

Fig. 1 5HT-sensitive “bridge” cells and 5HT-producing chromaffin cells are present together in developing adrenal glands. a, b Transversal section of
adrenal gland of Htr3aEGFP+/− embryos immunostained for TH (marker chromaffin cells and sympathoblasts), EGFP (indicating expression of Htr3a), and 5HT
(5-hydroxytryptamine, serotonin) (a), and for SOX10 (marker of SCPs) (b) at E12.5. White arrows point at TH+/Htr3aEGFP+/5HT+ (a) and SOX10+/Htr3aEGFP
+/TH− (b) cells, indicating formation of “bridge” cells and their differentiation into 5HT+ early chromaffin cells. c Cell numbers at E12.5. d Venn diagrams of
Htr3aEGFP+, TH+, SOX10+ (left), and 5HT+ (right) cells at E12.5. e Proportions of TH+ cells also positive for Htr3aEGFP and 5HT (left), and proportions of
Htr3aEGFP+ cells with TH and 5HT signal (right). f, g Immunohistochemistry on the transversal section of adrenal glands of Htr3aEGFP+/− embryos stained for
TH, EGFP, 5HT (f) and for SOX10 (g) at E13.5. White arrows point at TH+/Htr3aEGFP+/5HT+ cells in (f) and SOX10+/Htr3aEGFP+/TH− cells in (g) at E13.5.
h Cell numbers at E13.5. i Venn diagrams of Htr3aEGFP+, TH+, SOX10+ (left), and 5HT+ (right) cells at E13.5. j Proportions of TH+ cells positive for Htr3aEGFP,
5HT (left) and proportions of Htr3aEGFP+ cells positive for TH, 5HT (right). k, l Transversal sections of adrenal glands from Htr3aEGFP+/− embryos stained for
TH, EGFP, and 5HT in (k), and for SOX10 in (l) at E14.5. Yellow arrows point at TH−/Htr3aEGFP+/5HT− cells (k) and SOX10+/Htr3aEGFP−/TH− cells (l)
indicating the end of “bridge” differentiation, SOX10+ represent supporting glial cells. m Cell numbers at E14.5. n Venn diagrams of Htr3aEGFP+, TH+, SOX10+

(left), and 5HT+ cells (right) at E14.5. o Proportions of TH+ cells positive for Htr3aEGFP, 5HT (left), and proportions of Htr3aEGFP+ cells positive for TH
and 5HT (rigth). p Schematic representation of the proposed paracrine/autocrine regulation: chromaffin cells release 5HT activating HTR3A receptors on
the surface of “bridge” cells (solid lines). Note that few “bridge” cells produce 5HT and can stimulate “bridge” population in an autocrine mode as well
as some chromaffin cells can sense 5HT with other 5HT receptors (dashed lines). Scale bars for the insets are 10 µm. Quantification is presented as
mean ± SD, biological n= 3. Adrenal medulla (AM) is outlined by the dashed line in all sections. SRG: suprarenal ganglion, SCG: sympathetic chain
ganglion.
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genes per cell on average). The general composition, cell type
proportions, and the developmental sequence of cell types (SCPs,
“bridge” cells, chromaffin cells, and sympathoblasts) (Fig. 5b, c)
remained the same upon 5HTP treatment. At the same time, we
detected a reliable change in expression of a gene responsible for

the regulation of splicing (Cwc22)38,39 (Fig. 5d, e). In line with
this, we detected changes in differential splicing of several long
non-coding RNAs (Uph, Uph.AS2, Uph.AS3, Uph.AS4) (Fig. 5e)
controlling the expression of Hand240, a transcription factor
essential for the transition to the catecholaminergic program in
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chromaffin cells and sympathoblasts41. The other differentially
spliced genes, Apobec3 and long non-coding RNA Cenpa.AS242,
might be involved in the control of a cell cycle length in “bridge”
cells, where they are enriched.

The deficit of 5HT has no effect on chromaffin cells. As the
elevated levels of 5HT lead to a decreased chromaffin cell num-
bers in vivo by delaying the cell cycle of precursor “bridge” cells,
we expected to see the opposite effect in the case of reduced levels
of 5HT. However, the previously reported genetic loss-of-
function of the HTR3A receptor failed to show any abnormal
phenotype in adrenal glands43. A potential explanation for these
observations is that 5HT affects cell cycle progression in HTR3A+

“bridge” cells only when 5HT levels reach a certain threshold.
Furthermore, HTR3A-dependent paracrine regulation may not be
critical for the development of the adrenal gland, but is an
important controller of excessive chromaffin tissue growth and
pre-malignant states.

To explore how the deficit of 5HT affects chromaffin
development, we analyzed several mouse models with a reduction
of embryonic and maternal 5HT. Pet1−/− embryos collected from
Pet1+/− females, as well as Tph2−/− embryos collected from
Tph2+/− females, lack 5HT derived from the central nervous
system of the mutant embryos, although maternal 5HT remains
unchanged. The numbers of TH+ chromaffin cells did not differ
in E15.5 Pet1−/− and Tph2−/− embryos in comparison with their
Pet1+/− and Tph2+/− littermates serving as controls (Supple-
mentary Fig. 8a, b). One of the major peripheral sources of 5HT
in the embryo is represented by the enterochromaffin cells, which
start to secrete 5HT at E15.510 and therefore cannot contribute to
the developing adrenal glands at E12.5–E13.5. Thus, the
reduction of embryonic sources of 5HT is not critical for the
development of chromaffin cells, while the extraembryonic 5HT
might be important.

To address how a complete removal of 5HT from both maternal
and embryonic sources affects the development of chromaffin
cells in an embryo, we took advantage of the Tph1−/−;Tph2−/−,
Tph1−/−;Scl6a4−/−, and Tph1−/−;Tph2−/−;Scl6a4−/− mouse mod-
els, which lack the ability to produce central and peripheral 5HT and
to selectively transport it into cells in both mothers and progeny. We
analyzed E13.5 embryos from these mouse models for the number of
chromaffin cells and 5HT+ cells in adrenal glands. At E13.5, the
number of 5HT+ cells demonstrated 80% to 95% reduction in all
knockout (KO) animals when compared with C57BL/6 controls
(Supplementary Fig. 8c, d). The average number of TH+ chromaffin
cells also appeared reduced in KOs (in Tph1−/−;Tph2−/− for 11.4%,

in Tph1−/−;Scl6a4−/− for 27.1%, in Tph1−/−;Tph2−/−;Scl6a4−/− for
31.2%, based on the difference between mean values) (Supplemen-
tary Fig. 8d). To check whether the reduction of chromaffin cells was
specific, we measured the number of cells in SCG. The number of
TH+ sympathoblasts in SCG was significantly lower in KO embryos
in comparison with wild type embryos (in Tph1−/−;Tph2−/−

for 17.8%, in Tph1−/−;Scl6a4−/− for 30.2%, in Tph1−/−;
Tph2−/−;Scl6a4−/− for 48.6%, based on the difference between
mean values) (Supplementary Fig. 8e), which indicated a general
developmental delay and reduction of the embryonic growth,
independently of cell origin and due to the lack of maternal 5HT.
Therefore, the reduction of chromaffin cells in 5HT deficient models
is not specific to the adrenal medulla. Of note, the numbers of SCPs,
were not changed in AM and SCG in control and KO embryos
(Supplemetary Fig. 8f), because SCPs depend on the local
innervation coming from elsewhere. The expression of Htr3a
mRNA was evident in Tph1−/−;Tph2−/−;Scl6a4−/− E13.5 adrenal
glands, which indicated that “bridge” cells are still present in the
KOs (Supplementary Fig. 8g). Overall, these experiments demon-
strated that the reduction of maternal and embryonic 5HT has no
specific effect on the number of chromaffin cells, contrary to the
excess of 5HT during a critical developmental time window.

High expression of HTR3A in tumorigenic neuroblastoma
cells. To investigate the possible action of 5HT on HTR3A in the
progression of tumors originating from sympathoadrenal cells, we
analyzed several clones of human-derived neuroblastoma for
HTR3A expression and tumorigenicity using an immunodeficient
mouse model. Based on mRNA (Fig. 6a) and protein expression
levels (Fig. 6b, c), the examined neuroblastoma cell lines could be
characterized as either HTR3Ahigh (SH-SY5Y, CHLA-15, and
CHLA-20), expressing markedly high levels of HTR3A, or
HTR3Alow (NBL-28, NBL-38, and NBL-40), with only weak
HTR3A expression. While all cell lines were negative for MYCN
amplification (two copies of gene in the genome), HTR3A protein
expression was associated with expression of major drivers of
aggressive neuroblastomas, N-MYC and c-MYC44,45, or one of the
core stemness factors SOX2 (Fig. 6b). Intriguingly, the same
association was observed in NTERA-2 embryonal pluripotent
carcinoma cells, which served as a positive control for HTR3A
expression, and which are known to express high levels of N-MYC
and share characteristics with early neural progenitors. To inves-
tigate the possible role of HTR3A receptor in regulation of pro-
liferation in tumor cells, we treated the cells with the HTR3A
agonists, N-methylquipazine dimaleate (NMQ) and SR57277, as
well as antagonists, VUF10166 and granisetron HCl, in the

Fig. 2 Administration of 5HTP, the immediate precursor of 5HT, to pregnant rodents reduces adrenal medulla in the progeny. a 5HTP was
administered to pregnant BalbC mice at E10.5–E13.5. The embryos are collected at E14.5 for the HPLC-based analysis of 5HT. b Concentration of 5HT in the
adrenal glands and surrounding tissues (left) and placentas (right) at E14.5 after 5HTP administration at E10.5–E13.5 stage. Unpaired double-sided t-test p-
value ** < 0.001, biological n= 9. c Adrenal glands from E14.5 embryos release 5HT into the surrounding medium measured by HPLC-ED. Note: kidneys,
used as a control tissue, do not release 5HT. Unpaired double-sided t-test p-value * < 0.05, **= 0.005, biological n= 6. d 5HTP was administered to
pregnant Wistar rats at E11.5–E15.5 followed by embryo collection at E15.5 and analysis by X-ray computed microtomography (microCT). e microCT X-ray
reconstruction of adrenal glands and kidney volume from E15.5 rat embryos obtained from females in control and 5HTP-treated groups. Volumes of the
organs in µm3 (×105). f Adrenal gland volume normalized to the volume of adjacent kidneys. Biological n= 4. Unpaired double-sided t-test p-value ** <
0.005. g Section areas of adrenal gland, adrenal medulla and adrenal cortex based on immunohistochemistry analysis with anti-TH immunostaining.
Unpaired double-sided t-test p-value ns > 0.05, * < 0.05, biological n= 4 (control), 5 (5HTP). h Prenatal 5HTP exposure at the time of “bridge” cell
differentiation (E11.5–E15.5 in rats and E10.5–E14.5 in mice) causes the decrease of postnatal adrenal medulla size in P30 animals, which was greater than
decreased induced by 5HTP exposure after the time of “bridge” cell differentiation (E15.5–E18.5 in rats and E14.5–E15.5 in mice). Green line in all violin
plots—the median, red lines—quartiles. One-way ANOVA test with Dunnett’s multiple comparison test **p= 0.0017, ***p= 0.0002, ****p < 0.0001,
biological n (adrenal gland) = 24 (control male rat), 19 (E11.5–E15.5 male rat), 20 (E15.5–E18.5 male rat), 35 (control female mice), 16 (E11.5–E15.5 female
rat), 20 (E15.5–E18.5 female rat), 40 (control male mice), 24 (E10.5–E14.5 male mice), 27 (E14.5–E15.5 male mice), 35 (control female mice), 18
(E10.5–E14.5 and E14.5–E15.5 female mice). For all experiments normality is checked with Shapiro–Wilk test. AG: adrenal gland, Kid: kidney, PG and ZO:
paraganglia and organ of Zuckerkandl, DA: dorsal aorta.
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presence of 5HT. HTR3A agonists dramatically limited pro-
liferation of HTR3Ahigh cell lines, whereas they did not affect
HTR3Alow cell lines, or the effects were seen only at much higher
doses (Fig. 6d, e). No cleaved caspase-3 was detected after the
treatment with NMQ, indicating that such treatment does not
induce apoptosis (Supplementary Fig. 9). In contrast, there was no
significant effect of HTR3A antagonists on cell growth of both
HTR3Ahigh SH-SY5Y and HTR3Alow NBL-28 cell lines (Fig. 6f, g).

We also tested the ability of cells to form spheres to check their
stem cell-like properties (Fig. 6h). HTR3Ahigh cells formed spheres
more frequently in comparison with HTR3Alow cell lines.
Importantly, pre-treatment with 75 µM NMQ for 5 days did not
reduce sphere-forming capacity of both HTR3Ahigh and HTR3Alow

cell lines. Therefore, the activation of HTR3A receptor does not
compromise the stem-like state of neuroblastoma HTR3Ahigh cells,
but only reduces their proliferation. When NMQ is removed the
cells form spheres with the same or even increased efficiency (in
case of NBL-38), as compared to vehicle-pretreated controls
(Fig. 6i).

SH-SY5Y and CHLA-20 HTR3Ahigh cell lines formed large
tumors in NOD/SCID gamma (NSG) mice, whereas HTR3Alow

cells did not form xenograft tumors even in 4 months after
injection (Fig. 6j, k). The tumor volume increase of the xenografts
during the experiment (Fig. 6l) further demonstrated the
association of HTR3A expression with the aggressive phenotype
of neuroblastoma cells.
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High 5HT alters catecholamine-mediated behavior in progeny.
To evaluate the long-term effect of elevated levels of 5HT during
prenatal development in rodents, pregnant Wistar rats were
administered 5HTP per os during E11.5–E15.5, a stage critical for
the transition of “bridge” cells to chromaffin cells. The offspring
of treated mothers was maintained until postnatal day 75 (P75),
when the behavioral tests and measurements of respective cate-
cholamine levels in blood and adrenal glands were performed
(Fig. 7a).

The total body weight of P75 animals was similar in treated
and control groups (Supplementary Fig. 10a, b), whereas the
weight of adrenal glands was significantly reduced in males and
females from the 5HTP-treated group (Fig. 7b). In embryonically-
treated adult females, this reduction of adrenals correlated with
significantly lower amounts of adrenaline, noradrenaline, and
dopamine in the adrenal glands, and lower adrenaline in blood
plasma (Fig. 7c). In males from the 5HTP-treated group, smaller
adrenal glands contained respectively less adrenaline, but the
levels of noradrenaline and dopamine did not show any
significant difference (Fig. 7c). To ensure that the observed
reduction of adrenaline in males and the reduction of adrenaline,
noradrenaline, and dopamine in females were not associated with
accelerated catabolism by catechol-O-methyltransferase in blood,
we measured catecholamine metabolites: metanephrine and
normetanephrine (Supplementary Fig. 10c). These measurements
confirmed that the decrease in adrenaline supply from the adrenal
glands in the 5HTP-treated group was not due to the acceleration
of adrenaline catabolism (Supplementary Fig. 10c). On the other
hand, the concentration of normetanephrine was significantly
higher in 5HTP-treated males, suggesting an enhanced catabo-
lism of noradrenaline that is typically observed in major
pheochromocytoma subtypes in human46,47. The elevation of
normetanephrine is not observed in females. Of note, high
metanephrine levels might not always reflect high catecholamine
synthesis and following catabolism, as inhibition of monoamine
oxidase may also lead to elevated levels of catecholamines/
metanephrines, which we cannot rule out even though we
consider this scenario unlikely based on the previous
literature48–51. The system of catecholamines and their metabo-
lism is complex and stretches beyond the production of
adrenaline and noradrenaline in chromaffin organs. Therefore,
the observed differences in males and females, as well as the only
partial correlations with behavioral data might be due to other
systemic regulatory mechanisms, which are not covered by
this study.

In the next line of behavioral experiments, we assessed how the
prenatal exposure to enhanced 5HT during the critical time

window of chromaffin cell generation shaped the adaptive
capacity of the offspring. According to the resident-intruder test
and foot shock-induced aggression test, the males from 5HTP-
treated mothers were less aggressive and did not defend their
territory, compared with control males (Fig. 7d). Moreover, the
experimental animals were more adaptive and flexible, demon-
strating less anxiety and reduced stress-induced behavior
(Supplementary Fig. 10d). These results are in line with in vivo
measurements of catecholamines in adult mice revealing lower
levels of adrenaline supplied by smaller adrenal glands (evident
when measured as ng/organ, Fig. 7c) in animals prenatally
exposed to elevated 5HT levels.

Stress affects fetal 5HT, medulla size, and progeny behavior.
The connection between embryonic 5HT levels and subsequent
animal behavior allowed us to hypothesize a connection between
the stress of a pregnant female, 5HT and the development of
adrenals in progeny.

The following line of experiments based on the published
method52 revealed that mild stress induced by 1-h-restrain of
pregnant mice (E10.5–E14.5) significantly enhanced 5HT level in
both placenta and fetuses (Fig. 7e, f), causing decreased medulla size
in a progeny (Fig. 7e, f), similarly to 5HTP exposure (Fig. 2b, h). The
resulting experimental progeny demonstrated less aggressive
behavior according to the standard resident-intruder test: they
showed cooperative behavior and reduced number of attacks on the
intruder (Fig. 7f). Overall, the prenatally 5HTP-treated animals and
the progenies from stress-induced mothers showed consistency in
adrenal medulla reduction and behavioral changes. Although our
data from mice and rats appear to be consistent, we do not claim
that the effects of maternal stress on postnatal behavior are only
rooted in decreased adrenals and embryonic influence from the
mother. However, mild stress and 5HTP treatment during the same
embryonic period result in similar behavioral outcomes in postnatal
progeny, and are associated with a decreased AM size. Overall, the
prenatal effects and postnatal effect are likely connected and
correlate via the reduced number of chromaffin cells in
adrenal glands.

The ratio of medulla to cortex changes in migrating voles. As
the experimentation on laboratory animals might not fully reflect
the ecological and evolutionary situation, we committed to per-
form the analysis of adrenals in wild rodents with different well-
documented intra-species modes of behavior. For this, we set out
for an expedition to Yenisey Ecological Station “Mirnoe” (62.2 N;
89.0W) in Siberia, to study the wild population of red-backed

Fig. 3 Administration of 5HTP to pregnant females influences chromaffin and “bridge” cells in embryonic chromaffin organs. a 5HTP was administered
to pregnant Htr3aEGFP+/− females, which was followed by the analysis of embryonic adrenals at E13.5 by immunohistochemistry. b Transversal section
through the adrenal glands (left) and Organ of Zuckerkandl (right) immunostained for TH, EGFP (indicating expression of Htr3a), and SOX10. The sections
were obtained from E13.5 embryos collected from Htr3aEGFP+/− females from control and 5HTP-treated groups. c Cell numbers in adrenal medulla (left)
and Organ of Zuckerkandl (right) at E13.5 in control and treated groups. Note that early chromaffin cells (HTR3AEGFP+/TH+) and mature chromaffin cells
(HTR3AEGFP−/TH+) decrease, whereas SCPs (SOX10+) and “bridge” cells (HTR3AEGFP+/TH−) do not change in the treated group vs control in the adrenal
medulla. At the same time, “bridge” cells (HTR3AEGFP+/TH−) accumulate and mature chromaffin cells (HTR3AEGFP−/TH+) decrease in the Organ of
Zuckerkandl in the treated group. Cell number are presented as violin plots, where the green line indicates median, biological n= 3, Shapiro–Wilk test for
normality and unpaired double-sided t-test p-value ns > 0.05, * < 0.05, ** < 0.002. d Cell number in adrenal medulla and sympathetic chain ganglia across
four groups of E13.5 embryos treated during E11.5–E12.5 with: DMSO (control), 5HTP, 5HTP and Granisetron (HTR3A antagonist), SR57227 (HTR3A
agonist). Note that cell numbers change in the adrenal medulla, but not in the sympathetic chain ganglion. Biological n= 6 (DMSO, 5HTP, SR57227), 5
(5HTP+Granisetron), one-way ANOVA AM p-value *0.0135, followed by Tukey multiple comparison test DMSO vs 5HTP p-value *0.0189, DMSO vs
SR57227 p-value *0.0406; ANOVA SCG p-value ns 0.6265. e Changes in size and cellular composition in E13.5 adrenal medulla and Organ of Zuckerkandl
in mice under the influence of increased 5HT (E11.5–E12.5). Cell numbers are presented as violin plots, the green line—median and the red lines—quartiles.
Adrenal medulla (AM) and Organ of Zuckerkandl (ZO) are outlined by the dashed line in sections. SRG: suprarenal ganglion, SCG: sympathetic chain
ganglion, MG: mesenteric ganglion.
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voles (Clethrionomys rutilus). C. rutilus represent a “cycling”
population with periods of expansion and migration, with well-
defined residents and migrants triggered by the spiking increase
of density53–55. To check if there is a correlation between the size
of adrenal medulla and resident vs migrant profile in wild C.
rutilus, we measured the medulla size in representatives of resi-
dents and migrants in the year of a peak population density
accompanied by enhanced migration activity (2020). The results
showed that the migrant animals of both sexes are characterized
by reduced medulla size as compared to residents (Fig. 7g), which
might be connected to the fact that the increase in population
density is associated with increased chronic stress56. According to
our experiments with laboratory animals and previously pub-
lished results52, increased level of stress in pregnant mothers
elevates 5HT in the placenta and embryo. This, in turn, results in

reduced chromaffin organs in the offspring, altered hormonal
profiles and more cooperative and flexible catecholamine-
controlled behavior.

Discussion
Recent findings6,8 have challenged the older paradigm about the
immediate origin of chromaffin cells from ventrally migrating
neural crest cells57, and raised questions about how the numbers
of chromaffin cells are established and controlled during
embryonic and postnatal life. These findings introduced inter-
mediate cell states intercalating into the trajectory from the neural
crest to chromaffin cells. One state is represented by nerve-
associated Schwann cell precursors6,58 giving rise to “bridge”
cells, which in turn transit into chromaffin cells6.

Fig. 4 Prenatal 5HT influences cell cycle length of the “bridge” progenitors in embryonic adrenal glands. a Pregnant Htr3aEGFP+/− females were
administered 5HTP at E11.5; at E12.5, females received 5HTP together with 5-Ethynyl-2′-deoxyuridine (EdU); in 4 h females received 5-Chloro-2′-
deoxyuridine (CldU); embryos were harvested in 4 h after CldU injection at E12.5. This allows identifying the proportions of cells, which incorporated EdU+

only, CldU+ only, or both thymidine analogues (EdU+CldU+). b Numbers of all cells (left) and numbers of proliferated cells (right) in populations of SCPs,
“bridge” cells, early chromaffin cells, and mature chromaffin cells at E12.5 under the influence of 5HTP in adrenal medulla. Shapiro–Wilk test for normality
and unpaired double-sided t-test p-value ns > 0.05, ** < 0.002, biological n= 3 (control SCPs), 4 (control other cell types), 4 (5HTP SCPs), 5 (5HTP other
cell types). c Proportions of EdU+ only, CldU+ only, and EdU+CldU+ cells in populations of SCPs, “bridge” cells, and early chromaffin cells at E12.5 under
the influence of 5HT in adrenal medulla. Note that the cell cycle lengthened in “bridge” cells in the treated condition, as there are more EdU+CldU+

“bridge” cells. Shapiro–Wilk test for normality and unpaired double-sided t-test p-value ns > 0.05, * < 0.05, biological n= 3 (control SCPs), 4 (control other
cell types), 4 (5HTP SCPs), 5 (5HTP other cell types). d Transversal sections of adrenal glands from Htr3aEGFP+/− embryos immunostained for TH, EGFP
(indicating the expression of Htr3a), EdU, and CldU. Arrowheads point at EdU+ only, CldU+ only, and EdU+CldU+ cells. e Numbers of cleaved CASP3+

cells in adrenal medulla and Organ of Zuckerkandl. Note that the number of cleaved CASP3+ cells is exceptionally low. Cell numbers are presented in violin
plots, the green line indicates median and the red lines are quartiles. Shapiro–Wilk test for normality and unpaired double-sided t-test (AM) and
Mann–Whitney test (ZO), p-value ns > 0.05, biological n= 5. f Proposed mechanism of the paracrine/autocrine regulation of a cell cycle length in HTR3A+

“bridge” precursors by 5HT-releasing chromaffin cells in the developing adrenal medulla.
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Here we investigated how these intermediate cell types regulate
their numbers and define the future size of the chromaffin
population. We found that 32% of the chromaffin cells are 5HT
positive as soon as they emerge at E12.5 in mouse and this
number goes up to 77.8% at E14.5. The 5HT, which is derived
from chromaffin cells and a small population of “bridge” cells,
signals to neighboring HTR3A+ “bridge” cells, lengthening their

cell cycle. This causes a reduction of adrenal medulla because less
“bridge” cells become available for differentiation into non-
dividing chromaffin cells. Being 5HT-sensitive, “bridge” cells are
a part of a negative feedback loop controlling the size of the 5HT-
releasing chromaffin population. Similar modes of paracrine
feedback loops were shown for retinoic acid signaling59 or
angiogenic growth factors60 which are known to control
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organogenesis. Overall, the paracrine and autocrine role of 5HT
in developing chromaffin organs results in two important aspects
related to health and survival: protection from chromaffin tissue
overgrowth or neoplasia, and prevention of excessive catechola-
mines and catecholamine-controlled behavior. In humans, the
sparse expression of HTR3A appeared in “bridge” population at
weeks 5-to-7 according to RNAseq and at weeks 6 and 8
according to experimental validations with RNAscope. Despite
the expression was detected in principle, it appeared low and at
the border of detection, leaving a question about the role of
HTR3A in human “bridge” cells open. Contrary to this, the
expression of HTR3A in sympathoblasts showed a strong and
consistent pattern, also in agreement with other studies22.
Therefore, the human-specific role of the described paracrine
regulation via 5HT and chromaffin progenitor-specific HTR3A is
probable, although it requires further experimentation to be
validated. Of note, avian chromaffin cells29 and the cells of the
oxygen sensory organ (carotid body) are 5HT-positive as well61,
and may employ the 5HT-dependent mechanism to control their
numbers.

The single-cell transcriptomics analysis showed that elevated
embryonic 5HT influences the expression of Cwc22—a key gene
controlling splicing38,39, and also changes the levels of differen-
tially spliced proliferation—and differentiation-related genes
expressed by a “bridge” population (Apobec3, long non-coding
RNAs controlling Hand2 and potentially Cenpa).

The proposed mechanism of chromaffin cell number control
via 5HT-HTR3A-dependent paracrine regulation is unidirec-
tional, as the complete elimination of 5HT and pharmacological
blockage of HTR3A receptor do not result in overgrowth of
chromaffin cell organs. This goes in line with previous reports
showing that the excess of 5HT has stronger effects on brain
development as compared to the lack of 5HT62,63. For example,
Sert−/− mice demonstrate elevated levels of extracellular 5HT in
the brain, which causes a number of structural abnormalities
related to the role of 5HT during brain development together
with depressive- and anxiety-like behavior64, with no changes in
adrenal gland morphology and catecholamine release65. Con-
ceptually similar results were obtained via inhibition of SERT
with selective 5HT reuptake inhibitors at E8–E18 of mouse
development62,66. On the other hand, Pet1 KO and Tph2 KO
mice lack 5HT, but have structurally normal brains (although
Pet1 KO mice lack serotonergic neurons) with altered anxiety-
related behavior67,68. These results are in line with our loss-of-
function experiments, where the drastic decrease of embryonic
and maternal 5HT did not yield any alteration of size of chro-
maffin organs, apart from the general reduction of an embryo size
reported previously11,12. Thus, the 5HT-dependent control of
chromaffin cell numbers protects only against the excessive
growth and, potentially, tumor-permissive situations.

Consistent with this reasoning, chromaffin organs within the
sympathoadrenal complex represent the sites of childhood tumor
neuroblastoma, as well as pheochromocytoma and para-
ganglioma. The comparison of human HTR3Ahigh and HTR3Alow

neuroblastoma cell lines revealed that cell lines with HTR3Ahigh

expression level have higher tumor-initiating potential. Those cell
lines had key characteristics of cancer stem cells and appeared
tumorigenic in a mouse xenograft model system as well as formed
significantly more spheres in vitro. In line with the in vivo cell
cycle progression experiments, we managed to inhibit the pro-
liferation rate of HTR3Ahigh neuroblastoma cells with a specific
HTR3A agonist, which might be developed into a potential
therapeutic strategy, especially in a combination with
differentiation-inducing drugs69–71. Still, it might be wise to keep
in mind the potential difference between tumor and healthy
HTR3A+ cells, as the tumor cells might have additional, unpre-
dictable effects following from HTR3A activation, and the rele-
vance of 5HT paracrine regulation within tumors remains to be
elucidated. Moreover, the origin of neuroblastoma is highly
debatable9,22,72–75, and our results regarding the feedback loop
mechanism involving 5HT and HTR3A in “bridge” cells in vivo
and in cancer cell lines should be interpreted with great care.

Hypothetically, beyond the anticancer-related roles, the 5HT-
dependent chromaffin tissue control might have important
behavioral, ecological and evolutionary dimensions. Indeed, in
addition to local chromaffin cells synthesizing 5HT from 5HTP
directly within chromaffin organs, the other major source of
embryonic 5HT are represented by the maternal blood76 and
placenta14,77. The biosynthetic enzymes TPH1 and DDC are
produced in the syncytiotrophoblastic cell layer of the murine
placenta, which is in line with previous observations of in vitro
placental 5HT neo-synthesis at E10.5–E18.5 in mice. In line with
this observation, human placental fetal villi demonstrated a
similar biosynthetic capacity during early gestation77. The com-
bination of different 5HT sources and the switch from systemic
(extraembryonic) to the local source of 5HT were previously
noticed during embryonic brain development in mice14. Similar
to brain development, the presence of extraembryonic-derived
5HT in the embryonic circulation adds another variable to the
equation of chromaffin cell number control. In fact, not only local
paracrine/autocrine regulation might take place in developing
chromaffin organs, but also systemic extraembryonic 5HT might
influence the future size of the adrenal medulla. In turn, the
intensity of 5HT synthesis in placenta depends on the availability
of mother-derived biochemical precursor 5HTP and tryptophan.
This opens a potential for a non-genetic control of adrenergic
organ development in a progeny of mothers capable of tuning the
levels of tryptophan and 5HTP. This tuning might depend on
stress factors or health conditions52,78,79. Interestingly, chronic
mild stress, excessive maternal inflammation, and hypoxia lead to
the increased 5HT synthesis in the fetal placenta with increased
output to the fetus, as was previously shown for rodents and
humans80. In our experiments, prenatal mild stress in pregnant
females resulted in elevated levels of 5HT in progeny, which
reduced adrenal medulla and changed the offspring behavior
similarly to the experiment with chemically (5HTP)-treated
mothers. In this “chemical” in vivo experiment, we mimicked the
maternal-dependent elevation of 5HT by introducing higher
levels of 5HTP into pregnant females. As a result, we detected a
reduced number of chromaffin cells, smaller adrenal medulla and

Fig. 5 Single-cell transcriptomics reveal differential changes in genes related to RNA splicing and cell cycle upon 5HTP treatment. a Adrenal glands
(AG) and Organ of Zuckerkandl (ZO) were dissected from E13.5 Wnt1-Cre+/−;R26RTomato+/wt embryos; the tissue was dissociated, and Wnt1Tomato+ cells
were sorted into 384-well plates for Smart-seq2 sequencing. Note the absence of statistically-tested compositional effects (see the “Methods” section)
between 5HTP-treated and control conditions, shown as UMAPs (bottom panels). b Joint UMAP embedding of cells from AG and ZO from both treated
and control groups. c Main marker genes defining each cluster. d Differential gene expression per cluster in 5HTP-treated vs control groups. e Statistically
significant differential spliced genes in 5HTP-treated vs control groups. Note that at least four long non-coding RNAs responsible for regulation of Hand2
activity appeared differentially spliced (Uph, Uph.AS2, Uph.AS3, Uph.AS4) and well as Cenpa-related long non-coding RNA. The bottom: UMAP plots
showing meaningful differentially spliced and differentially expressed genes.
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decreased levels of catecholamines associated with changes in the
behavior of the adult offspring.

One can admit that the molecular mechanisms controlling the
size of chromaffin tissues are important for natural and artificial
selection. Although we do not provide direct data supporting this
idea, the low aggressiveness, changes in 5HT synthesis and
degradation, and reduction of chromaffin organs were previously

reported as a part of the so-called “domestication syndrome”,
observed in a number of domesticated species20,21. In line with
these domestication-associated behavioral patterns, our experi-
mental rodents subjected to 5HT-driven reduction of adrenals
showed less aggressive responses and altered levels of catechola-
mines. The individual levels of aggressive behavior are indeed
related to how the animals react to a wide variety of
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environmental challenges including two major coping strategies
—proactive and reactive81. Aggressive males typically express a
more proactive type of behavioral response demonstrating rigid,
cue-independent, and impulsive reactions and a tendency to
defend their home territory. At the same time, non-aggressive
reactive males are rather flexible, cautious, and open to the
external cues, which can assist in variable or unpredictable
environments, such as during migration81,82. Our results
demonstrated that prenatal exposure to enhanced 5HT during the
critical time window (resulting from maternal mild stress or
availability of 5HTP) leads to the birth of progeny with a pre-
ferentially reactive type of a coping strategy. This suggests a
possible non-genetic information transmission from mother to
progeny via the 5HT-dependent developmental control of chro-
maffin organ size. Conceptually, a similar 5HT-based mother-to-
progeny information transmission was identified in
invertebrates13,83,84 and, given our results, might be a more
general strategy in nature85.

Furthermore, the mechanism of 5HT-based mother-to-
progeny information transmission might be more evident in a
wild population under critical environmental stress. The oscil-
lating population density in red-backed voles (C. rutilus) peri-
odically reaches exceptional values and causes unprecedented
social stress to individual animals56. This, along with other fac-
tors, forces the voles to segregate into residents and migrants,
shaping the population cycles86. The difference between the
animals forced to migrate and those who stay might involve a
behavioral control of aggression, which is affected by the different
size of chromaffin organs. We tested this hypothesis and found an
association of the adrenal medulla size with the type of the coping
strategy (resident—proactive and migrants—reactive) in wild
rodents. This association supports the connection between stress
in pregnant mothers, 5HT concentrations and the resulting size
of chromaffin organs in progeny. Overall, the described
mechanism of chromaffin cell number control via 5HT-sensitive
precursor cells may provide a regulatory 5HT-mediated pathway
of prenatal programming for long-lasting changes in progeny
underlying the behavior of domesticated species as well as wild
animals with active and reactive types of coping strategy. Future
research should establish the role of genetic factors responsible
for the variation of the chromaffin organs in wild animals as
compared to the power of the 5HT-based mother-to-progeny
information transfer mechanisms.

Methods
Animals and corresponding ethics. All experiments involving laboratory animals
were done in accordance with European Convention on the Protection of

Vertebrate Animals Used for Experimental and Other Scientific Purposes (Stras-
burg, 1986) and approved by the Ethics Committee for Animal Research of the
Koltsov Institute of Developmental Biology (Russian Academy of Sciences,
approval code: 22, approved on 15 March 2018) as well as in accordance with The
Swedish Animal Agency’s Provisions and Guidelines for Animal Experimentation
recommendations and approved by Ethical Committee on Animal Experiments
(Norra Djurförsöksetiska Nämd, ethical permit N226/15).

Laboratory animals were kept in standardized conditions (24 ˚C, 12:12 h
light–dark cycle, 40–60% humidity, food, and water ad libitum).

Htr3aEGFP transgenic animals are Tg(Htr3a-EGFP)DH30Gsat/Mmnc) were
received from MMRRC and provided by the J. Hjerling-Leffler laboratory
(Karolinska Institutet, Stockholm, Sweden) (https://www.mmrrc.org/catalog/sds.
php?mmrrc_id=273). Animals were kept as heterozygotes for the EGFP transgene.
Wnt1-Cre (The Jackson Laboratory, stock number 009107), full strain name B6.Cg-
Tg(Wnt1-cre)11Rth Tg(Wnt1-GAL4)11Rth/J) and reporter mice line R26RTomato

(The Jackson Laboratory stock number 007914) were used for the study. As wild
type animals Wistar Rat, BalbC, and C57Bl6 mice were used.

For all experiments, a single embryo was considered as a biological n, and the
embryos from 1 to 2 litters were used in experiment to comply with the 3R policy
about the usage of animals in research. Furthermore, the exact timing of the
embryonic development varies depending on the time of conception and embryo
implantation, which can be up to 12 h apart. The developmental difference within
this time-window can affect the results and introduce the unwanted noise into the
assessment of developing organs at E8–E14.5 stages. Based on our previous
experience with such variation, pulling several litters into one comparison can
result in much greater variability within the overall group, which can hide the true
differences. Selecting and aligning the perfectly comparable litters requires the
unnecessary sacrifice of higher numbers of without much of necessity. With this in
mind, and with the goal to minimize the number of animals used, we focused on
the analysis of adequate numbers of individual embryos (3–6) serving as biological
replicates for our studies. For the majority of the experiments, we utilized 1–2
litters per experimental condition.

NOD/ShiLtSz-scid/Il2rγnull mice were used as a NSG model. All NSG mouse
experiments were conducted in accordance with a study (21379/2011-30) approved
by the Institutional Animal Care and Use Committee of Masaryk University and
registered by the Ministry of Agriculture of the Czech Republic as required by
national legislation.

E15.5 embryos (gender was not identified) from Pet1−/− knockout mice were
received from Patricia Gaspar (INSERM: Paris, France). E15.5 embryos (gender
was not identified) from Tph2 knockout mice were received from Massimo
Pasqualetti from (Dept of Biology, University of Pisa, Italy). E13.5 embryos (gender
was not identified) from Tph1;Tph2, Tph1;Scl6a4, and Tph1;Tph2;Scl6a4 knockout
mice together with E13.5 embryos (gender was not identified) of C57BL/6 mice
bred in the same facility were received from Natalia Alenina and Michael Bader
(Max-Delbruck Center for Molecular Medicine (MDC), Berlin, Deutschland).
Before shipment embryos were fixed in 4% paraformaldehyde in PBS (pH 7.4) at
4 °C 4–6 h depending on the embryonic stage. Samples were rinsed in PBS and
placed in 30% sucrose in PBS for cryoprotection. Samples were sent in 30% sucrose
in PBS solution incubated on ice and processed for immunohistochemical analysis
after receipt.

All experiments involving wild animals red-backed voles Clethrionomys rutilus
were approved by the Biomedical Ethics Commission of FSBI “Zakusov Institute of
Pharmacology” (Russian Academy of Sciences, approval code: 01, dated 20 January
2017). Red-backed voles C. rutilus (Pallas, 1779) is not an endangered species. The
wild representatives of red-backed voles C. rutilus were collected during August-
September 2020 in the Yenisey ecological station “Mirnoe” (62.2 N; 89.0W),
Turukhansky region of Krasnoyarsk territory, within the Central Siberia Biosphere
Reserve. The long-term population-ecological investigations demonstrated a 4-year

Fig. 6 HTR3Ahigh neuroblastoma cells are highly tumorigenic and reduce their proliferation under excessive HTR3A stimulation. a Gene expression
analysis by qRT-PCR revealed marked differences in relative expression of HTR3A among individual human neuroblastoma cell lines. NTERA-2 pluripotent
embryonal carcinoma cells served as a positive expression control (Ctrl). Data presented as mean ± SD, biological n= 3, technical n= 3; *p < 0.05,
**p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test. b Western blotting showed differences in HTR3A protein levels, which also
corresponded to the differences in expression of N-MYC, c-MYC, and SOX2 proteins between HTR3Ahigh and HTR3Alow groups. Blots are representative
of three experiments. c Densitometric quantitation of the HTR3A protein expression confirms the defined HTR3Ahigh and HTR3Alow groups. Data
presented as mean ± SD, biological n= 3; ***p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test. d–g MTT assay on cells treated with
agonists of HTR3A receptor (d, e) revealed significant dose-response decrease in proliferation of HTR3Ahigh neuroblastoma cells after 5 days of treatment
with either N-methylquipazine dimaleate (NMQ, d) or SR57227 (e); treatments with HTR3A antagonists (f, g) did not exert a significant effect on cell
proliferation. Data presented as mean ± SD, biological n= 3–5, technical n= 5. h Schematic depiction of limiting dilution sphere formation assay:
neuroblastoma cells were pretreated with 75 µM NMQ or vehicle (DMSO) for 5 days and serially diluted in fresh serum-free media w/o the drugs at
indicated numbers per well. i The frequencies of sphere-forming cells significantly differed between HTR3Ahigh and HTR3Alow cell lines, while NMQ
pretreatment did not reduced sphere formation capacity of the tested cells. Data are shown as mean ± 95% confidence interval, frequencies, and
probability were computed using ELDA software79. ***p < 0.01, χ2 pairwise test. j–l Only HTR3Ahigh neuroblastoma cell lines formed xenograft tumors in
NOD/SCID gamma (NSG) mice (k). The higher levels of HTR3A expression in SH-SY5Y cells corresponded to the earlier onset of tumor formation (j) and
increased tumor growth (l) when compared with CHLA-20 cells; ***p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test.
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cycle of population dynamics of Micromammalia which is stable in the conditions
of Yenisey Central Siberia. C.rutilus population dynamic peak occurred in Central
Siberia in 2020 (mean 29,1 animals per 100 traps per day in 2020, compared to
mean 13,8 animals per 100 traps per day in 2018. Year monitoring of ecological
station “Mirnoe”), and the collection period at the late summer\autumn considered
the most relevant to estimate the wave dynamics in cycling population55.
Representatives of C. rutilus collected in Sherman traps (live traps) in taiga (dark
coniferous forest consisting of Siberian cedar, fir, pine, and larch) were considered
as settled individuals or residents. Representatives collected in pitfall traps in
Yenisey River valley (meadows without tree communities) were considered as
migrants. Trapped species were settled individually in plastic boxes for 2 h. The
animals were weighed and adrenals were dissected under inhalant isoflurane
anesthesia (SomnoSiute system, Kent Scientific, USA). The gender, pregnancy and

fertility status, approximate ages were determined visually after dissection.
Altogether 24 females and 31 males of ~1 year old were used for the study.

5HTP administration to pregnant females and embryo collection. Three- to
four-month-old females of Wistar rats, BalbC mice, and 2–4-month-old Htr3aEGFP

mice were placed in time-controlled mating and the day of plug was considered as
embryonic day (E) 0.5 for mice, day of conception was considered as embryonic
day (E) 0.5 for rats. 5-hydroxy-L-tryptophan (Sigma-Aldrich H9772) was dissolved
in saline and fed (1 mg/kg BW, once a day) to pregnant rats through gavage or
intraperitoneally injected (40 mg/kg BW, once a day) to pregnant mice females. At
the stage of embryo harvest, the females were sacrificed by cervical dislocation after

Fig. 7 Embryo-to-adult effects of prenatal 5HT on adult behavior and adrenals are similar to the effect of stress induced in pregnant mothers.
a Pregnant Wistar rats were administered 5HTP during E11.5–E15.5, and their offspring (P)75 was analyzed with the behavioral tests and catecholamine
measurements. b The size of adrenal glands in animals from the 5HTP-treated females was significantly smaller then from control group. Mann–Whitney
test, p-value * < 0.05, biological n=male: 11 (control), 8 (5HTP); female: 12 (control), 10 (5HTP). c Major catecholamines measured in ng/mg of tissue,
ng/organ and ng/mL of plasma by HPLC-MS. Note: ng/mg of tissue reflects normal function of chromaffin cells, and does not change; ng/organ decreases
in 5HTP-treated group. Mann–Whitney test, p-value ns > 0.05, * < 0.05, biological n=male: 11 (control), 8 (5HTP); female 12 (control), 10 (5HTP), for
plasma n=male: 10 (control), 7 (5HTP); female 10 (female), 8 (female). d Aggression-assessing behavioral tests: “resident-intruder test” (top) and “foot
shock-induced aggression test” (bottom) indicate the reduced aggression in the 5HTP-treated group. Mann–Whitney test, p-value ns > 0.05, biological
n= 14 and 15 (control), 15 (5HTP group). e Pregnant BalbC mice were exposed to a mild stress (1 h restrain) at E10.5–E14.5, followed by 5HT
measurements in the embryo trunks and placentas. Note: the 5HT levels were increased similarly to experiment with 5HTP-treatment (refer to Fig. 2a, b).
Mann–Whitney test, p-value * <0.05, ** < 0.002, biological n= 9. f Pregnant BalbC mice were exposed to a mild stress (1 h restrain) at E10.5–E14.5, and
their P30 offspring was tested for the size of adrenal medulla and aggression. Note: the proportion of adrenal medulla was significantly lower in the stress-
induced group similarly to the 5HTP-treated group (refer to Fig. 2h). Shapiro–Wilk test for normality, unpaired double-sided t-test p-value, **** < 0.0001, n
(adrenal gland)=40 (control male), 24 (1 h restrain male), 35 (control female), 32 (1 h restrain female). g The ratio of adrenal medulla of the adrenal gland
in C. rutilus. Mann–Whitney test, p-value * < 0.05, *** < 0.001, biological n (adrenal gland)=male: 31 (resident), 29 (migrant); female: 25 (resident), 21
(migrant). In all violon plots the green line—median, the red lines—quartiles.
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anesthesia with 2–3% isoflurane, embryos were eviscerated and placed in ice-cold
PBS. The gender of embryos was not identified.

HTR3A agonist and antagonist treatment. Three- to four-month-old pregnant
BalbC females received intraperitoneal (i.p.) injections of the selective agonist of
the HTR3A receptor, SR57227 hydrochloride (2 mg/kg BW, once a day) at E11.5
and E12.5 stages. Another group of animals was i.p. administered with the HTR3A
antagonist, granisetron hydrochloride (2 mg/kg BW, once a day) in combination
with 5HTP (40 mg/kg BW, once a day) at E11.5 and E12.5 stages. Drugs were
purchased from Tocris (UK), dissolved in DMSO, and then diluted in sterile
physiological saline. In the control group, mice received identical volumes of iso-
tonic saline with DMSO (DMSO control). E13.5 embryos were fixed in 4% par-
aformaldehyde and processed for immunohistochemistry. The gender of embryos
was not identified.

MicroCT tissue preparation and analysis. E15.5 rat embryos (gender was not
identified) were fixed in 4% paraformaldehyde in PBS (pH 7.4) at 4 °C for 6 h.
Samples were dehydrated by incubation in the ethanol gradient solutions in PBS
(30%, 50%, 70%); incubation was done at 4 °C with agitation for 24 h in each
concentration. For contrasting the samples were transferred to 1.0% PTA (Phos-
photungstic acid, Sigma-Aldrich, P4006) in 90% methanol and incubated with
rotation at 4 ˚C with agitation for 3 weeks; the PTA solution was changed weekly.
After contrasting, the samples were rehydrated through a methanol gradient (90%,
75%, 50% and 30%). After that, rehydrated embryos were shipped on ice to Brno
University of Technology, Czech Republic for microCT scanning.

Samples were placed in polypropylene tubes and embedded in 1% agarose gel to
minimize movement during microCT measurement. MicroCT scanning was
performed using system GE phoenix v|tome|x L 240, equipped with a 180 kV/15W
maximum power nanofocus X-ray tube and high flat panel dynamic 41|100 with
4000 × 4000 pixels and a pixel size of 100 × 100 μm. The exposure time was 900 ms
in 2000 positions over 360°. The microCT scan was carried out at 60 kV
acceleration voltage and with 200 μA X-ray tube current. The beam was filtered by
a 0.2 mm-thick aluminum filter. The voxel size of obtained volumes was 2.2 μm for
all samples. The tomographic reconstructions were performed using GE phoenix
datos|x 2.0 3D computed tomography software. Segmentation of structures was
performed manually by a combination of software Avizo (Thermo Fisher Scientific,
USA) and VG Studio MAX 3.2 (Volume Graphics GmbH, Germany).

Thymidine analogues labeling during S-phase combined with 5HTP treat-
ment. Double thymidine analogues labeling of cells in S-phase was based on the
methods described previously87. 5-ethynyl-2′-deoxyuridine (EdU, Life Technolo-
gies, E10415) and 5-Chloro-2′-deoxyuridine (CldU, Sigma-Aldrich, C6891) were
dissolved in PBS at stock concentrations 5 mg/ml and 5.2 mg/mL and, respectively,
intraperitoneally injected to 2–4-month-old Htr3aEGFP mice pregnant females in
equimolar concentrations to 50 mg/kg body weight of EdU with 4-h interval.
Females also received 2 injections of 5HTP 40 mg/kg or vehicle control at E11.5
and at E12.5. To minimize the number of 5HTP injections, at E12.5 and the EdU
dose were combined in one injection solution. Embryos were harvested 4 h after
CldU injection E12.5, gender of the embryos cannot be identified.

Tissue preparation for immunohistochemistry. Whole embryos, dissected
sympathoadrenal complexes were fixed in 4% paraformaldehyde in PBS at 4 ˚C
with agitation for 2–6 h followed by rinse in PBS. After fixation samples were
cryoprotected in 30% sucrose in PBS at +4 °C with agitation for 24 h. Samples were
embedded in OCT and frozen at −20 °C. 14 µm serial sections were produced from
each sample, collected on SuperFrost microscopy slides (Thermo Scientific) and
kept at −20 °C before staining.

Immunohistochemistry. Cryosections were brought to room temperature and
dried for at least 2 h before antigen retrieval. Antigen retrieval was done by sub-
merging the slides in 1× Target Retrieval Solution (Dako, S1699) in water, bringing
the solution to boiling and letting it cool down for 40–60 min. Sections were
washed three times for 10 min in PBS containing 0.1% Tween‐20 (PBST), encircled
by Super PAP Pen (Invitrogen, 008899), and incubated at room temperature
overnight with primary antibodies diluted in PBST in a humidified chamber. Then,
sections were washed in PBST three times for 10 min and incubated with secondary
antibodies and DAPI (5 µg/mL) diluted in PBST at RT for 90 min, washed again
three times in PBST and mounted using Mowiol (Merck, 81381) mounting med-
ium, prepared according to manufacturer’s instructions.

Detection of thymidine analogues in combinations with IHC. Antigen retrieval
was done by submerging the slides in 1× Target Retrieval Solution (Dako, S1699) in
water, bringing the solution to boiling point, and cooling it down for 40–60 min.
Sections were washed three times for 10 min in PBS. Sections were further per-
meabilized with 4% triton X-100 solution for 1 h followed by 3 washes 10 min
in PBS.

EdU visualization was performed by click reactions. Sections were incubated in
Click Buffer 1 (0.1 M Tris pH 7.5, 20 µL CuSO4 100 mM, 5 µM Alexa Fluor 647

azide (ThermoFisher, A10277) (stock 10 mM in DMSO), 100 mM ascorbic acid)
for 15 min with gentle rocking. Washed three times for 5 min in PBS and incubated
with Click Buffer 2 (20 µL CuSO4 100 mM, 40 mM ascorbic acid and 2 mM
azidomethyl phenyl sulfide (Sigma-Aldrich) in PBS) for blocking of non-specific
reactions of anti-BrdU (clone BU1/75) antibody with EdU68. The sections were
incubated for 15 min with gentle rocking followed by 3 washes for 5 min in PBS.
For CldU visualization with antibodies, a DNA denaturing step by 2N
Hydrochloric acid (incubation at 37 °C for 40 min) is critical to allow the antibody
to bind to DNA. The sections were neutralized by washing in 0.1 M borate buffer
(pH 8.0) two times for 10 min followed by three washes in PBS for 5 min. Then
sections were blocked in 5% normal donkey serum (Sigma-Aldrich), 0.1% Triton
X-100 in PBS for 1 h. Primary antibodies were dissolved in 5% normal donkey
serum (Sigma-Aldrich), 0.1% Triton X-100 in PBS and incubated with sections
overnight at RT with gentle rocking. A combination of anti-BrdU (recognizes
CldU) antibody and cell type-specific antibodies was applied. Next day, the sections
were washed in PBS three times for 5 min and incubated with the solution of
secondary antibodies and DAPI in PBS for 90 min at RT. After incubation, the
samples were washed in PBS three times for 10 min at room temperature and
mounted using Mowiol mounting medium, prepared according to manufacturer’s
instructions.

Primary and secondary antibodies. The following primary antibodies were used:
rabbit anti-TH (1:1000, Pel-Freez Biologicals, #P40101-150), sheep anti-TH
(1:2000, Novus Biologicals, #NB300-110), rabbit anti-serotonin (1:2000, Immu-
noStar, #20080), chicken anti-GFP (1:600, Aves Labs Inc., #GFP-1020), goat anti-
human SOX10 (1:800, R&D Systems, #AF2864), rabbit anti-KI67 (1:500, Thermo
Scientific, #RM-9106), rabbit anti-Cleaved Caspase-3 (1:500, Cell signaling,
Asp175), rat anti-BrdU (1:300, Abcam, BU1/75, also recognizes CldU).

For detection of the primary antibodies, secondary antibodies raised in donkey
and conjugated with Alexa-405, -488, -555, and -647 fluorophores were used
(1:1000, Molecular Probes, ThermoFisher Scientific). Goat anti-chicken conjugated
to Alexa fluor-488 (1:600, Jackson ImmunoResearch, 703-545-155).

RNA scope® in situ hybridization. Fluorescent in situ hybridization manual assay
against Pnmt (probe 426421-C3) and Htr3a (probe 411141-C3) was performed
using the RNAscope Fluorescent® Multiplex Assay kit according to manufacturer’s
instructions (Advanced Cell Diagnostics). Immunostaining following the hybridi-
zation was performed as described above except for the antigen retrieval step.

Microscopy. Images were acquired using LSM700, LSM 710, and LSM 880 con-
focal microscopes (Carl Zeiss, Germany) equipped with ×10, ×20, and ×40
objectives. Images were acquired in the .lsm format.

Cell counts and area measurements. Cell counts and area measurements were
done manually using the Cell counter plugin and measurement functions of ImageJ
(2.1.0/1.53c) software. The area of adrenal gland section was calculated by sur-
rounding the area based on DAPI signal. The area of medulla was calculated based
on TH+ signal within adrenal gland. The area of cortex was calculated by sub-
traction of adrenal medulla area from the area of the whole gland per individual
section. Three section per gland and 2 glands per embryo were evaluated.

Venn diagrams were built with https://www.meta-chart.com/venn#/your-charts
free on-line platform and redrawn in Adobe Illustrator 25.2.1. The percentage of
Sox10+Htr3aEGFP+ cells was calculated as a fraction of Sox10+Htr3aEGFP+ cells
from the sum of all Sox10+ and all Htr3aEGFP+ at E13.5 and E14.5 in adrenal
medulla.

Measurements of relative medulla size in postnatal animals. The dissected
adrenals of P30 BalbC mice and collected red-backed voles Clethrionomys rutilus
were processed for whole-mount Benzyl alcohol/Benzyl benzoate tissue optical
clearing method. The preparations were scanned using LSM 880 confocal micro-
scope (Carl Zeiss, Germany) with a green channel determining the tissue auto-
fluorescence. The optical section with maximal external volume was selected for
relative medulla size analysis. The area of central medulla and the whole adrenal
were measured using ImageJ software. Relative medulla size represented by the
ratio: (medulla area/total area) × 100%.

Re-analysis of single-cell transcriptomic data published by Furlan et al., 2017.
We re-analyzed single-cell RNA-seq data of mouse adrenal gland from Furlan
et al.6. Gene counts were obtained from GEO database (GSE99933). Gene count
matrix was analyzed with a standard Seurat (version 3.0.2) workflow88. We used
the original embeddings and clustering from ref. 6 (Figs. 5B and 5G), downloaded
from the published pagoda apps: http://pklab.med.harvard.edu/cgi-bin/R/rook/nc.
SS2_16_249-2/pathcl.json and http://pklab.med.harvard.edu/cgi-bin/R/rook/nc.
SS2_16_250-2/pathcl.json (json slots embedding/data for the embedding and col-
cols/clusters/data for the cluster labels).

Seurat function FeaturePlot and DotPlot were used to plot gene expression in
individual cells on the embedding and average gene expression in the clusters as
dot plots, respectively.
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Single-cell RNA sequencing of mouse tissue by SmartSeq2. Wnt1-Cre+/−;
R26RTomato+/wt E13.5 embryos prenatally treated with 5HTP or vehicle for control at
E11.5 and E12.5 were harvested in ice-cold PBS. Adrenal glands and Organ of
Zuckerkandl were dissected under the stereoscope equipped with a fluorescent light
source. Tissue was added to 500 µL of 0.05% Trypsin/0.02% EDTA (Sigma, 59417-C)
and incubated at 37 °C for 10min. The tissue was triturated slowly with a P-200 pipette
until complete dissociation. Trypsin was deactivated by adding 500 µL of PBS con-
taining 10% FBS. The cells were centrifuged at 500 × g at 4 °C for 5min. The cells were
washed two times with PBS+ 10% FBS followed by centrifugation. The non-single cell
clusters of cells were removed by filtering through 40 μm-pore size cell strainers.
Fluorescent cells were sorted in single cells mode into 384-well plates prefilled with
lysis buffer according to a previously published protocol using a BD FACS Aria III Cell
Sorter. One full 384-well plate was sorted and sequenced per organ and per treatment.
Single-cell library preparation was done following Smartseq2 protocol89.

Single-cell transcriptomics data analysis of SmartSeq2. First, generation of
count matrices, QC and filtering was performed. The single-cell transcriptome data
were generated at the Eukaryotic Single-cell Genomics facility at Science for Life
Laboratory in Stockholm, Sweden. The samples were analyzed by first demulti-
plexing the .fastq files using deindexer (https://github.com/ws6/deindexer) using
the NextEra index adapters and the 384-well plate layout. Individual .fastq files
were then mapped to mm10_ERCC genome (https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001635.20/) using the STAR aligner version 2.7.5c using 2-pass
alignment. Reads were filtered for only uniquely mapped and were saved in BAM
file format; count matrices were subsequently produced. Estimated count matrices
were gathered and converted to an anndata object. Cells with the following
quantities were kept as high quality: having more than 105 and less than 5 × 105

transcripts, containing more than 4000 and less than 8000 detected genes and or
less than 15% of ERCC reads. Cells with low number of reads, potential doublets,
cells with high fraction of ribosomal and mitochondrial genes were removed from
the analysis. The resulting filtered count matrix contained 1361 high-quality cells
(out of 1528 total cells sequenced).

The preprocessing and initial analysis of the count matrix was performed
without any batch correction, using scanpy python package v1.7.2, scFates python
package v0.2.4, and scvelo python package v0.2.3. Highly variable genes were
detected using pagoda2 approach (scFates.pp.find_overdispersed, default
parameters). Cell cycle genes were removed from the list of high variable genes to
remove their effect. PCA was performed on the scaled count matrix using the high
variable genes (scanpy.pp.pca, default parameters). kNN graph
(scanpy.pp.neighbors, n_neighbors = 30, n_pcs = 30, metric = “cosine”) was
generated from PCA space, followed by UMAP embedding generation
(scanpy.tl.umap, default parameters) and leiden clustering (scanpy.tl.leiden,
Resolution = 0.3)90. Differential gene expression analysis was performed per
cluster between treated cells and control, using Wilcoxon rank-sum test.

To detect possible differentially spliced genes between the two conditions,
BRIE2 algorithm was employed91,92. Counting of the isoform-specific reads in each
splicing event was performed for BAM files of the QC filtered cells, using filtered
mouse annotation provided by the package maintainers. The annotation has the
following characteristics: from GENCODE mouse vM17, exon skipping events
located on autosome and chrX, not overlapped by any other AS-exon, surrounding
introns are no shorter than a fixed length 100 bp. Length of alternative exon
regions, between 50 and 450 bp. With a minimum distance, 500 bp, from TSS or
TTS. Specific splice sites: surrounded by AG-GT, i.e., AG-AS.exon-GT. Splicing
isoform proportion and variable splicing detection was performed in mode 3, by
including a design matrix containing the both treatment and location as columns,
location effect was removed as potential cofounder.

Ethical aspects of procedures involving human tissue. Human pre-natal tissue
was obtained from clinical routine abortions with oral and written consent from
the patient. Swedish Ethical Research Authority and the National Board of Health
and Welfare has approved the acquisition of human pre-natal tissue for research
purposes (ethical reference is 2018/769-31 with the addendum EPN2019-04595).
The material was donated for a general research purpose especially with the focus
on neuronal and nervous system-related cell types. Measurement of crown-rump-
length (CRL) and anatomical landmarks were used to determine the post-
conception age.

Human fetal cell isolation, storage in methanol, and rehydration. The tissue
was received in ice-cold PBS and enzymatically digested to obtain the single-cell
suspension. For this, tissue cut into smaller pieces was incubated with 500 μl 0.05%
Trypsin/0.02% EDTA (Sigma, 59417-C) for 15 min at 37 °C with gentle swirling
every 5 min. Gentle pipetting up and down was used to mechanically dissociate
bigger pieces if any. 500 μl 10% FBS in PBS was added to cell suspension and the
cells were pelleted at 500 × g for 5 min at 4 °C. Cells were washed two times with
1000 μL PBS, passed though the 35 μm cell strainer (Falcon, 352235), pelleted at
500 × g for 5 min at 4 °C and re-suspended in 100 μl 0.04% BSA in PBS. Ice-cold
methanol (400 μL was added for fixation of the cells and the cells were stored at
−80 °C. For the preparation of the library the cells were brought to +4 °C and
pelleted at 1000 × g for 10 min at 4 °C. Cell pellet was re-suspended in 500 μL of

rehydration buffer (1X DPBS (Gibco 14190144) containing 1.0% BSA (Sigma,
B4287) and 0.5 U/μl RNAse Out (ThermoFisher Scientific, 10777019) followed by
two washes with 500 μL of rehydration buffer. The rehydrated cell suspension was
sorted to remove debris with BD FACS Aria Fusion instrument (BD Biosciences,
San Jose, CA) equipped with 100 μm nozzle. After FACS cells were pelleted to
obtain concentrated cell suspension with 700–1200 cells/μL.

10x Genomics RNAseq library preparation and sequencing of human cells. 10x
Genomics Chromium Single Cell 3ʹ protocol for Reagent Kits v3 was used for
library preparation aiming to recover 5000–8000 cells. Sequencing was done on
Illumina NovaSeq 6000 Sequencing System (NovaSeq 6000 S1 Reagent Kit or
NovaSeq 6000 S2 Reagent Kit were used) with the standard recommended read set
up for 10X Genomics libraries: Read 1: 28 cycles (Cell barcode and UMI), i7 index:
8 cycles (Sample index), Read 2: 91 cycles. The 10X single-cell transcriptome data
were generated at the Eukaryotic Single-cell Genomics facility at Science for Life
Laboratory in Stockholm, Sweden.

Human single-cell transcriptomics data analysis with 10x Genomics. The
count matrix for each sample was produced by Cell Ranger version 3.1.0 that
processed, mapped, and counted raw sequencing data to the Cell Ranger GRCh38-
3.0.0 genome and its corresponding annotation. Seurat package pipeline (v.4.0.2)93

was used for the downstream analysis. Genes expressed in fewer than ten cells in
each dataset were removed from further analysis. To keep only high-quality cells,
the cells with less than 2000 or more than 25,000 transcripts and the cells with less
than 1500 detected genes per cell were omitted. The cells with high mitochondrial
content (more than 10%) were also excluded from the analysis. The putative
doublets were predicted by Scrublet94. The filtered datasets first were analyzed
separately to extract the cells belonging to the neural crest-derived sympathoa-
drenal lineage and then integrated with Seurat function IntegrateData (2000
integration anchor features, 20 dims). The resulting integrated filtered dataset
consisted of 3503 high-quality cells. The effects of cell cycle heterogeneity in gene
expression were mitigated by regressing out the difference between G2M and S
phase signatures by Seurat functions CellCycleScoring and ScaleData (vars.to.re-
gress = “CC.Difference”). Then to perform a graph-based clustering and visuali-
zation by UMAP, the first 30 principal components and 30 nearest neighbors were
used. Louvain clustering algorithm with resolution equal to 0.2 resulted into
finding 13 clusters, two of them were removed due to containing the high doublet
scores. The remaining clusters were re-analyzed using the same parameters except
the resolution (30 PCs, 30 kNN, resolution= 0.1) and the resulting seven clusters
were merged based on the expression of classical cell type-specific markers into
four biologically meaningful clusters. To check whether the expression of HTR3A
gene in the “bridge” cells is not noise-derived, the exact Fisher test was applied after
removal of the sympathoblast clusters from the dataset.

Behavioral studies. The tests were performed on 21 male and 25 females P75
Wistar rats, weighing 180–200 g. Animals were acclimatized 15 min a day for
5 days before the tests95.

Resident-intruder test was performed on rat and mice81. For the test on Wistar
rats, each resident male was housed with the companion female in the resident cage
(floor space of about half a square meter) for 1 week prior to testing. The
companion females were sterilized 3 weeks before the test. The cages were not
cleaned until the end of the experiment. Testing was performed once a day at
8:00 p.m. The companion female was removed from the cage and an unfamiliar
male was introduced in the residential cage, followed by recording the behavior of
the resident for 15 min. The time between the introductions of the intruder and the
first clinch attack was considered as attack latency.

For the test on BalbC mice, male mice were singly housed for 1 week prior to
testing. The cages were not cleaned until the end of the experiment. The male
intruders were group-housed (five per cage) and matched with resident mice for
approximate age and body weight. The unfamiliar male was introduced in the
residential cage and behavior of resident mice was monitored during 5-min after
exposure to male intruder. One trial per day was conducted at 8:00 p.m. The time
between the introductions of the intruder and the first biting attack was considered
as attack latency.

Foot-shock induced aggression test96 was performed on rats. Two male rats
were placed on the electrode floor of the test chamber for both, pain sensitivity and
aggression, and then the current was gradually increased at a rate of 0.1 mA/s. The
threshold of pain sensitivity was determined by the minimum current at which the
animals made the first squealing. The minimum value of the current that causes the
typical upright defensive postures (threat posture) in a rat was considered as the
threshold of aggressiveness. The test was stopped at 1.8–1.9 mA/s.

Elevated Plus-maze (EPM) test was performed on rats. The apparatus for EPM
test was constructed from 2 horizontal arms 50 cm long and 10 cm wide crossing
each other in the middle at 90° angle. Two opposing parts of the maze have 40 cm
high walls “closed arms”. The maze was elevated 40 cm from the floor. The rat was
placed in the middle of the apparatus facing one of the closed arms. The time the
rat spent on the central part of the maze, in open and closed arms, and the number
of entries to open and closed arms were recorded. The total time of one animal
observation was 5 min97.
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Novelty-induced hypophagia test was performed on rats. The apparatus for
Novelty-induced hypophagia test is a cylindrical platform 97 cm in diameter, with a
42 cm high wall made from white plastic. The floor of the platform has the marks
of the central circle, 23 cm in diameter and the middle part, 18.5 cm wide, divided
into 6 equal size sectors and the peripheral part 18.5 cm wide, divided into 12 equal
size sectors. The source of light was 100W lamp 1m above the floor of the
platform. In the center of the platform, the food was placed. During 10 min of the
test the duration of food take latency was measured.

Extrapolation Escape Task was performed on rats. In this task animals need to
find an escape solution from an acute stress situation. The apparatus consists of a
basket with an internal cylinder 25 cm high and 10 cm in diameter. The basket is
filled with 21–23 °C water up to 2 cm from the bottom of the internal cylinder. Rats
were placed in the internal cylinder and their behavior was observed during 2 min.
The dive latency and time to find the escape ladder was registered.

Catecholamine analysis. The catecholamine standards (norepinephrine (NE),
epinephrine (E), and dopamine (DA)) and catecholamine metabolites (normeta-
nephrine (NM), metanephrine (M)) were obtained from Sigma-Aldrich (USA).
The catecholamine and catecholamine metabolites labeled internal standards
(norepinephrine-d6, epinephrine-d3 and dopamine-d4, normetanephrine-d3,
metanephrine-d3) were obtained from TRC (Canada). All reagents were of ana-
lytical grade. Methanol was obtained from Thermo Fisher Scientific (Fisher Sci-
entific UK Ltd.). Ethyl ester was obtained from Panreac (Germany). 2-Aminoethyl
diphenylborinate, Formic acid, Hydrochloric acid, Sodium hydroxide, Ammonium
chloride were obtained from Sigma-Aldrich (USA). Water used in the entire
analysis was prepared using Milli-Q water purification system from
Millipore (UK).

A Shimadzu HPLC system (Japan) was used for chromatographic separation of
analytes on an Eclipse XDB-C18 (150 mm, 4.6 mm, 5 mm) analytical column,
maintained at 40 °C in a column oven. Gradient elution was used for the
chromatographic separation of analytes. The mobile phase A: 0.1% formic acid in
water, the mobile phase B: 0.1% formic acid in methanol.

A triple quadrupole mass spectrometer Shimadzu 8060 (Japan), equipped with
electrospray ionization and operating in positive ionization mode was used for
detection of analytes and ISs. For quantitation, multiple reaction monitoring
(MRM) was used to monitor precursor-product ion transitions m/z 151.90→ 77.10
(norepinephrine), m/z 158.90→ 111.00 (norepinephrine-d6), m/z 183.90→ 107.00
(epinephrine), m/z 187.00→ 107.00 (epinephrine-d3), m/z 165.90→ 121.15
(normetanephrine), m/z 169.00→ 137.00 (normetanephrine-d3), m/z
153.90→ 91.10 (dopamine), m/z 157.00→ 94.00 (dopamine-d4), m/z
179.90→ 165.15 (metanephrine), m/z 183.00→ 168.00 (metanephrine-d3).

Calibration standards and quality control samples. Stock solutions of analytes
(1 mg/mL) were prepared by dissolving accurately weighed reference standards in
0.1% HCl in water. Stock solutions of ISs (1 mg/mL) were prepared by dissolving
accurately weighed reference standards in 0.1% formic acid in water. Calibration
standards (CSs) and quality control (QC) samples were prepared by spiking blank
sample (water) (10% of total volume of blank sample) with mixed stock solutions.
CSs were made at concentration levels (Table 1).

QC samples were prepared at two concentration levels (Table 2).
All the solutions (standard stock, CSs and QC samples) were stored at −20°C

until use.
To extract catecholamines, adrenal glands were weighed, homogenized in 0.9%

NaCl, and frozen in liquid nitrogen. Heparinized blood samples were collected
from the heart and centrifuged. Samples were kept at −80 °C until the mass
spectrometric analysis of catecholamines and their metabolites.

Prior to analysis, all frozen samples, CSs and QC samples were thawed in RT.
To each glass tube (16 × 100mm) 0.5 ml CSs, QC or sample; 20 µL of the internal
standards mix and 0.8 mL of buffer containing a complexing agent (0.2% DPBA-
ethanolamine ester and 5 g/L EDTA in 2 mol/L NH4 Cl–NH4 OH buffer, pH 8.5)
was added. After mixing, the pH of the complexed sample preparation was checked
with a pH probe or narrow range pH paper. If the pH was <7.5, it was adjusted
with concentrated ammonia to be between 7.5 and 9.5. Ethyl Ester (1500 μL) was
added to extract the analytes and vortex-mixed (10 min), and the sample was then
centrifuged for 10 min at 3000 × g. The Ethyl Ester layer was removed (800 μL) and
placed into a recovery vial (Waters Corp., Elstree, UK). The vial solution was then
evaporated to dryness using a centrifugal vacuum evaporator (Eppendorf, USA).

The samples were reconstituted in 200 μL (0.1% formic acid in water), and 2 μL was
injected onto the column.

Quantification was performed using Shimadzu LabSolution software, version
5.3 (Japan) using the integration peak area ratio of analyte and labeled IS.

5HT measurement by high-performance liquid chromatography with elec-
trochemical detection (HPLC-ED). 5HT concentration was determined after the
following experiments: (1) Pregnant BalbC mice were subjected to mild stress
based on a published method52 for 1 h daily from E10.5 to E13.5. 5HT was
measured at E14.5 in placenta and fetal tissues; (2) Pregnant BalbC mice received
5HTP from E10.5 to E13.5. 5HT was measured at E14.5 in placenta and fetal
tissues; (3) Pregnant BalbC mice received 5HTP from E10.5 to E13.5. At E 14.5
fetal adrenals and kidneys were dissected and incubated for 1 h in DMEM medium
at 37 °C in a humidified 5% CO2/95% air atmosphere. About 16–20 adrenals and
10–12 kidneys were pooled per sample. After the incubation 5HT was measured in
culture medium and fetal tissues.

A Shimadzu HPLC-ED LC-20ADsp (Japan) was used for chromatographic
separation of analytes on a reversed-phase ReproSil-Pur column, ODS-3,
4 × 100 mm with pore diameter of 3 µm (Dr. Majsch GMBH, Germany) at a
temperature of 30 °C and a flow rate of 1.0 mL/min. The mobile phase consisted of
0.1 M citrate–phosphate buffer containing 0.3 mM sodium octanesulfonate,
0.1 mM EDTA and 7% acetonitrile (all reagents purchased from Sigma) (pH 2.56).
Decade II electrochemical detector (Antec Leyden, Netherlands) was equipped with
a glassy carbon working electrode (+0.85 V) and an Ag/AgCl reference electrode.
Collected tissues were homogenized in 10 volumes of 0.1 N HClO4 containing 3,4-
dihydroxybenzylamine hydrobromide (internal standard, Sigma, St. Louis, USA)
(25–250 pmol/mL) by an ultrasonic homogenizer (Sonopuls HD 2000.2, Bandelin,
Berlin, Germany), centrifuged at 16,500 × g for 20 min, and 5HT in the supernatant
were measured. Peaks corresponding to 5HT were identified according to elution
time of the standard solution, and the contents of substances were estimated as a
ratio of the peak area of the internal standard solution to that of the specimen using
software LabSolutions (Shimadzu, Japan).

Cell cultures. Patient-derived neuroblastoma cell lines NBL-28, NBL-38, and NBL-
40 were established from tumor tissue samples98,99, with written informed consent
obtained for our previous research project (IGA MZCR NR/9125-4), approved by
the Research Ethics Committee of the School of Medicine, Masaryk University,
Brno, Czech Republic (Approval No. 23/2005). According to Czech legal and
ethical regulations governing the use of human biological material for research
purposes, a new ethical assessment of this study is not necessary. In brief, the
tumor biopsy was disinfected, cut into ~2 mm pieces, and placed into T25 flask
with 1 mL of complete medium based on DMEM (PAA Laboratories, Linz, Aus-
tria) supplemented with 20% fetal calf serum (PAA), 2 mM glutamine and 1×
penicillin/streptomycin (BioWhittaker, Inc., Walkersville, MD, USA) under 37 °C
and 5% CO2. After specimen attachment, the volume of the medium was slowly
brought up to 5 ml during 48 h. Once outgrowing cells reached 60% confluency,
they were passaged and maintained. The SH-SY5Y neuroblastoma cell line was
purchased from ECACC cat. # 94030304). CHLA-15 and CHLA-20 neuroblastoma
cell lines were obtained from Alex’s Lemonade Stand Foundation Childhood
Cancer Repository (cccells.org) and kindly provided by Dr. Michael D. Hogarty
(Children’s Hospital of Philadelphia, PA, USA). Pluripotent embryonal carcinoma
cell line NTERA-2 (clone D1) was purchased from ECACC (cat. # 01071221) and
served as a control of HTR3A expression. Cells were cultured in DMEM/Ham’s
F-12 medium mixture (1:1; all neuroblastoma cells) or DMEM (NTERA-2) sup-
plemented with 10% (CHLA-15, CHLA-20, and NTERA-2) or 20% fetal calf serum
(FCS), 2 mM l-glutamine, 100 IU/mL penicillin, and 100 μg/mL streptomycin (all
from Biosera, Nuaillé, France), at 37 °C with 5% CO2. For all neuroblastoma cell
lines, media were further supplemented with 1% of nonessential amino acids
(Biosera) and in case of CHLA-15 and CHLA-20 also with 1× ITS-X (Gibco). All
cell lines were routinely authenticated by STR profiling.

qRT-PCR. Total RNA was extracted with the GenElute™ Mammalian Total RNA
Miniprep kit including genomic DNA elimination step using the On-Column
DNase I Digestion Set (both Sigma-Aldrich, St. Louis, MO, USA). For all samples,
equal amounts of RNA (25 ng of RNA/1 μL of total reaction content) were reverse
transcribed into cDNA using M-MLV (Top-Bio, Prague, Czech Republic) and
oligo-dT (Qiagen Inc., Valencia, CA, USA) priming. Quantitative PCR was per-
formed in 10 µL reaction volumes using the KAPA SYBR® FAST qPCR Kit (Kapa
Biosystems, Wilmington, MA, USA) and 7500 Fast Real-Time PCR System and
7500 Software v.2.0.6 (both Life Technologies, Carlsbad, CA, USA). The expression
of individual genes was assessed using at least three technical replicates from three

Table 1 Composition of calibration standards.

№ Name NM/D/E/M/NE concentration, ng/ml

1 Cal 1 1/50/5/1/5
2 Cal 2 10/100/25/10/25
3 Cal 3 50/250/50/50/50
4 Cal 4 100/500/100/100/100
5 Cal 5 500/750/250/500/250
6 Cal 6 1000/1000/500/1000/500

Table 2 Composition of quality control samples.

№ Name NM/D/E/M/NE concentration, ng/ml

1 QСL 3/75/15/3/15
2 QСH 800/800/400/800/400
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biological replicates of each cell line. The heat shock protein gene HSP90AB1 was
used as the endogenous reference control. Following primers (5′→3′) were used for
this study: HTR3A (5-hydroxytryptamine receptor 3A) forward—AGGAAGCCA
ACCACCGTATC; HTR3A reverse—GTCCGTGGGGATGGACAACT; HSP90AB1
(Heat shock protein 90 alpha family class B member 1) forward—CGCATGA
AGGAGACACAGAA; HSP90AB1 reverse—TCCCATCAAATTCCTTGAGC.

Western blotting. Whole-cell extracts were collected using RIPA buffer and 30 µg of
total proteins were resolved on 10% polyacrylamide gels and blotted onto PVDF
membranes (Bio-Rad Laboratories, Munich, Germany). The membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween-20 (Sigma) and
incubated overnight with primary antibodies. The following antibodies were used: rabbit
anti-HTR3A (1:5000, Abcam, #ab13897), rabbit anti-c-MYC (1:1000, Cell Signaling
Technology, CST, #5605), rabbit anti-N-MYC (1:1000, CST, #84406), rabbit anti-SOX2
(1:1000, CST, #3579), rabbit anti-cleaved caspase-3 (1:1000; CST, #9664), rabbit anti-
GADPH (1:10,000, CST, #2118), andmouse anti-α-tubulin (1:10,000, Abcam, #ab7291).
The next day, the membranes were incubated for 1 h with HRP-linked secondary
antibodies: goat anti-rabbit IgG (1:5000, CST, #7074) or horse anti-mouse IgG (1:5000,
CST, #7076). Chemiluminescent detection was performed using Amersham ECL Prime
(Cytiva, Marlborough, MA, USA) and either Azure 600 imaging system (Azure Bio-
systems, Dublin, CA, USA) or photosensitive film. GAPDH or α-tubulin served as
loading controls. Protein band densities were quantified using ImageJ (Fiji) software
(NIH, Bethesda, MD, USA), version 2.1.0/1.53c.

Neuroblastoma xenografts in NSG mice. Eight-week-old female NSG (NOD/
ShiLtSz-scid/Il2rγnull) mice were injected subcutaneously into the right flank with a
suspension of 1 × 106 enzymatically dissociated cells in 100 μL of serum-free DMEM.
The mice were examined every three days over the period of 4 months for the presence
of subcutaneous tumors. After the development of a tumor or after 4 months, the mice
were sacrificed and surgically examined. The xenograft tumors were excised and pho-
tographed, and the final tumor volume was measured using the following formula:
tumor volume (mm3)= length (mm) ×width (mm) ×width (mm) × 1/2.

MTT cell proliferation assay. Neuroblastoma cells were seeded in 96-well plates at
a density of 103 cells/well in a defined serum-free medium: DMEM/F12 based
medium (as detailed in Cell lines) w/o FCS, supplemented with 10 ng/mL EGF
(Sigma-Aldrich), 20 ng/mL FGF2 (Sigma-Aldrich), and 1× B-27 supplement w/o
vitamin A (Gibco). After 24 h, cells were treated by the addition of fresh mediumwith
the selective HTR3A receptor agonists, N-methylquipazine dimaleate (NMQ; Tocris,
cat. #0566) or SR57227 (Tocris, cat. #1205), or the HTR3A receptor antagonists,
granisetron hydrochloride (Tocris, cat. #2903) and VUF 10166 (Tocris, cat. #10166).
In case of HTR3A receptor antagonists, mediumwas further supplemented with 5HT
(Merck, cat. #14927) to the final concentration of 1 µM to evaluate the effect of
HTR3A receptor inhibition. The proliferation activity was analyzed after additional
5 days using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
(Sigma) at a final concentration of 455 μg/ml100. The medium with MTT was
replaced by 200 μL of DMSO per well after a 3 h incubation under standard condi-
tions in order to solubilize the MTT product. The absorbance was measured at
570 nm with a reference absorbance at 620 nm wavelength using a Sunrise Absor-
bance Reader (Tecan).

Limiting dilution sphere formation assay. Prior to sphere formation assay, cells
were treated for 5 days with 75 µM NMQ or an equivalent concentration of vehicle
(DMSO). Cells were then harvested and dissociated into single-cell suspension by
Accutase (Biosera), re-suspended in a defined serum-free medium (detailed above)
and serially diluted into ultra-low attachment 96-well plates (Corning, cat. #3474) to
reach final cell densities of 200, 100, 50, 25, 5, and 1 per well. At least four technical
replicates of each cell density were included per cell line and treatment group. Every
three days, growth factors were replenished by addition of fresh defined medium.
After a week, for each cell density, the fraction of wells containing neurospheres
≥50 µm in diameter was determined using an Olympus CKX41 light microscope with
Lumenera Infinity 2 CCD camera and QuickPhoto Camera 2.3 system (PROMICRA,
Prague, Czech Republic). Frequencies of sphere-forming cells among experimental
groups were calculated and compared using ELDA software101.

Statistical analysis. Statistical analysis was done using GraphPad Prism
8.1.1 software. All datasets were checked for normality with Shapiro–Wilk test, as
this test reliably works for small datasets. For datasets with normal distribution
double-sided unpaired t-test was applied. For datasets which failed a test for
normal distribution, Mann–Whitney test was applied. For comparisons between
multiple groups for one variable the one-way ANOVA test was applied (Fig. 3d,
Fig. 6a, c, l, Supplementary Fig. 7d, e, f). In case one-way ANOVA test was showing
significant differences, Tukey’s multiple comparison test was used for a robust
pairwise comparison of groups with unequal size (every mean to every other mean)
or Dunnet’s multiple comparison test for a pairwise comparison of groups to a
control group.

In the analyses of statistical significance in catecholamine measurement as well
as in behavioral tests (Fig. 7, Supplementary Fig.8) we have chosen the pairwise
comparison within genders. The reason for it is that the treatment with 5HTP or

1-h restrain was applied at the stage, when the sexual dimorphism is not
established in the forming adrenal glands and, consequently, the treatment equally
affects males and females. However, adrenal glands have sexual dimorphism at
postnatal stages and therefore must be analyzed separately, since the combined
analysis of these groups can mask the effects of our prenatal treatment. We do not
report a quantitative difference in catecholamines and catecholamine metabolites
concentration. We have calculated statistical significance with Mann–Whitney test
within genders between treated and control animals as this test is applicable to
small samples and can evaluate statistical significance regardless of the normality of
data distribution and homoscedasticity of the data. For these experiments the
analysis was performed in SigmaPlot 12.1.

One of the values of catecholamine content in plasma in female 5HTP-treated
group was removed based on the τ-criterion (blunder detection techniques). The
outlier value from one animal may be caused by an error when taking a blood
sample. Indeed, catecholamine release from adrenals is known to be very sensitive
to various factors (in particular, stressful ones, at the time of sampling).

For all violin plots, median and quartiles are shown as those values work equally
good for normally and not normally distributed data points.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The raw and processed data of single-cell transcriptomic experiments generated in this
study have been deposited in the GEO database under accession codes: GSE180861
(mouse), GSE195929 (human). The single-cell RNA-seq data of mouse adrenal gland
from Furlan et al. (2017) used in this study are available in the GEO database under
accession code GSE99933, mm10_ERCC genome used in this study is available in the
RefSeq database under accession code GCF_000001635.20. The data other than RNA-seq
data generated in this study are provided in the Source data file.

Code availability
The code for reproducing the bioinformatic analysis can be found on the following
GitHub repository: [https://github.com/LouisFaure/Adrenal5HTP_paper] (https://doi.
org/10.5281/zenodo.6247197).
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Resolving complex cartilage 
structures in developmental 
biology via deep learning‑based 
automatic segmentation of X‑ray 
computed microtomography 
images
Jan Matula 1, Veronika Polakova1, Jakub Salplachta 1, Marketa Tesarova 1, 
Tomas Zikmund 1, Marketa Kaucka 2, Igor Adameyko 3,4 & Jozef Kaiser 1*

The complex shape of embryonic cartilage represents a true challenge for phenotyping and basic 
understanding of skeletal development. X‑ray computed microtomography (μCT) enables inspecting 
relevant tissues in all three dimensions; however, most 3D models are still created by manual 
segmentation, which is a time‑consuming and tedious task. In this work, we utilised a convolutional 
neural network (CNN) to automatically segment the most complex cartilaginous system represented 
by the developing nasal capsule. The main challenges of this task stem from the large size of the image 
data (over a thousand pixels in each dimension) and a relatively small training database, including 
genetically modified mouse embryos, where the phenotype of the analysed structures differs from 
the norm. We propose a CNN‑based segmentation model optimised for the large image size that 
we trained using a unique manually annotated database. The segmentation model was able to 
segment the cartilaginous nasal capsule with a median accuracy of 84.44% (Dice coefficient). The time 
necessary for segmentation of new samples shortened from approximately 8 h needed for manual 
segmentation to mere 130 s per sample. This will greatly accelerate the throughput of μCT analysis of 
cartilaginous skeletal elements in animal models of developmental diseases.

Abbreviations
μCT  X-ray computed microtomography
CNN  Convolutional neural network
ReLU  Rectified linear unit
SELU  Scaled exponential linear unit
DSC  Dice–Sørensen coefficient
TP  True positive
TN  True negative
FP  False positive
FN  False negative
IQR  Interquartile range

To understand the complexity of embryonic development, it was essential to assess the shape and structure of 
tissues and organs in three-dimensional space. It also enabled us to dissect the sequential steps of their forma-
tion. Pioneering work introduced tissue contrasting techniques that enabled the detection of previously hidden 

OPEN

1Central European Institute of Technology, Brno University of Technology, Purkynova 123, Brno 61200, 
Czech Republic. 2Max Planck Institute for Evolutionary Biology, August-Thienemann-Str.2, 24306 Ploen, 
Germany. 3Medical University of Vienna, Spitalgasse 23, 1090 Vienna, Austria. 4Department of Physiology and 
Pharmacology, Karolinska Institutet, 17165 Stockholm, Sweden. *email: jozef.kaiser@ceitec.vutbr.cz

http://orcid.org/0000-0003-3334-956X
http://orcid.org/0000-0002-0149-7843
http://orcid.org/0000-0002-5200-7365
http://orcid.org/0000-0003-2948-5198
http://orcid.org/0000-0002-8781-9769
http://orcid.org/0000-0001-5471-0356
http://orcid.org/0000-0002-7397-125X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-12329-8&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8728  | https://doi.org/10.1038/s41598-022-12329-8

www.nature.com/scientificreports/

structures such as embryonic cartilage or even their predecessor, mesenchymal condensations, using X-ray 
computed  tomography1–3. The newly generated knowledge revolutionised the field of developmental biology 
and enabled, among others, the detection of the onset of congenital disorders and uncovering the origin and 
sequential steps of complex structure  formation4, 5. During embryogenesis, the formation of the skull is preceded 
by the formation of chondrocranium. This cartilaginous 3D blueprint of future skeletal elements in the head 
is formed quite early in embryonic development and establishes the original layout of the future facial  shape6. 
The shape of the head, specifically the face, is important for many aspects of everyday life—eating, breathing, 
vision, communication and mutual recognition in humans. Any morphological change in chondrocranium 
will be maintained even after replacement by bone. Therefore, when we aim to investigate the formation of the 
face, it is necessary to look at the embryonic stages and the 3D shape of the cartilage. Approximately 30% of 
congenital syndromes are represented by craniofacial  malformations7. Investigations of the underlying causes 
were performed mainly using mouse genetic models that in part uncovered the basis of selected malformations. 
Nevertheless, numerous genetic perturbations were embryonically lethal and did not allow researchers to analyse 
and understand their role in the formation and shaping of embryonic structures.8, 9.

Historically, the investigation of head skeletal system formation relied on basic methodology such as his-
tological staining of sections and a subsequent assembly of the 2D images into a  stack10. Needless to say, this 
approach was prone to artifacts and time- and effort-demanding, not allowing us to unwind the 4D dynamics 
of face formation to the full extent or at high resolution. With the technological and contrasting advances in 
recent years, it has become possible to visualise nearly any structure in the developing embryo using 3D imag-
ing  techniques2, 3 and obtain more profound insights into the mechanisms of skeletal development, shaping 
and origin of craniofacial malformations. X-ray computed microtomography (μCT) is an imaging technique 
capable of capturing complex geometries in 3D with a high spatial resolution in the range of micrometres. This 
methodology became an ultimate booster in developmental biology, where the high spatial resolution allowed 
researchers to accurately assess the morphological properties of both hard and soft tissues of biological  samples11. 
While advanced imaging protocols currently allow the detection of even delicate structures, such as embryonic 
cartilage shaping the face, the subsequent image processing preceding any further analysis remains enormously 
time-consuming and represents the major drawback of this methodology.

An essential step before any further analysis of μCT images is the segmentation of the structure of interest. 
Image segmentation is the task of assigning a class label to each pixel or, in the case of volumetric image data, 
the voxel of an  image12. Many image segmentation algorithms have been developed and are actively utilised to 
segment mineralized matrices from μCT data. However, the low contrast of soft tissues (cartilage, peripheral 
nerves and others) represents a significant challenge for their application. High X-ray attenuation coefficients of 
hard tissues, such as bones and teeth, allow their segmentation with relative ease by applying simple segmenta-
tion algorithms, e.g., basic thresholding. Such image processing is unfeasible in the case of soft  tissues13. The low 
X-ray attenuation provided by the various soft tissues present in biological samples renders them nearly trans-
parent for X-rays with energies used in traditional laboratory μCT systems. Tissue contrasting with substances 
containing elements with high atomic numbers  (iodine14,  osmium15,  tungsten16) is frequently used to enhance 
the visibility of soft tissues. The contrast between various soft tissues (for instance, peripheral nerves, cartilage, 
muscles or parts of the brain) results from the differential uptake of the contrast  solution17. However, the gen-
erated contrast is insufficient for utilising traditional fully automatic segmentation algorithms. In many cases, 
the desired structures must be segmented manually due to the complex shapes and uncertain borders between 
different tissues. This manual segmentation is a taxing and time-consuming task, especially in the case of volu-
metric image data containing thousands of tomographic cross-sections. One such difficult-to-segment structure 
is the cartilaginous nasal capsule of a developing mouse embryo. 3D models created by manual segmentation 
were crucial in the work of Kaucka and colleagues.2, 3. Manual segmentation was a significant bottleneck in data 
processing in these publications, as the manual segmentation of cartilaginous nasal capsule in one μCT scan of a 
mouse embryo required at least 8 h of an expert’s time. Therefore, a fully automatic solution that could decrease 
the time requirement and manual work of the expert is highly sought after.

Deep learning and, specifically, convolutional neural networks (CNNs) consistently achieve state-of-the-art 
results in image segmentation  tasks18. Therefore, they seem to be a logical candidate for automatic segmentation 
of the nasal capsule cartilage; however, there are several challenges. The µCT measurement provides extremely 
large image data (thousands of pixels in each plane). Such a high resolution cannot be compromised, as it is 
crucial in studies where minor morphological differences among several samples are sought and  compared2, 3. 
Furthermore, the segmented cartilage is structurally inhomogeneous, and its shape differs considerably depend-
ing on its location within the embryonic head. Additionally, subtle intraspecies differences in cartilage geometry, 
structure and thickness are observed among individuals. The size of the training database also plays an important 
role in creating a robust CNN-based segmentation model.

U-Net is a well-established convolutional neural network architecture for the segmentation of biomedical 
 images12. Its ability to learn from size-limited datasets stems from its fully convolutional nature with so-called 
skip connections and the lack of any fully connected layers. The success of the U-net architecture greately 
increased the popularity of so-called encoder-decoder architectures with skip connections in segmentation of 
biomedical images, where the encoder is responsible for feature extraction and the decoder for the localisation 
and segmentation of the desired structures. U-net’s power in segmentation of datasets with a limited training 
database stems from its fully-convolutional nature. In the work of Rytky and  colleagues19 the authors propose a 
method for segmentation of calcified articular cartilage in µCT images of rabbit knees, where they utilise a feature 
pyramid network decoder with a ResNet-1820 encoder trained in the ImageNet  dataset21. As articular cartilage 
is a relatively spatially homogeneous structure, the authors  in19 can apply patch-based training with a relatively 
low input size. Similarly, the authors in the work of Léger and  colleagues22 employ a 3-D U-Net CNN to seg-
ment mineralised cartilage in µCT images of the Achilles tendon-to-bone interface and can employ patch-based 
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training due to the homogeneity of the segmented structure. To our knowledge, there is only one work dealing 
with a similar high-resolution segmentation of chondrocranium in developing mouse embryos imaged via µCT, 
published by Zheng and  colleagues23. A manually annotated database is not available to the authors, and they 
approach the segmentation task using sparse annotation with uncertainty-guided self-training. The authors 
segment cartilage in the whole chondrocranium. They evaluated the performance of their method on selected, 
manually annotated subregions of the whole 3-D volume, as manual annotations of the whole chondrocranium 
were not available. This manual selection of the evaluation region may skew the final evaluation accuracy.

Here, we provide a methodology for fully automatic segmentation of highly complex cartilaginous nasal 
capsules in µCT images of mouse embryos. We utilised a CNN trained in a supervised training mode on a 
unique database of 14 manually annotated µCT scans of mouse embryo heads on their 17th day of embryonic 
development. We employed different modifications to a basic encoder-decoder CNN architecture to improve 
the segmentation performance of the model. We experimentally validated the proposed methodology for the 
particular image segmentation task. This µCT image segmentation model can be further used to segment newly 
scanned mouse embryos, thus greatly reducing the time required for processing new samples. The segmenta-
tion model is ready to be trained to include additional embryonic developmental stages or used as a basis for 
transfer learning for other high-resolution µCT segmentation tasks. We also show that the data provided by the 
proposed automatic segmentation methodology can be further quantitatively analysed in the same manner as 
manually segmented data.

Methods
Samples. The database for training and testing the proposed segmentation method consists of 14 micro-CT 
scans of mouse embryonic heads at E17.5 (developmental stage). The heads were contrasted using the PTA-
staining procedure before scanning, which enabled the detection of tissues with low density (e.g., cartilage and 
muscle)24. The staining protocol was previously described  in2, 3, 25. A subset of the dataset was published and is 
available for inspection  in26. All samples utilised in this work are summarised in Suppl. Table S1. All animal work 
was approved by the Local 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 Guide-
lines for Animal Experimentation recommendations. In order to comply with the 3R strategy of animal welfare, 
we decided to use data generated for previous  studies2, 3. No additional animals have been used in this study. All 
experiments on animals were conducted in compliance with the ARRIVE guidelines.

Multiple genetically modified embryos with altered cartilage development were included in the database 
to improve the generalisability of the developed method. As proper sample preparation is very important, we 
included an improperly stained embryo during the sample preparation procedure. The differences are further 
visualised in the tomographic cross-section in Fig. 1a. The changes in the cartilaginous nasal capsule geometry 
and morphology in genetically modified samples differ in severity from moderate to severe. The shape differences 
found in mutant embryos are visualised as 3-D renders in Fig. 1b.

Sample preparation. Mice were sacrificed with isoflurane (Baxter KDG9623) overdose or cervical dislo-
cation, and embryos were dissected and collected in ice-cold PBS. Subsequently, the samples were fixed in 4% 
paraformaldehyde (PFA) in PBS solution for 24 h at + 4 °C with slow rotation. Before contrasting, samples were 
dehydrated in incrementally increasing ethanol concentrations (30%, 50%, 70%), one day in each concentration 
to minimise the shrinkage of the tissue. Samples were transferred into 1.5% PTA (phospho-tungstic acid) in 90% 
methanol for tissue contrasting. The PTA-methanol solution was changed every 2–3 days. Samples were stained 
for seven weeks. The contrasting procedure was followed by rehydration of the samples by incubation in an 
ethanol series (90%, 70%, 50% and 30%).

μCT measurement. The samples were scanned with a laboratory μCT system GE Phoenix v|tome|x L 240 
(Waygate Technologies GmbH Germany). The system was equipped with a high contrast flat panel detector 
DXR250 with 2048 × 2048-pixel resolution and 200 × 200 μm2 pixel size. The embryos were fixed in polyimide 
tubes filled with 1% agarose gel to prevent sample movement during the µCT stage rotation. Two thousand 
projections were acquired with an exposure time of 900 ms per projection. Each projection was captured three 
times, and an average of the signal was used to improve the signal-to-noise ratio. The acceleration voltage of the 
X-ray tube was 60 kV, and the tube current was 200 μA. The X-ray beam was filtered with a 0.1 mm aluminum 
plate. Tomographic reconstruction of the obtained set of projections was performed using the FDK reconstruc-
tion  algorithm27 in GE phoenix datos |× 2.0 3D computed tomography software (Waygate Technologies GmbH 
Germany). Output of the reconstructed CT slices was 16-bit integer. To compensate for small and smooth drift 
of axis (samples and detector) and focus (X-ray tube) position, scan optimiser module was applied during the 
reconstruction. Beam hardening correction was applied by the commercially available module in the recon-
struction software with parameter 7 for different materials. The voxel size was variable depending on the sample 
size (see Suppl. Table S1 for complete information).

Manual segmentation. Avizo image processing software (version 7, Thermo Fisher Scientific, USA) was 
used to manually segment the nasal capsule cartilage in the reconstructed CT images. The data were aligned for 
each embryo head to have the same orientation. The manual segmentation of the cartilaginous nasal capsule 
tissue takes at least 8  h16, depending on the sample and operator’s experience. As a result of the cartilage being 
segmented by multiple operators, some intraoperator variability is introduced into the manually segmented 
samples. It was partially avoided by the quality check performed by a single expert, but it might still affect the 
quality of the dataset and then further evaluation of the segmentation accuracy. To make the load of 3D seg-
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mentation volume easier to handle, only every  3rd slice was manually segmented, and the remaining slices were 
calculated by linearly interpolating between adjacent manually segmented slices. Figure 2 depicts the segmented 
structure in the context of the whole head in 3-D volume.

Neural network architecture. We aimed to fully preserve the resolution provided by the µCT imaging 
modality. In the CNN architecture design, we had to keep in mind the large size of the segmented images, which 
is over 1000 voxels in all three dimensions. Utilising a fully 3-D CNN architecture for the segmentation of 
image data of this size is not feasible due to memory limitations. A piecewise segmentation of patches extracted 
from the 3-D volume seems to be a possible solution to this problem; however, even the segmented structure is 
enormous for a typical segmentation via 3-D CNN (see Suppl. Table S1). The size of the segmented structure is 
in each case over 700 × 1000 × 600 pixels. By extracting patches from the whole 3-D volume, much of the global 
spatial context needed for proper localisation and segmentation of the cartilage would be lost. For these reasons, 
a slice-by-slice approach to segmentation is the most appropriate. Manual segmentation was performed in the 
axial slices of the whole 3-D volume, and we thus decided to utilise the axial plane for training and subsequent 
inference of the developed segmentation model.

We use the basic U-Net shape; however, the input is downsampled only four times in the original 
 implementation12. To compensate for the large image size, two additional levels were added to the architecture. 
This means that the input, set to a fixed size of 1792 × 1280 pixels, is downsampled a total of 6 times to the size of 

Figure 1.  Visualisation of selected samples included in the database utilised in this work. (a) Visualisation of 
challenging cases compared to control mouse embryo represented in the majority of the database. The figure 
shows selected tomographic cross-sections of properly stained control embryos in comparison with improperly 
stained embryos. Red arrows indicate the difference in cartilage staining between properly stained samples and 
an improperly stained sample. A tomographic cross-section of genetically modified sample 10 is also shown. 
The green arrow shows the main phenotype difference: the underdeveloped nasal septum. Scale bar 2 mm. (b) 
Frontal view of 3-D rendering of the segmented nasal capsule cartilage of the control (Sample 8), moderate 
shape change in Sample 6 and severe shape change in Sample 10. Scale bar 1 mm.
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28 × 20 pixels in the lowest level of the network. This makes the network very deep, and issues such as the vanish-
ing gradient could significantly hinder the training of the model. For this reason, the architecture was enhanced 
by utilising residual blocks that had been first proposed  in20. Residual blocks are a structure consisting of stacked 
layers utilised in CNNs. They improve the information flow through the deep network, prevent vanishing gradi-
ent problems, and improve the network’s  training28. Three types of residual blocks are used in the architecture 
(see Fig. 3). A downsampling residual block implements dimensionality reduction in the encoding part of the 
CNN architecture. Strided convolutional layers achieve dimensionality reduction in the convolutional path of the 
residual block and max-pooling in the identity path of the residual block. Because in U-Net-based architectures, 
the number of filters increases twice with each dimension reduction level, it is also necessary to increase the 
number of filters in the identity part of the residual block. This is performed by a 1 × 1 convolutional layer with 
the required number of filters to perform the addition of the feature maps from the convolutional and identity 
paths. Another type of residual block in the proposed architecture is a so-called flat block that outputs feature 
maps with the same dimensions as the output. The third type of residual block utilised in the proposed architec-
ture is an upsampling block. The upsampling block is a residual equivalent of the transposed convolutional layers 
of the decoder part of the basic U-Net architecture. The upsampling is performed by transpose convolutional 
layers in the convolutional path of the residual block and by nearest neighbor interpolation in the identity path. 
The 1 × 1 convolutional layer in the identity path ensures the correct number of feature maps for the addition 
with the feature maps from the convolutional path. As in any U-Net-based architecture, feature maps from the 
encoder are concatenated with the decoder feature maps. The overall CNN architecture is visualised in Fig. 3.

Furthermore, we used the SELU activation  function29 with LeCun normal weight initialisation in the pro-
posed CNN  architecture30. SELU is designed by its authors to have a so-called self-normalizing property which 
makes the training of the network more stable implying better network´s performance. A great advantage of 
SELU over the other normalization techniques is no need for hyperparameter tuning as well as no dependency 
on the mini-batch size. To support weight updates even in the deepest part of the network, additional paths were 
added to each upsampling block: a 1 × 1 convolution layer with a sigmoidal activation function followed by a 
basic upsampling layer that transforms the feature map dimension to the dimensions of the ground-truth mask. 
The losses were weighed by the following weights from the deepest layer to the shallowest: 0.03, 0.05, 0.08, 0.12, 
0.15, 0.2, and 0.37, with the largest weights being given to the layers with the feature maps of largest dimensions.

Figure 2.  Visualisation of the segmented structure of interest in the context of the mouse embryo head. (a) 3-D 
rendering of the embryo head, (b) 3-D rendering of craniofacial cartilage tissue (yellow) in the context of the 
whole embryo head (grayscale), (c) clipping plane through the 3-D rendering showing the tomographic data, 
and (d) yellow showing the manually segmented craniofacial cartilage tissue. Scale bar 1 mm.
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Experiments
Implementation. The proposed CNN was implemented in the programming language Python (version 
3.7.9) using the library  Keras31 (version 2.3.1) with the TensorFlow  backend32 (version 2.1.0). CUDA (ver-
sion 10.1) and CUDnn (version 7.6.5) were used for GPU acceleration of the training and inference process. 
 NumPy33, scikit-image34 and Pillow libraries were used for manipulating and transforming the image data.

Data preparation. As the proposed CNN architecture requires a fixed size input, the CT images’ dimen-
sions and corresponding manual segmentation masks had to be unified. First, we rescaled the data to a unified 
voxel size of 6 μm by bilinear interpolation. A suitable dimension size proved to be 1792 × 1280 pixels. This value 
allowed us to crop the tomographic cross-sections in the case of larger datasets without any loss of relevant 
information. In the cases where one or both dimensions of the data were smaller than this value, the image data 
were padded with zero-value pixels. Such prepared data were standardised to 0 mean and standard deviation 1.

Training. For better generalisation of the trained segmentation model, a custom augmentation procedure is 
proposed. The augmentation consists of random rotation, vertical flipping, elastic deformation, gamma trans-
form with random parameter gamma, and random scaling (see Table 1) for the transform parameters). Each 
training image has a certain probability of undergoing two consecutive augmentation transforms. These prob-

Figure 3.  The proposed CNN architecture for segmentation of nasal capsule cartilage.

Table 1.  Augmentation parameters.

Parameter range

Random rotation − 10° to 10°

Vertical flipping –

Random gamma transform 0.9–1.1

Random elastic –

Random scaling 0.9–1.1
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abilities are shown in Table  2. The network is trained with the Adam optimisation  algorithm35 with an ini-
tial learning rate of 1e−4, and AMSgrad enabled to improve  convergence36. Dice loss is  utilised37. The CNN is 
trained with a batch size of 4. A nVidia Quadro P5000 with 16 GB of graphical memory was utilised to train the 
CNN on a system equipped with 512 GB of RAM and an Intel® Xeon® Gold 6248R CPU.

Performance evaluation. The performance of the proposed segmentation method was evaluated using 
the Dice similarity coefficient (DSC). DSC is a generally utilised binary segmentation mask overlap measure. Its 
maximum value is 1, which signifies a complete overlap of the evaluated segmentation mask and the ground-
truth  mask38. The equation for computing the Dice coefficient from true positive (TP), true negative (TN), false 
positive (FP) and false negative (FN) segmented pixels can be seen in Eq. 1. A sevenfold cross-validation was 
performed to evaluate the accuracy of segmentation with the proposed model. This means that the model was 
trained on 12 samples and evaluated on the remaining two.

Ablation experiment. To show the benefits of the proposed modifications to the base U-Net-shaped CNN 
architecture, we performed an ablation experiment. For each individual ablation, we eliminated one of the pro-
posed modifications from the CNN segmentation methodology. These modifications are: residual blocks, deep 
supervision, SELU activation, increased depth and the proposed augmentation techniques. Visualisations of 
the CNN architectures used for the ablation experiment can be found in the Supplementary material S1 of this 
work (supplementary Figs. S1–S4). To make the ablation experiment less time demanding, only a subset of the 
training database is used for the experiments. Every 200th tomographic cross-section not containing cartilage 
and every 30th cross-section from the region containing cartilage tissue is used from each sample. Other than 
these modifications to the methods, the remaining hyperparameters are kept identical to the hyperparameters 
outlined in the Training section of this chapter. We again performed the ablation experiment as a sevenfold 
cross-validation, where the models were trained on 12 samples and validated on the remaining two. The model 
from the epoch where the lowest validation loss was achieved was used for the cross-validation.

Wall thickness analysis. Wall thickness analysis was performed using VG Studio MAX 3.5 software (Vol-
ume Graphics GmbH, Germany). The wall thickness for each voxel was calculated as the diameter of the largest 
inscribed sphere to the volume, which still contains the center position of the voxel.

Results and discussion
The results of the sevenfold cross-validation are summarised in Table 3. The results of the segmentation were 
compared with the ground-truth segmentation masks via the Dice coefficient. The results are also visualised in the 
form of a boxplot (Fig. 4a), where each point represents the segmentation accuracy of a 3-D segmented sample.

According to the Dice coefficient, the median segmentation accuracy is 84.44%, with the largest outlier being 
Sample 4, with a segmentation accuracy of merely 55.68%. As shown in Fig. 1, Sample 4 was improperly stained 
during the sample preparation procedure, and the proposed segmentation model could not correctly identify 
the necessary features for the accurate segmentation of the cartilage. It is thus essential that the staining protocol 
performed prior to the μCT measurement be followed correctly for the segmentation model to perform well. 
Sample 10 is a severely affected mutant embryo, significantly different from the rest of the available database. It 
was included in the training and evaluation of CNN to show its capabilities of processing even morphologically 
different samples. The DSC of 71.16% is relatively low compared to the remaining database, and more scans of 
mutant mouse embryos should be included in the training database to improve the model segmentation accuracy 
of this type of sample. The moderately changed mutant embryo (Sample 6) was segmented with an above-average 
accuracy of 86.67%. See Fig. 5a for a visualisation of the difference in the segmentation accuracy in genetically 
modified embryos. Figure 5b then shows an example of both manual and automatic segmentation in a selected 
tomographic cross-section of Sample 8.

We also evaluated the proposed method in comparison with 100 randomly selected tomographic slices from 
the validation fold of the available database, segmented by a second independent operator to see if the proposed 

(1)DSC =
2 ∗ TP

2 ∗ TP + FP + FN

Table 2.  Augmentation transform probabilities.

Transform 1

Transform 2

Random rotation Vertical flipping Random gamma Random elastic Random scaling No transform

Random rotation 0.01 0.02 0.01 0.03 0.02 0.01

Vertical flipping 0.02 0.04 0.02 0.06 0.04 0.02

Random gamma 0.01 0.02 0.01 0.03 0.02 0.01

Random elastic 0.03 0.06 0.03 0.09 0.06 0.03

Random scaling 0.02 0.04 0.02 0.06 0.04 0.02

No transform 0.01 0.02 0.01 0.03 0.02 0.01
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CNN behaves similarly to an independent human operator performing the manual segmentation. The segmenta-
tion was performed the same way as the segmentation of the ground-truth data: Avizo (Thermo Fisher Scientific, 
USA) was used. Both the CNN segmentation and the independent operator segmentation were compared with 
the ground-truth segmentation masks using the Dice coefficient. The results of this experiment are summarised 
in Fig. 4b in the form of a boxplot, where each data point represents one segmented tomographic slice. The 
median accuracy of the automatic CNN segmentation with respect to the ground-truth data was 87.43%, and the 
accuracy of the second operator with respect to the ground-truth data was 88.14%. There was also a moderate 
positive correlation between the values (Spearman coefficient 0.59, p < 0.01). This shows that the CNN operates 
within the scope of the intraoperator variability. As such, the segmentation error might be caused partially by 
the uncertainty of the manual segmentation in some regions of the cartilage.

The performance of the trained segmentation model was also evaluated on samples from different devel-
opmental stages that were not present in the training database (specifically embryos from the 12th to 18th day 
of their development). The accuracy of such segmentation was 86% (DSC) for the sample on the 18th day of 
development (E18.5) and 72% for the scan of embryos on the 16th day of development (E16.5). We performed 
Theiler staging of the embryos in this external dataset.25, 39 Theiler stages objectively evaluate the development of 
the embryos based on their morphology independently on their gestational age. The Theiler stages for both the 
17 day old embryo and 18 day old embryo is the same (Theiler stage 26), with 16 day old embryo being only 1 
stage lower (Theiler stage 25). These samples were not involved in the development of the proposed method and 
these results thus show, that the proposed methodology performs well even on an external test set of embryos 
with comparable developmental stages. When the network is applied to earlier stages, the segmentation accuracy 
decreases rapidly. In the developmental stages from 12 to 13 days, when the cartilage is not fully developed and 
mesenchymal condensations are still present, the trained CNN fails completely (see Fig. 4c). Including other 
developmental stages in the training database might improve the robustness of the method; however, using the 
same segmentation model to segment the images of embryos in earlier developmental stages than 14 days after 
conception, before the cartilage is formed, seems not feasible.

As a further qualitative check of the segmentation accuracy, we performed a wall thickness analysis of the 
segmented structure for both the 3-D model created by manual segmentation and the 3-D model created by 
the proposed CNN (Fig. 6). Wall thickness analysis is a routine follow-up analysis to show additional develop-
mental changes. Figure 6 shows the wall thickness analysis of Sample 8. As the wall thickness histogram (c) in 
Fig. 6 shows, the results of wall thickness analysis performed on both 3-D models are very similar. This is also 
demonstrated by the very high positive correlation of the wall thickness distributions (Spearman coefficient 0.98, 
p < 0.01). Slight differences may be caused by the step artefact produced by the manual segmentation performed 
only in a single plane. Even though the CNN also performs segmentation in a single plane, its predictions are 
much smoother.

We performed an ablation experiment to evaluate the contribution of each proposed modification to the 
CNN architecture and to the training strategy towards the total nasal capsule cartilage segmentation accuracy. 
Here we removed the modifications from the complete architecture and one by one evaluated the segmentation 
accuracy of each model by sevenfold cross-validation. The results of this experiment can be seen in Fig. 7. The 
proposed methodology employing increased depth of the CNN, deep supervision, SELU activations, residual 
blocks and the proposed image augmentation strategy provides the highest median segmentation accuracy: 
74.58% (DSC). Note that this number is significantly lower than the median segmentation accuracy presented 
in Fig. 4a. This lower segmentation accuracy is caused by training the CNNs in the ablation experiment on a 
reduced training set of images to make the ablation experiment less time-demanding. Deep supervision seems 
to provide only minor improvement to the total segmentation accuracy, as the median segmentation accuracy 
is lower only by ~ 2% (DSC) when training without deep supervision. Training models without utilising the 
residual blocks or the proposed augmentation procedure sees a more significant drop in the cross-validation 

Table 3.  Results of the sevenfold cross-validation.

Sample code Dice coefficient [%] Comment

Sample 1 82.8282 Control

Sample 2 78.8173 Control

Sample 3 79.3120 Control

Sample 4 55.6860 Improper staining

Sample 5 91.6862 Control

Sample 6 86.6735 Genetically modified

Sample 7 87.7789 Genetically modified

Sample 8 91.7748 Control

Sample 9 84.3186 Control

Sample 10 71.1617 Genetically modified

Sample 11 92.0235 Control

Sample 12 79.8854 Control

Sample 13 84.4525 Control

Sample 14 90.6867 Control



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8728  | https://doi.org/10.1038/s41598-022-12329-8

www.nature.com/scientificreports/

accuracy to the median of ~ 67% (DSC). This justifies the use of residual blocks to improve the training of the 
CNN. The segmentation accuracy of the CNN without the increased depth drops even further to the median of 
63.52% (DSC). This decrease in segmentation accuracy is expected as the shallow network has fewer trainable 
parameters and cannot benefit from the abstract features extracted in the deep layers of the proposed CNN. 
Finally, the most significant drop in accuracy is observed when not substituting the ReLU activations for SELU 
activations. This shows that the reported self-normalizing property of the SELU activation function dramatically 
improves the final segmentation accuracy and generalisability of the trained image segmentation model. This 
makes SELU an extremely valuable addition to the CNN architecture.

As in many supervised machine learning application tasks, the performance and generalisability of the trained 
model are closely tied to the distribution of the training database. In our work, the proposed CNN was trained 
exclusively on data originating from a single μCT scanner with the samples measured under a unified method-
ology (sample staining, scanning parameters, resolution, image size). The methodology described here should 
be followed as closely as possible to achieve segmentation performance comparable to the results shown in this 
work. We artificially enlarged the training database by applying selected data augmentation techniques; however, 
despite this fact, a decrease in performance should be expected when deviating from the outlined data acquisi-
tion methodology. This decrease in segmentation accuracy was demonstrated in the case of Sample 4, where the 
staining of the sample is significantly different from the rest of the database. Expanding the training database 

Figure 4.  Evaluation of the segmentation accuracy of the proposed image segmentation model. (a) 
Segmentation accuracy boxplot. The box extends from the first quartile Q1 to the third quartile Q3, and its 
length represents the interquartile range (IQR = Q3 − Q1). The length of whiskers is the largest and smallest 
data point lying within the range defined by 1.5·IQR subtracted from Q1 and added to Q3. The line inside 
the box represents the median. (b) Time requirements comparison of the CNN and manual segmentation 
for segmentation of one mouse embryo scan. (c) The accuracy of segmentation with the CNN trained on 
the available database of 17-day-old embryos applied for segmentation of the nasal capsule in images of 
mouse embryos in other developmental stages. (d) Time requirements comparison of the CNN and manual 
segmentation for the segmentation of one mouse embryo scan.



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8728  | https://doi.org/10.1038/s41598-022-12329-8

www.nature.com/scientificreports/

by adding a more significant number of samples coming from different CT systems and obtained under differ-
ent conditions concerning sample preparation and measurement parameters could dramatically improve the 
generalizability of the segmentation model. Such a database is unfortunately not yet available for this particular 
segmentation problem. It would, however, be highly beneficial to utilise the weights of the trained CNN as a 
starting point for training a nasal capsule cartilage segmentation model on new data obtained with significantly 
different parameters, as the basic extracted features used to predict the cartilaginous nasal capsule will always 
be similar. This type of transfer learning could significantly improve the convergence of the segmentation model 
to an optimum with a lower training time.

Conclusion
In this work, we have demonstrated a highly efficient and time-saving application of a custom U-Net-based 
CNN for the segmentation of cartilaginous tissue in μCT images of mouse embryos. We employed this archi-
tecture and trained it on a database of 14 3-D manually segmented μCT scans. It has been proven that a highly 
accurate, fully automatic segmentation (84.44% overlap with ground truth according to the Dice coefficient) 
of the complex cartilaginous structures in a developing mouse head is achievable via deep learning and will be 
vital for accelerating research on mammalian chondrocranium. One of the primary motivations for this work 
was to reduce the time required to process new data by employing a fully automatic segmentation procedure 

Figure 5.  Visualisation of the proposed segmentation model’s output together with the ground-truth data. (a) 
Comparison of the nasal capsule 3-D renders created by manual segmentation (red) and the CNN (green). Note 
the decrease in the segmentation accuracy in samples with significantly changed morphology due to genetic 
modfications. Scale bar 1 mm. (b) Visualisation of the proposed segmentation (green contour) in a selected 
tomographic cross-section of Sample 8 compared to manual segmentation (red contour). Scale bar 1 mm.
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instead of the time-demanding manual segmentation. Training of the model on 12 samples for 50 epochs took 
approximately 27 h. The model is then able to segment a new sample in approximately 130 s (Fig. 4d), depending 
on the number of tomographic cross-sections present and on available hardware. This segmentation model will 
be further used to segment new samples, including models of major congenital craniofacial and skeletal diseases. 
It is possible to obtain an even larger training database by manual corrections of the initial segmentation results 
and make the final model even more robust.

Data availability
Due to the training data coming from multiple sources and studies, it is currently not feasible to share the 
complete training and testing database; however, a subset of the whole database was published as an X-ray 
microtomography-based atlas of mouse embryo cranial development and can be accessed  at26. The trained 
models and accompanying code can be found in a public GitHub repository: https:// github. com/ janma tula/ 
deep- mouse- carti lage.
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SUMMARY

Reef-building corals are endangered animals with a complex colonial organization. Physiological mecha-
nisms connecting multiple polyps and integrating them into a coral colony are still enigmatic. Using live im-
aging, particle tracking, and mathematical modeling, we reveal how corals connect individual polyps and
form integrated polyp groups via species-specific, complex, and stable networks of currents at their surface.
These currents involve surface mucus of different concentrations, which regulate joint feeding of the colony.
Inside the coral, within the gastrovascular system, we expose the complexity of bidirectional branching
streams that connect individual polyps. This system of canals extends the surface area by 4-fold and might
improve communication, nutrient supply, and symbiont transfer. Thus, individual polyps integrate via com-
plex liquid dynamics on the surface and inside the colony.

INTRODUCTION

Reef-building corals are made up of a magnitude of individual

polyps produced via fissiparity. Benefits of colonial living, in

combination with the secretion of a hard calcium carbonate

exoskeleton, include efficient propagation and growth, enabling

them to utilize space efficiently and overtop competitors.1,2 Their

three-dimensional framework provides habitat for a plethora of

associated species, yet these ‘‘ecosystem engineers’’ and the

functions they offer are being threatened by climate change.3

The controlled and flexible interaction between individual polyps

is key to the stability and ecological success of their colonial life-

style that underpins the coral reef ecosystem. As an example, a

recent study reported food sharing between neighboring polyps

via direct physical interaction.4 In another example of colonial

integration, the response to physical damage spread through

the coral colony with a constant speed, suggesting its nerve-

dependent nature and the important role of the nervous system

in inter-polyp communication.5,6 Yet little is known about the dis-

tribution of resources among polyps within a colony and the

physical mechanisms regulating its dynamics. Finally, the resil-

ience of corals to coral bleaching, at least partly, relies on the

integration of multiple polyps,7 which warrants further studies

of the colonial integration and the means connecting individual

polyps.

Recently, Shapiro et al. revealed that vertical vortices pro-

duced by the ciliated cells on the coral colony surface increase

the vertical mass transfer by up to 400%, thus tremendously

enhancing gas and nutrient exchange with the surrounding

environment.8 This vertical mass transfer of water above the

coral surface results from the collective activity of multiple indi-

vidual polyps and likely regulates the thickness/dynamics of

the diffusive boundary layer.9 Whereas interactions between

the coral colony and the surrounding environment are mediated

by hydromechanical boundary layers,9,10 the physical pathways

linking individual polyps within the colony remain enigmatic.

Current Biology 32, 1–14, June 20, 2022 Crown Copyright ª 2022 Published by Elsevier Inc. 1
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Furthermore, how the vertical mass transfer occurs in relation to

the previously discovered surface mucus layer11 stays enig-

matic. Indeed, previous studies established an important role

of surface mucus in feeding, microbial gardening, defense, and

surface cleaning of the coral colony.12–14 The previous observa-

tions of cilia-based surface-associated flows of the mucus and

particles were attributed to the food capture strategies, particu-

larly in corals with short tentacles.15 At the same time, individual

particle trajectories were never evaluated or subjected to a sys-

tematic analysis. The complexity of the surface currents, their

control, involvement of mucus, and species specificity remain

largely unknown.

Hydrodynamics play a role not only in the fluid transport/trans-

fer on the surface but also within the coral colony (inside of the

coenosarc). The gastric cavities of individual polyps are intercon-

nected by a system of canals lined by ciliated cells to create an

internal waterflow.16,17 The direction, complexity, and strength

of this flow in the gastrovascular system of reef-building corals

remain poorly known.18

Therefore, to address questions regarding (1) the logic and

mechanisms of colony integration via fluid transport in relation to

surface-associated mucus and (2) the organization of the internal

gastrovascular flow, we applied a new methodology combining

mass trackingof fluorescent beadswith state-of-the-art computa-

tional analysis.Wediscoveredhighlycomplex,branching,andste-

reotypical horizontal currents on the coral surfaces. The currents

connected multiple polyps into coordinated subnetworks within

a largercolonyandoutlinedspecific territoriescorresponding to in-

dividualpolyps.Thesesurface-associatedcurrentsappearedspe-

cies specific and involved surface mucus of different concentra-

tions, which enabled trapping particles and coordinating their

movements on the coral surface toward the mouths or toward

the edge of the colony. The network of mucus-coordinated hori-

zontal ‘‘conveyor belts’’ assisted the feeding of colonies. Beyond

the feeding role, the discovered surface currents transported

seawater to the desiccating regions when corals were exposed

to air in the lab, suggesting a potential important role during low

tide. Finally, we revealed a highly branching and bidirectional

pattern of the water flow in the gastrovascular system. The topol-

ogy of this system appeared to be dependent on the corallum

morphology. The modeling revealed that liquid dynamics in a

gastrovascular system forms a sharp gradient of particle diffusion

resulting in longer detainment of particles near the polyps, sug-

gesting the unexpected tactics of nutrient sharing or spreading

symbiont-generated O2 and chemical signals.

RESULTS

Reef-building corals create complex horizontal currents
at their surface in situ

Previously, some general movements of water and mucus were

observed on the surfaces of corals in the lab environment (ex

situ).15,19 To investigate the patterns and the integrating role ofwa-

ter and mucus movement at the surface of corals and validate

their existence in natural conditions, we performed in situ experi-

mentswith four Caribbean reef-building coral species. These spe-

cies present different colony morphologies, corallite diameter,

and depth ranges on the fringing reef off the CARMABI research

station at Curaçao, Southern Caribbean (Data S1A).

To study currents at the surface of the corals in native habitats,

we added a solution of concentrated beads at their surfaces and

recorded their movements during several diving sessions (Fig-

ure 1A). The concentrated beads formed visible streams on top

of the coral surfaces (Figures 1B and 1G).

We recorded the spreading of beads on top of several inde-

pendent Agaricia lamarcki (Milne Edwards and Haime, 1851) col-

onies and found a stereotypic pattern of surface-associated

streams (Figures 1B and 1C; Video S1). Beads were moving

along the valleys away from the mouths of the individual polyps

to the periphery. To understand the logic of this pattern, we

applied a 2D mathematical modeling approach based on these

observations and in wide viscosity ranges reflecting the potential

presence of mucus on the coral surface (Figures 1D and S1). The

2D nature of the model was justified by a highly ordered and

symmetrical 3D structure of corallites along the valleys. This

model revealed the formation of a low-pressure zone above

the polyp (Figures 1D–1G). According to this coherent model,

fitting the observed streams, we concluded that the surface-

associated currents along the valleys generated a low-pressure

zone above the center of the fossa (see Data S2A for coral

nomenclature and Figures 1E and 1F for the pressure plotting).

This lower pressure resulted in a centrally descending stream

bringing new water to the polyp mouths.

Diploria labyrinthiformis (Linnaeus, 1758) also displayed repro-

ducible surface-associated flows of beads within the valley,

along the mouth, and numerous polyps located in there (Fig-

ure 1H; Video S1). Overall, we observed uniform horizontal

flow patterns in coral in situ, on the reef. These patterns sug-

gested functional integration of multiple polyps via the flow.

The other two species were Siderastrea siderea (Ellis and Sol-

ander, 1786) and Orbicella faveolata (Ellis and Solander, 1786).

Their extended, closely nested polyps were shading the regions

spanning between the polyps and were releasing mucus at any

disturbance nearby, which precluded the reliable observations

of the forming currents.

To study this surface flow phenomenon inmore controlled con-

ditions, we attended the Haus des Meeres in Vienna, where we

worked with a 50-cm large, 5-year-old colony of Echinopora la-

mellosa (Esper, 1791) within its exposition tank (Figure S2A). The

application of beads to several horizontal plates ofE. lamellosa re-

sulted in the formation of large stable networks of surface-associ-

ated streams connecting the mouths of polyps and even trans-

porting beads against gravity within a matter of seconds

(Figures S2B–S2E). This formation of surface networks was

repeated on different parts of the same large colony as well as

on another independently grown large colony of E. lamellosa

(data are available in an online data repository; see the resource

availability section).

Horizontal currents develop under different
concentrations of mucus in the surface mucus layer
Next, we addressed how the surface-associated streams

coexist with the surface mucus layer in the field. The formation

of streams cleaned the surfaces of A. lamarcki and Orbicella fa-

veolata of free-moving and mucus-coordinated beads within 50

s. The coordination of bead movement by mucus was evident by

the formation of mucus strings and filaments. Only small patches
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of mucus-trapped beads persisted longer than a minute on the

coral surfaces (Figures 2A, 2B, and 2D; Video S2).

Siderastrea siderea showed a more complex pattern: in loca-

tions where most beads were applied, beads were trapped

permanently by mucus (longer than 5 min), whereas in the

more peripheral locations (receiving less beads), no beads

were trapped and surface-associated currents efficiently cleared

the surface (Figures 2C and 2D; Video S2). Accompanying ex situ

experiments provided similar findings (Video S3). These results

suggest that the amount of mucus varies in different zones of a

colony and is dynamically controlled.

Since mucus influenced surface currents, we studied the dy-

namics of mucus secretion and clearance in a controlled envi-

ronment. We performed experiments on clonally propagated

Figure 1. Scleractinian corals create

intense currents at their surface

(A) Experimental design of field experiment.

(B) Microbeads climb the walls surrounding the

mouths of the polyps in an A. lamarcki (n = 8 col-

onies). White arrowheads, bead position at the

beginning of the sequence; yellow arrowheads,

bead position at 0.5 or 1 s.

(C) Reconstruction of bead trajectories at the sur-

face of A. lamarcki; each vector represents the

trajectory of one bead.

(D) Mathematical model of the water flux at the

surface of the corals.

(E) Mathematical model of the potential trajectories

of particles.

(F) Mathematical model of the kinematic pressure

above the polyps. Colors represent the values of

pressure. Note the lower pressure zones above the

polyps.

(G) Schematic model of the streams formed by the

coral activity (red) and the resulting currents

(white).

(H) Creation of streams at the surface of

D. labyrinthiformis (n = 5 colonies). White arrow-

heads, bead position at the beginning of the

sequence; yellow arrowheads, bead position after

0.5 s.

See also Figures S1 and S2, Data S1A and S2 (part

1), and Video S1.

E. lamellosa, Pavona cactus (Forskål,

1775), and Montipora foliosa (Pallas,

1766) colonies grown in large holding

tanks (Data S1B). After lightly brushing

the coral surface, we sampled the water/

mucus at the brushed area (1–2 mm

above the surface) before and after brush-

ing. Before brushing, we found the pres-

ence of a mucus layer with higher protein

content compared with the surrounding

seawater. Brushing induced an efflux of

mucus. Mucus concentration returned to

the steady-state levels after 2 min

(Figures 2E–2G), with the exception of

M. foliosa, where the high mucus concen-

tration remained elevated for more than

30 min (Figure 2G). Mathematical

modeling showed that different amounts of mucus do not impair

the general directions of the flow dynamics but rather impact the

speed of the flow (Figure S1).

Overall, these results show that surface-associated streams

de facto exist in a range of species and mucus concentrations.

This starts from a low mucus content unable to coordinate or

trap the beads to complete trapping and immobilization, when

the coral is under high stress.

Mucus concentrations and horizontal currents shape
feeding strategies in different species
The species-specific stereotypical formation of surface/associ-

ated streams, particularly in the context of different mucus con-

tent, raised an important question about their functions. Here, we
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Figure 2. Beads cleared from the surface of corals despite the presence of mucus at their surface

(A) Microbeads trapped by mucus at the surface of an A. lamarcki (n = 8 colonies).

(B) Microbeads are trapped by mucus at the surface of O. faveolata.

(C) Microbeads are fully trapped by mucus at the surface of S. siderea. The white arrow shows an area devoid of mucus where the beads are cleared in a few

seconds.

(legend continued on next page)
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specifically observed the patterns of ingestion of particles in rela-

tion with surface mucus. In Curaçao, wild A. lamarcki and

O. faveolata polyps sucked in the thick mucus filaments contain-

ing permanently immobilized beads (Figures 3A and 3B; Video

S2). In contrast, E. lamellosa tested ex situ at Haus des Meeres

generated surface-associated currents and vortices directing

free-moving particles into the mouths of polyps (Figures 3C

and 3D; Video S4). Such a way of feeding was not predicted or

observed previously.

We next wanted to investigate this further on corals from the

great barrier reef. Due to local authority rules ‘‘regarding micro-

plastic contamination,’’ we had to switch to charcoal particles

instead of the previously used fluorescent beads. These, howev-

er, had the advantage of being observable also under bright light

and did not change the behavior relative to the other particles.

Interestingly, the application of charcoal particles onto Acropora

muricata (Linnaeus, 1758) (Data S1C) nubbins revealed an inter-

mediate situation, where particles were coordinated by the sur-

face mucus layer but were still able to move along the surface-

associated currents toward the mouths of polyps (Figures 3E

and 3F; Video S5). Thus, these findings indicate the existence

of different feeding modalities associated with surface streams

and varying amounts of mucus either allowing the free move-

ment or coordinating the particles.

Following the concept of Lagrangian coherent structure for

identifying patterns of flows from the particle tracking, we sum-

marized the trajectories of charcoal particles at the surface of

A. muricata into vector fields, which were then used to produce

finite-time Lyapunov exponents (FTLEs) ridge visualizations (Fig-

ure 3G). FTLE enables the identification of substructures in the

flow dynamics including the separation of convective cells or

confined moving particles over time as used for atmospheric

convections and weather forecast.20,21 In other words, FTLE al-

lows the identification of diverging and converging zones from

the tracked particles (Data S2A). This analysis showed that every

polyp ‘‘collects’’ particles from a specific converging adjacent

area via a system of surface streams, and the polyps compete

for the particles located at the diverging borders separating the

collection areas of neighboring polyps (Figure 3G, right). The

dead corals (utilized as controls) did not show any dynamic

movement of applied particles (Figure 3H).

This observation was validated using selected clonally prop-

agated in-house grown species presenting diverse macro- and

micro-morphology including Stylophora pistillata (Esper, 1792),

E. lamellosa, P. cactus, Pavona decussata (Dana, 1846), Monti-

pora efflorescens (Bernard, 1897), M. foliosa, Merulina scabri-

cula (Dana, 1846), and Seriatopora caliendrum (Ehrenberg,

1834) (Data S1B). Using multiple healthy coral colonies from

8- to 50-mm diameter, we tracked the movements of fluores-

cent beads applied to their surfaces under the microscope (Fig-

ure 4A; Video S6). The movements of individual beads were

converted into trajectories, which were superimposed back

onto the corresponding coral surface (Figure 4B; Data S2B).

Similar to the previous approach, we summarized the trajec-

tories into vector fields and generated FTLE ridge visualizations

(Figure 4B; Data S2C). The FTLE demonstrated confined flow

cells with a flow connecting only one polyp or integrating a

group of polyps, allowing them to collect food particles from

these areas.

Stable species-specific surface currents integrate
polyps into functional groups
To understand how the currents integrate several polyps into a

group, we analyzed the characteristics of the trajectories of indi-

vidual beads in several coral species. The analysis of particle

tracking experiments established several novel important find-

ings. First, the resulting trajectories connected multiple individ-

ual polyps within seconds. Second, the topology of the networks

of currents appeared species specific and revealed a high

complexity and regularity of its structure as evidenced from tra-

jectory shapes and uniform manifold approximation and projec-

tion (UMAP) clustering based on a wide range of parameters

(Figures 5A and 5B; Data S1D, S1E, and S2A [part 4]). The pat-

terns of currents are resumed in Figure 5C. Indeed, in these ex-

periments, independently moving beads repeated the same

complex trajectory at different time points. Most importantly,

these results showed the existence of generalized patterns of a

coral surface tessellation with ciliated regions harboring specif-

ically oriented beating cilia. These currents consistently con-

nectedmultiple individual polyps and revealed a remarkable sta-

bility over time, as we observed in a 7-day experiment with a

15-cm E. lamellosa (Data S2E).

We then investigated the interconnectivity of the polyps in a

foliaceous growth form (5 3 15 cm) of E. lamellosa by analyzing

the horizontal water currents on its surface. Several networks of

water currents appeared isolated from each other within a single

colony, forming independent transportation units, thereby inte-

grating multiple polyps (Figure S3; Video S4). No currents were

detected on the surface of dead E. lamellosa colonies (Fig-

ure S3C; Video S4). Hence, we showed that, in addition to a pre-

viously characterized vertical, turbulent mass transfer,8 sclerac-

tinian corals direct a sophisticated large-scale horizontal mass

transfer connecting polyps into regional sub-groups via oriented,

surface-associated, and mucus-coordinated or non-coordi-

nated currents.

Next, we addressed the role of the nervous system in control-

ling horizontal water currents. We tracked fluorescent beads and

reconstructed the resulting trajectories after the addition of clas-

sical low molecular weight neurotransmitters (excluding neuro-

peptides) similar to experiments performed on other ciliated ma-

rine invertebrates.22,23 The speed of the surface currents was

affected to different extents in different species upon the treat-

ment with adrenaline, serotonin, glutamate, carbachol (cholin-

ergic agonist of the muscarinic and nicotinic receptors), and

GABA. Specifically, serotonin resulted in higher max speed

of the particles on P. decussata, while carbachol, adrenaline,

(D) Time for beads to be cleared of the multiple point at the surface of A. lamarcki (n = 8 colonies), O. faveolata (n = 5 colonies), and S. siderea (n = 5 colonies).

Dashed lines highlight the locations of differential movement of the beads.

(E–G) Bradford assay performed on collected liquids at the surface of E. lamellosa (E), P. cactus (F), and M. foliosa (G), before and after stress induction (n = 3

nubbins per species). Error bars represent the SD.

See also Figure S1 and Videos S2 and S3.
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glutamate, and GABA modified the speed of the particles in

E. lamellosa (Data S1F). The orientation and complexity of the

currents, however, stayed largely unchanged in all cases (Data

S2F). Similarly, treatments with 5-hydroxy-L-tryptophan (5HTP)

(precursor of serotonin), fluoxetine (inhibitor of serotonin reup-

take), EGTA (chelator of Ca2+ and Mg2+), and orthovanadate

Figure 3. Corals use different strategies involving mucus or not to capture particles

(A) Beads trapped in mucus are swallowed by a polyp of A. lamarcki (n = 8 colonies).

(B) Beads trapped in mucus are swallowed by a polyp of O. faveolata (n = 5 colonies).

(C) Microbeads applied to the surface of E. lamellosa spread to multiple polyps over time. White vortices represent the polyps that are reached by the bead front.

(D) Bead tracking at the level of a polyp of E. lamellosa.

(E) Charcoal particle movement is coordinated by mucus at the surface of A. muricata. Turquoise arrowheads indicate mucus threads loaded with charcoal

particles. White arrowheads indicate the position of charcoal particles at 10 s. Fuchsia arrowheads indicate the position of the charcoal particles at 15 s.

(F) Superposed trajectories of charcoal particles at the surface of A. muricata. Red dots represent the mouths of the polyps. Blue lines represent the particles’

trajectories. Error bars represent the SD.

(G) Analysis of charcoal particles trajectories in A. muricata. Left: vectors represent the averaged trajectories of the particles, speed is color coded. Right: FTLE

analysis of the particle trajectories. White dots represent the mouths.

(H) Charcoal particles movement at the surface of a dead A. muricata.

See also Data S1A, S1C, and S2A and Videos S4 and S5.
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(inhibitor of cilia activity) influenced the speed of the currents,

without modifying the directionality of these currents (Data

S2G) These suggest that the orientation of beating cilia has a

developmental origin (emerging during colony growth) and is

beyond the dynamic control of the nervous system.

Networks of surface currents lift water onto air-exposed
surface
In several location on our planet, the reef is exposed to air at low

tide.24 This happens to a large extent in Indo-Pacific region and

to much less extent in Caribbean, where only the strongest tides

expose the corals to the atmosphere for a short while.24 The

robustness of horizontal water currents led us to hypothesize

that cilia-induced horizontal currents have a lifting power and

might hydrate the coral surface and maintain homeostasis

(e.g., stable salinity) during air exposure at low tide (Figure 6A).

To test the role of oriented ciliated fields in transporting water

to the exposed parts of a colony, we lowered the level of

seawater, leaving 2–10 mm of a P. decussata colony (a Carib-

bean species) exposed to air (Figure 6B; Video S7). Fluorescent

Figure 4. Formation of species-specific and

stereotypical horizontal water currents at

the surfaces of different coral species

(A) Scheme of the experiment: fluorescent beads

are applied to the coral surface and tracked for

trajectory generation, recapitulating surface cur-

rents.

(B) Analysis of bead trajectories in P. cactus (n = 5

nubbins) and E. lamellosa (n = 4 nubbins). Note that

beads repeat stable trajectories over time high-

lighting the stable distribution of horizontal mass

transfer units, currents, and areas with confined or

cyclic water movements. FTLE values are propor-

tional to the separability of two close-by points

exploring the vector field over time (amount of

divergence) and suggest regions of dynamically

distinct flow behavior. White dots represent the

polyps.

See also Data S2B and S2C and Video S6.

beads were added onto the water next to

the colony and their movements tracked.

Beads engaged into horizontal or even sur-

face-associated vertical streams, reaching

all parts of the colony exposed to air

(Figures 6C, 6D, and 6F). Even though the

air-exposed surface retained a minimal

layer of water, beads followed stereotypi-

cal paths forming chains and cycles

according to the previously described

models of horizontal currents (Figures 6C

and 6E). No activity was observed at the

surface of a dead P. decussata (Figure 6G).

Thus, the oriented activity of the ciliated

epithelium can sustain water exchange

and, potentially, a continuous active hy-

dration of the colony surface during air

exposure, which warrants further experi-

mentation on multiple coral species in the

field to test if this mechanism truly contributes to coral survival

during low tides.

Branching currents in the gastrovascular system
connect individual neighboring polyps
We aimed to not only understand surface-associated flows at

the coral surface but also comprehend the complexity of hydro-

dynamics inside the system of internal gastrovascular canals. To

address the patterns of the flow within the gastrovascular sys-

tem of a reef-building scleractinian coral, we mapped the inner

canals and cavities in nubbins of S. pistillata using microcom-

puted tomography analysis (mCT), light and fluorescent confocal

microscopy (Figures 7A and 7B; Video S8). The results revealed

a regular pattern of highly complex and adjoined cavities con-

necting individual polyps. The walls of the gastrovascular canals

appeared shaped by the elevations and rifts forming the skeletal

surface, thus recapitulating the corallite topography.

To investigate the directions of the flow in this gastrovascular

tubing system, fluorescent microbeads were injected into the

gastric cavities of individual polyps and tracked their movement

ll
OPEN ACCESS

Current Biology 32, 1–14, June 20, 2022 7

Please cite this article in press as: Bouderlique et al., Surface flow for colonial integration in reef-building corals, Current Biology (2022), https://doi.org/
10.1016/j.cub.2022.04.054

Article



with live fluorescent microscopy (Figures 7C–7F; Video S9).

Similar gastrovascular activities were observed in Pocillopora

damicornis (Linnaeus, 1758) (Figure 7D). These experiments

Figure 5. Multiparametric classification of the tracks at

the surface of different coral species

(A) Distribution of values of measured variables plotted as den-

sities on UMAPs.

(B) UMAP projections of multidimensional clustering of individual

trajectories generated from eight coral species. We used the

tracks obtained from E. lamellosa (n = 4 nubbins), M. scabricula

(n = 4 nubbins), M. efflorescens (n = 5 nubbins), M. foliosa (n = 4

nubbins), P. cactus (n = 5 nubbins), P. decussata (n = 3 nubbins),

S. calliendrum (n = 4 nubbins), and S. pistillata (n = 6 nubbins).

Note that dominating stereotypical shapes and other properties of

trajectories display species specificity.

(C) Generalized schemes of oriented ciliated surface regions and

major directions of horizontal water currents in three coral spe-

cies.

See also Figure S3 and Data S1B, S1D, S1E, and S2D–S2G.

revealed that the opposite ciliated surfaces of individ-

ual canals create a bidirectional flow, creating circular

currents within a linear segment of a canal. Neverthe-

less, these circular currents allowed microbeads to

travel between interconnected segments of the

gastrovascular system after being trapped in few rota-

tion cycles within an individual segment. The resulting

trajectories connected many segments and appeared

as complex as branching surface currents.

Toobtainbetter insights into the principles of fluiddy-

namics at a scale of several interconnected polyps, we

took advantage ofmathematicalmodeling (Figures 7G–

7I). We devised a 2D structure resulting from approxi-

mating mCT data and confocal analysis of distributed

gastrovascular canals (in case of plain-growing speci-

mens) and applied a set of rules obtained from these

combined observations of moving beads. The Navier-

Stokes equations were used to simulate flow dynamics

inside a colony and experimentally observed currents

were implemented as additional forces. Then, we intro-

duced beads as particles inserted on random locations

and simulated their motion using Newton’s law of dy-

namics, as well as using variation of liquid viscosity in

the canals (imitating the presence of mucus). The pa-

rameters of themodel were calibrated tomimic themo-

tionofbeadsquantitatively andqualitatively. The results

of these simulations are in linewith our experiments and

suggest the ideaof a ‘‘selfish sharing’’model,where the

signaling molecules or food particles have a higher

chance to be retained longer in the vicinity of an individ-

ual polyp, which initially obtained or produced them

(Figures 7H–7J; Data S2H).When using parameters ac-

cording to the experimentally observed cilia orientation,

the model predicted the specific structured distribution

of particles. This spatial organizationof particledistribu-

tiondisappearedwhen theparameterswerechanged to

a chaotic orientation of ciliated areas. Simulations

further suggested difference in the efficiency of keeping

the particle around its source depending on its size

(Figure 7H). Thismay define, an effective radius of nutrient sharing

with neighbor polyps or the range of action of a released soluble

signal.25 Such chemical communication could be important for a
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number of aspects of coral life: signaling disease or predation,26

interaction with symbionts,26 coordination of spawning,27 and

capture of food.

Figure 6. Active transportation of water carryingmi-

crobeads from submerged to air-exposed parts of a

coral colony

(A) Hypothesis scheme showing the potential role of active

oriented cilia beating in surviving the low-tide periods.

(B) Picture of the air-exposed coral model.

(C) Addition of red fluorescent beads to thewater nearby the

coral colony results in their fast transportation to areas of

the coral exposed to the air. Dotted lines surround the areas

above the water level.

(D and E)Magnified regions show progressive distribution of

engaged beads on the surfaces of air-exposed portions.

Note the beads climbing the ridges on the coral surface

(arrowheads, D). Note the formation of vortices induced by

opposite currents in different regions (arrows, E).

(F) Speed of the beads engaging on the air-exposed coral

surface. Each dot represents one bead front on one

analyzed nubbin. This experiment was reproduced on 3

different nubbins.

(G) Dead P. decussata does not induce bead movement.

See also Video S7.

A number of studies revealed that corals

consume planktonic bacterial and algal cells in

addition to much larger prey caught by

polyps.28–30 In such a case, the gastrovascular

system may serve as a filter and a location where

food particles can be phagocytosed by the cells

within the walls of the gastrovascular canals.

Our estimations based on mCT scans indicate

that this system of gastrovascular canals extends

the surface area for potential heterotrophic

feeding nearly 4-fold as compared with the sur-

face of gastric cavities of individual polyps (Fig-

ure 7A; Video S8). This enlarged area with dy-

namic currents inside may not only improve

organic carbon supply by stimulating the uptake

of particulate organic matter (e.g., detritus, small

phyto- and zooplankton) and dissolved organic

matter (e.g., small carbohydrates and amino

and fatty acids) but also enhance organic nitro-

gen and phosphorus supplies essential for coral

growth.

DISCUSSION

Being sessile and colonial creatures, corals are

limited in their direct coordination via active phys-

ical interaction between the individuals. Thus,

other means of functional colonial integration

direct the coherent living of the entire coral holo-

biont. Here, we revealed the astonishing

complexity and scale of surface-associated cur-

rents, which span across large areas of the col-

ony connecting dozens of polyps. Our work

builds on top of earlier studies examining the

general existence of surface-associated mucus

flows on the coral surface, as was observed in lab-based exper-

iments.15,19 We attempted to take this line of previous observa-

tions15,19 to a principally new level.
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Figure 7. Complexity of the waterflow in the gastrovascular system of S. pistillata

(A) mCT analysis of a PTA-contrasted nubbin of S. pistillata followed by 3D reconstructions of its gastrovascular system and corallite surface.

(B) The walls of gastrovascular canals are lined up by ciliated cells containing the microalgae symbionts or neighboring the symbiont-containing cells.

(C) Reconstruction of multiple trajectories of individual fluorescent beads injected into gastrovascular system.

(D) Trajectories in the gastrovascular canals of P. damicornis.

(E) Measurements of the cyclic/oscillating movements of fluorescent beads within the segments of the gastrovascular system before translocation to joint

gastrovascular segments.

(F) Average speed of the beads in the gastrovascular system. Error bars represent the SD.

(G) Mathematical modeling of the water dynamics in the gastrovascular system of S. pistillata with oriented (top) or random (bottom) beating cilia.

(H) Analysis of the effective translocation radius for particles with different sizes traveling in simulated gastrovascular system of S. pistillata with oriented (left) or

random (right) beating cilia. Error bars represent the SD.

(I) Computational analysis of the dynamics of bead movement.

(J and K) Concluding scheme summarizing the complexity of horizontal water currents at the coral surface and inside of the coral colony.

See also Data S2H and Videos S8 and S9.
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Based on the application of computer-assisted particle mass

tracking in numerous reproducible experiments and controls

including dead corals, we addressed the complexity and spe-

cies-specific features of the surface currents in multiple species,

both in the wild (Curaçao, Caribbean Sea) or fully grown in-

house. Furthermore, we investigated the dynamics at the sur-

faces of clonally propagated micro-nubbins used for reproduc-

ibility in multiple testing. We revealed that the species specificity

of the surface tracks is rooted in the stereotypical cilia orienta-

tions on the surfaces of different coral species resulting in varia-

tion of sinuosity, turns, speed, intersections, orientation, and

length of the tracks (clustered and shown in a UMAP plot).

Furthermore, for the first time, we innovated the application of

a FTLE field-based analysis to the dynamics of a surface-asso-

ciated flow in corals usingmass tracking. This helped to discover

that individual polyps or their small groups have dedicated sur-

face territories, from which they collect particles to feed. On

the borders of such ‘‘flow cell’’ territories, the polyps compete

with each other. In some species, the special surface-associated

currents formed subnetworks connecting the polyps into larger

groups within a context of a colony, thus breaking the morpho-

logical symmetry of the coral generating these asymmetric

currents.

Next, we hypothesized that the modulation of the neural activ-

ity by a range of evolutionarily conserved neurotransmitters

might change the orientation of the surface currents. However,

the applications of a wide range of neurotransmitters and related

drugs did not perturb the orientation of such surface currents,

although the neurotransmitters influenced the speed of the sur-

face flow in some cases. In line with this, the repeated daily re-

cordings of the currents on the surface of the same coral

throughout a week further showed their consistency. Thus, the

oriented networks of streams are likely stable over a prolonged

period, which can provide long-term adaptations to seasonal

or other conditions on the timescale of weeks and months. The

temporal stability of the discovered patterns at a greater scale

requires further investigation.

As themajority of our experiments were carried out in the lab, it

is still questionable whether the observed surface network of

streams similarly exists in natural conditions, for instance, in

the presence of strong external water currents. The fact that

we managed to record surface streams in natural conditions

supports their formation and role in natural settings, although

the strength of the ambient flow at the recorded micro spots

did not exceed 2 cm/s (estimated from the videos, as the marker

streams of residual beads synchronously drift in the water col-

umn). The flow conditions differ during daily changes of tide di-

rection, wind strength, shading, and many other local reasons.

The surface streams are likely adapting coral to conditions

when the ambient flow becomes weaker. On the other side,

corals with deep corallite grooves (A. lamarcki forming well-like

structures and especially D. labyrinthiformis with deep crevices)

naturally shade individual polyps from a strong flow, and, despite

we could not effectively record surface currents under strong

ambient flow, the directional surface currents might still be pre-

sent in some parts of the colonies. The reconciliation may derive

from the formation of layered transport regime based on the

mucus covering the coral surface,11,13,15 which requires further

investigation in natural environments. This could explain how

the oriented surface-associated streams still operate in the

changing conditions of the sea.

To understand the networks of surface streams in relation to

the previously described surface mucus layer,11,13 we analyzed

the amount and the distribution of mucus using direct video re-

cordings after bead application and chemical tests. We found

that the mucus concentration at the coral surface is dynamically

regulated for all analyzed species. Despite covering the coral

surface, in the majority of investigated species, the mucus layer

was permitting the formation of surface currents often resulting

in mucus-coordinated movements of particles and flow-based

connections between polyps. To pinpoint this mucus-coordi-

nated ‘‘conveyor belt’’ movement of particles, we innovated a

computational analysis based on the ‘‘principal tree approach’’

applied to particle trajectories. According to these experiments,

the mucus-coordinated particle movement within surface

streams is a part of a highly integrative feeding strategy of corals,

where the individual polyps control specific surface territories,

from which they collect food particles. This result fits previous

findings of the role of mucus in feeding and creating the layered

transport regime.15,19 We also discovered that some coral spe-

cies are covered by mucus which is not sufficient to coordinate

the particle movement in the surface layer.15,19 It would be

exciting to learn how these lower mucus concentrations are

related to the properties of the diffusive boundary layer,31 where

the particles move. The existence of groups of polyps integrated

via the surface streams aids the discussion about the ‘‘individual

units’’ in the context of the entire colony. Based on these find-

ings, we hypothesized and validated that the structure of the

coral colony is much more modular and hierarchical as

compared with what we knew before this study. Furthermore,

integration of polyps via streams turned out to be helpful not

only in feeding but also as a potential protection against desicca-

tion, as we observed a surface stream-based lift of seawater with

mucus to the air-exposed parts of the coral in the lab. This ca-

pacity might thus be essential for the survival of corals living in

regions experiencing low tides,24,32 which requires further

open-field investigations. Furthermore, the presence of mucus

forming a thicker water-retaining layer could enhance the hydra-

tion caused by the lifting power of streams.12,13,32

As the water and mucus at the coral surface connect with the

internal gastrovascular system via the distributed mouths, we

also questioned the dynamics of the liquid flowwithin the system

of internal gastrovascular canals. Previously, a few aspects of

the active movement of fluids inside the gastrovascular system

of corals were already reported.16,17 In stoloniferan octocorals,

such flow appeared bidirectional within the individual channel

at the stolon-gastrovascular junction, and the pulsations of the

flow corresponded to the coordinated activity of cilia.17 Besides,

the flow in the system of canals connecting individual polyps is

involved in nutrient sharing in colonial hydroids.33 Presumably,

this way of transport and integration may be similarly important

in reef-building corals. Interestingly, even the photoautotrophic

symbionts were traveling inside such gastrovascular systems,17

also in line with our own observations. Here, we revealed the de-

gree of complexity of a gastrovascular network and showed that

all neighboring polyps were connected by the inner flow with

complex characteristics and topography, such as branching

and bidirectionality of streams. Our results suggest that although
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the water flow within every segment is cyclic and isolated to

some extent from the neighboring segments, there is an intense

fluid exchange between multiple segments, as the injected mi-

crobeads could travel large distances (several centimeters)

over short time (minutes) within the gastrovascular system of

the entire colony. Since the walls of the interconnected gastro-

vascular canals are enriched in symbiotic algae, the cyclic flow

could contribute to the efficient exchange of gases and nutrients

needed for photosynthesis and homeostasis (e.g., removal of

oxygen radicals), thus sustaining the symbiotic lifestyle of reef-

building corals. In line with this, the recent findings of the role

of oxygenation in coral health and bleaching34,35 suggest that

intense currents in the gastrovascular system might facilitate re-

distributing O2 from well-lit to shaded areas of a coral colony

throughout the day.

Next, because the cyclic flow tended to retain the microbe-

ads within the site of injection for a longer time, we hypothe-

sized that the flow structure favors the spatial and temporal

gradient of gas, signaling molecules, and nutrients per location.

The modeling of this gastrovascular networks based on planar-

grown coral nubbins suggests that the particles, metabolites,

and soluble signals are preferentially retained in the vicinity of

every polyp similarly to the situation described for colonial hy-

droids.33 Most importantly, we connected the microgeometry

of the coral skeletal surface and passages of gastrovascular

canals in three dimensions, explaining the structural role that

skeletal landscapes play in underpinning the overlying gastro-

vascular canals and hydrodynamics.

In addition to the possible roles in nutrient sharing, signaling,

gas, or metabolite exchange, the gastrovascular network may

serve for repopulating the colony with photoautotrophic symbi-

ont cells (Symbiodiniaceae) after bleaching events and for

exchanging and regulating Symbiodiniaceae in different parts

of the colony. Consistently, while tracking the fluorescent beads,

we routinely detected Symbiodiniaceae cells moving with the

flow in gastrovascular canals, a phenomenon previously re-

ported, but not fully understood.17 Using complex internal flow

dynamics, coral colonies could17 distribute the incoming and

outgoing flow between different polyps creating powerful suck-

ing and filtering effects, which could regulate the heterotrophy

of corals.28 Indeed, the sucking power of interconnected gastro-

vascular system may facilitate entry and exit of microbial symbi-

onts into the coral holobiont.36,37

In opposition to other modes of water movement found in

benthic animals known to associate with symbiotic microbes,38

such as pulsation (soft corals), pumping (upside-down jellyfish

Cassiopea sp.), and contraction (sessile colonial ciliate Zoo-

thamnium sp.), this complex gastrovascular flow does not imply

movement of the animal’s body and may represent an adapta-

tion to the immotile lifestyle of reef-building corals.

The future prospects resulting from this study are expected to

stem from the integration of the internal and surface-associated

flows, which may result in a holistic understanding of the colony

coordination via liquid dynamics. The existence of polyp-inte-

grating surface currents universally observed in multiple species

in conjunction with surface mucus layer opens up multiple future

research directions including the evolution of species-specific

adaptations of the flow patterns in different coral species living

in a wide range of environmental conditions.

Our discoveries will shift the perspective on coral biology, as

we show that the colonies are modular and show previously un-

known functional hierarchical organization due to the existence

of polyp groups integrated by the flow. This knowledge will

fundamentally affect our understanding of colonial growth,

feeding, ecological strategies, and resistance to disease or other

adverse conditions. Last, but not least, the understanding of how

the topology of skeletal surfaces connects with the integrating

coral-controlled hydrodynamics will revolutionize our vision of

coral evolution and will transform the interpretation of the pale-

ontological samples in light of paleoecology. Indeed, the evolu-

tion of coral surface structures at longer timescales as well as

during faster adaptive radiation might be partly explained by

the adaptations to specific feeding habits and flow regimes.

Further research onmodern corals will help to establish how sur-

face geometry and skeletal micropatterns direct surface flow

and coordinate the feeding of the colony. This knowledge might

be translated to extinct groups to infer finer specifics of their life-

styles and evolutionary transitions controlling changes in skeletal

morphology and colony shape.
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B Track creation

B Track Analysis

B Mathematical model

B Computational Fluid Dynamics of the Agaricia lamarcki

coral reef

B Computational Fluid Dynamics of the Agaricia lamarcki

coral reef

B Imaging

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2022.04.054.

ACKNOWLEDGMENTS

I.A. was supported by Bertil Hallsten Research Foundation, Karolinska Institu-

tet, and Medical University of Vienna; J.P. was supported by Vetenskapsrådet
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Bradford reagent Sigma Aldrich Ref: B6916-500ML; Lot: SLCC0151

Charcoal particles (10mm) Kebo laboratories N/A

Fluorescent Red Polyethylene

Microspeheres

Cospheric Ref: 0.995g/cc 10-90-10g; Batch:150629-1

FMR-Red Fluorescent Microspheres Cospheric Ref: 1.3g/cc-500mg; Batch: 300-45-3511

GABA TOCRIS Ref: 0344; Lot: 5A/153607

Glycine TOCRIS Ref: 0219; Lot: 14A/147308

L-(-)-Norepinephrine Sigma Aldrich Ref: A9512-250MG; Lot: SLBC1882V

L-glutamic acid TOCRIS Ref: 0218; Lot: 12B/157431

Methanol VWR Ref: 20847.307; Lot: 20K034002

PBS gibco Ref: 14190-094 Batch:2326202

Phosphotungstic acid hydrate Sigma Aldrich Ref P4006-250G; Lot: SLBX2662

Serotonin hydrochloride TOCRIS Ref 3547; Lot: 2B/210430

Sodium chloride Millipore Ref: 1.06404.1000; Batch K51163304918

Sodium orthovanadate Sigma Aldrich Ref: S6508-250G; Batch: 0000104515

EGTA Millipore Ref: 324626-25GM; Lot: 3761062

Fluoxetine hydrochloride Sigma Ref: F132-50MG; Lot: SLCF6196

5-Hydroxy-L-tryptophan (5HTP) Sigma Ref: H9772-5G; Lot: BCCC7473

Tween 80 Sigma Aldrich ref: P4780-500ML, batch: BCCB6908

Deposited data

Raw data Harvard Dataverse: https://doi.org/10.

7910/DVN/OHPVD7; Harvard Dataverse:

https://doi.org/10.7910/DVN/2N115F

N/A

Jupyter notebooks GitHub: https://github.com/LouisFaure/

coral_paper

N/A

track analysis tool GitHub: https://github.com/LouisFaure/

dyntrack

N/A

Experimental models: Organisms/strains

Echinopora lamellose Haus des Meeres, Vienna Esper, 1791

Merulina scabricula Haus des Meeres, Vienna Dana, 1846

Montipora efflorescens Haus des Meeres, Vienna Bernard, 1897

Montipora foliosa Haus des Meeres, Vienna Pallas, 1766

Pavona cactus Haus des Meeres, Vienna Forskål, 1775

Pavona decussata Haus des Meeres, Vienna Dana, 1846

Pocillopora damicornis Haus des Meeres, Vienna Linnaeus, 1758

Seriatopora caliendrum Haus des Meeres, Vienna Ehrenberg, 1834

Stylophora pistillata Haus des Meeres, Vienna Esper, 1792

Experimental models: corals in native habitats

Acropora muricate Heron Island Linnaeus, 1758

Agaricia lamarcki Curaçao Milne Edwards and Haime, 1851

Diploria labyrinthiformis Curaçao Linnaeus, 1758

Orbicella faveolata Curaçao Ellis and Solander, 1786

Siderastrea sidereal Curaçao Ellis and Solander, 1786

Software and algorithms

IMARIS 9.6.0 https://imaris.oxinst.com/ N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Igor Ada-

meyko (igor.adameyko@meduniwien.ac.at).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d Original videos obtained in situ and ex situ, imaris files, raw data obtained from the imaris files, track data and the scripts to

extract frames from the videos are available here: https://doi.org/10.7910/DVN/OHPVD7 and https://doi.org/10.7910/DVN/

2N115F

d Code for reproducibility has been deposited as Jupyter notebooks on the following github repository: https://github.com/

LouisFaure/coral_paper.

d We constructed a single python package for ease of reproduction for tracking analysis (https://github.com/LouisFaure/

dyntrack).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All coral species used in this study are listed in the key resources table and in Data S1A. The specific preparation as well as rearing

conditions are listed in the method details section.

We started the tracking experiments with molecular dyes. However, molecular dyes diluted too fast to be tracked. The molecular

dyes quickly made a cloud in the water, precluding any reliable recording of precise area with a sharp focus camera. Thus, we

switched to fluorescent beads and charcoal particles of different sizes. Notably, too small beads (less than 10 microns in diameter)

did not emit enough light for efficient individual mass tracking, and they appeared dim for the analysis of gastrovascular canals.

METHOD DETAILS

Bead preparation
Beads (1-5mm and 10-90mm) were coated in Tween 80 for 12 hours in a 50 ml tube (Falcon). This preparation was then diluted in PBS

and centrifuged for 10min at 1000g. Beadswere then rinsed in PBS 5more times and a further 3 timeswith seawater coming from the

original tanks of the corals for laboratory and aquarium experiments. For field experiments, beadswere diluted in deionizedwater and

salinity was adjusted to 40PSU with NaCl. Floating beads were separated from the sinking beads during the washes and were used

for the experiments studying the water currents developing at the surface of air-exposed coral specimens. Sinking beads were used

for the underwater experiments.

For each bead preparation, we tuned the salinity of the presoaking solution, to achieve neutral density of the beads. This helped us

to create a bead solution with a buoyancy similar to the surrounding water (with sedimentation speed less than 1 cm per min). This

helped us to keep the beads on the coral surface and observed the streams without beads floating back to the surface. Small beads

(1-5mm)were used for the analysis of the gastrovascular canals as they are less invasive. However, their light emitting was not optimal

and therefore only macro-recordings were possible (see ‘‘Internal tracking’’ for details). Bigger beads (10-90mm) were used for

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R https://cran.r-project.org/bin/windows/

base/

N/A

Python https://www.python.org/downloads/ N/A

https://github.com/LouisFaure/

coral_paper/

N/A

Python tool https://pypi.org/project/dyntrack/ N/A

https://dyntrack.readthedocs.io/en/latest/ N/A

Other

Plate reader Promega GLOMAX MULTI+ detection system

HHTEC Salzwasser Refraktometer

Meerwasser

HHTEC RHS-10ATC
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individual trajectory recordings as their light emitting was optimal for the identification of individual trajectory recordings over an

entire coral nubbin (see ‘‘bead tracking experiments in laboratory’’ for more details).

Field experiments
Field experiments in Curaçao

Experiments were done during 4 dives in late March 2021, between 10AM and 4PM. The experiments were performed on the reef in

front of the CARMABI research station (12� 7’18.85"N, 68�58’10.40"W) on Curaçao, Southern Caribbean. Videos were recorded be-

tween 3 and 20 meters in generally calm conditions, camera was in macro mode. We used an Olympus TG 5 in Olympus PT-059

underwater housing with Night Sea barrier filter attached for image capture and a Light & Motion Go Be Night Sea LED light as light

source. We used a Sea & Sea arm 7 compact set and a Light & Motion camera tray to insure flexibility in positioning and at the same

time stability during the recording. Beads were ejected to the coral surface using 5ml syringes.

Experiment in Haus des Meeres exposition tank

A colony of Echinopora lamellosa was grown undisturbed for 5 years with natural-like currents (3 Aqua Medic EcoDrift 15.2), in pres-

ence of other animals. The exposition tank was: 187cm x 150cm x 77cm water depth. Beads (1-5mm) were deposited above the sur-

face of the coral with a Pasteur pipette. Videos were recorded with an Iphone X from the exposition area side of the tank.

Laboratory experiments
Creation of the laboratory specimens in Vienna

Stylophora pistillata, Echinopora lamellosa, Pavona cactus, Pavona decussata, Montipora efflorescens, Montipora foliosa, Merulina

scabricula and Seriatopora caliendrum colonies were obtained from Haus des Meeres, a public aquarium in Vienna, Austria. Original

corals colonies originated from Rotterdam Zoo as of 2012. The coral nubbins (Stylophora pistillata, Montipora foliosa, Seriatopora

caliendrum) used for the experiments consisted of less than fifty polyps and were propagated according to Osinga et al.39 on trans-

parent PET sheets of 0,5mm width. Echinopora lamellosa, Pavona cactus, Pavona decussata, Montipora efflorescens and Merulina

scabricula pieceswere broken from the original colony and allowed to heal for at least a week at + 25�Cbefore being transferred in the

laboratory.

Creation of the laboratory specimens in Heron Island

Acroporamuricata specimens were collected on the forereef of Heron Island, at 6meters depth (23�26’50"S 151�54’46"E). Theywere

allowed to recover and acclimate to the tank’s condition for a minimum of 14 days before experiment.

Tank experiment in Heron Island

Specimens were mounted on screwcap fittings with plasticine to hold them and transfer them without handling the tissues. Then

transferred immediately to the video tank (20cm x 10cm, 8 cm depth) without air exposure and recordings taken in still water within

a few min of collection from the holding aquarium. Specimens were covered with 1cm of water. Videos were recorded using an

Olympus SZX7 stereomicroscope, QImaging Micropublisher 3.3 camera and Q-Capture v6 imaging software.

Bead tracking experiments in laboratory

Upon collection, corals were transported to our laboratory and allowed to rest for at least 2 hours in petri dishes (Greiner bio-one,

diameter: 100mm, depth: 20mm) containing water coming from their original tank. Specimens were covered with see water (from

their original tank) between 0.5cm to 1 cm above their surface. For these experiments, we analyzed 5 specimens of P. cactus, 4 spec-

imens of E. lamellosa, 6 specimens of S. pistillata, 3 specimens of P. decussata, 4 specimens of S. caliendrum, 4 specimens of

M. scabricula, 5 specimens of M. efflorescens and 4 specimens of M. foliosa.

Position of the corals in the petri dishes were recorded using a fluorescent stereomicroscope (Zeiss, Lumar.V12), mounted with a

camera (AxiocamERc 5s). Concentrated beads (10-90mm, 100ml of bead suspension) suspended in seawater from the original tank of

the corals were then added close to the coral surface with a micropipette. The beads were ejected at distances between 1 and 3mm

above the coral surface. Being neutral in flowability or slightly heavier as compared to the surrounding seawater, the beads success-

fully landed right onto the coral surface after being pushed from the pipette. The following horizontal movement of beads in streams

confirmed their resulting position within DBL

Bead movements were recorded when the water disruption induced by the experimenter was settled. Bead movements

were recorded until the surface of the coral was devoid of beads (3-5 minutes). An additional picture of a ruler was taken to obtain

the scale.

Bead tracking with neurotransmitter

The experimental set up was similar as the basic bead tracking. Concentrated beads (10-90mm) suspended in sea water from the

original tank of the corals were then added in the petri dishes. Bead movements were recorded a first time (5-10 min), then half

the sea water was replaced with a neurotransmitter solution to a final concentration of 100mM. Concentrated beads (10-90mm,

20ml of bead suspension) suspended in sea water from the original tank of the corals were then added in the petri dishes. Beadmove-

ments were recorded for 5-10 minutes. Each condition was assayed on 3 independent specimens for P. decussata and E. lamellosa.

An additional picture of a ruler was taken to obtain the scale.

Bead tracking with other chemicals (5HTP, fluoxetine, EGTA, orthovanadate)

The experimental set up was similar to the bead tracking with neurotransmitters section, except that the nubbins were incubated for

2 hours with either 5HTP (100mM), fluoxetine (25mM), EGTA, (2mM) or orthovanadate (0.1mM) after the first control recording.
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Experiment on Pavona decussata in low water

Pavona decussata specimens (live or dead) were put in petri dishes containing see water. Only the extreme outer parts of the spec-

imens were allowed to be partially submerged. We added a few drops of a solution containing floating beads (10mm-90mm diameter)

and recorded for 5 min. These experiments were carried out on 3 specimens.

Macroscopic visualization of surface currents on Echinopora lamellosa
A piece of Echinopora lamellosa of a surface of 100 cm2 was placed in an aquarium (20cm x 30cm, 20cm depth) containing sea water

coming from its original tank. Specimenswere coveredwith 15 cmof water. A concentrated solution of suspended 1-5 mmbeadswas

applied on the surface of the coral and the currents were recorded using an iPhone X. The tankwas lit with an aqua sunspot 7x1 (Aqua

Medic, Germany) bulb mounted on a JBL Temp set basic (JBL, Germany). The experiments were conducted in a 12-liter tank without

detectable horizontal currents except slow vertical convection, which was checked via analyzing the bead behavior at the surfaces of

analogous dead corals used for control.

Internal tracking

Stylophora pistillata and Pocillopora damicornis specimens were injected with 1-5mm beads in one polyp. We used a 30G needle

mounted on a 1ml syringe to do the injection. Videos were then recorded using the same stereoscope as for the basic bead tracking.

To be able to visualize the bead movements inside the coral, we used a 150X magnification.

Bradford assay on mucus

Coral specimens from Echinopora lamellosa, Pavona cactus andMontipora foliosa were prepared at least a week before experiment

at Haus desMeeres. The day of the experiment, specimens were put in tanks containing the water of their original tank and let to rest

for an hour at Haus desMeeres. We sampled the liquid at the surface of the coral with a pipette andmarked it as time 0. Their surface

was lightly scratched with a soft toothbrush. We then sampled the liquid at the surface of the specimens at different intervals. Liquid

samples were saved at -80�C until analysis.

The day of the experiment, 100ml of each sample was put in a 96well plate and coveredwith 100ml of Bradford reagent. After 30min

incubation, the plate was read at l= 595nm. Water from the original tank was used as blank.

QUANTIFICATION AND STATISTICAL ANALYSIS

Evaluation of surface clearing in corals in Curaçao
A transparent sheet with dots equally distant (2 cm from each other) and lettered/numbered (A to I and 1 to 15) was put on a screen

and each video was played on the screen. Each point was monitored from the bead application to the moment the surface was

cleared from the beads. Each dot on one colony represented an individual measurement for this colony. We analysed multiple col-

onies for each species.

Track creation
Frames were extracted from the videos using ffmpeg (https://www.ffmpeg.org/) as tiff images (ffmpeg -i [name of your video] -r

[frame rate of your video]/2 -pix_fmt rgb24 [name of your ouput]%04d.tiff). The frame rate of the video was obtained using

ffmpeg ( ffmpeg -i [name of your video] 2>&1 | sed -n "s/.*, \(.*\) fp.*/ \1/p" ). We provide annotated bash scripts to extract

all frames of a video and one out of 2 frames of a video (see data and code availability section). These scripts require a

linux/ubuntu/wsl environment to function and to install ffmpeg. The scripts need to be put in the folder containing the videos

to be processed and modified to process the video with your choice of extension (see in comments in the script, can be modi-

fied in notepad). The resulting pictures can be processed with IMARIS or ImageJ. To reduce computational requirements, we

extracted only half of the frames, this was taken into account to evaluate the time in our further analyses. Extracted odd frames

were assembled in an IMARIS (Bitplane, Zurich, Switzerland)file using the built in Batch Converter. The resulting IMARIS files

were analyzed using the IMARIS semi-automated tracking module. Raw data were extracted as excel files and analysed using

our new python package (Dyntracks).

Track Analysis
For each replicate, track data were exported from IMARIS and rescaled. Tracks were summarized into grid vector fields of 30 by

30 vectors using vfkm tool with smoothing parameter 0.5. The resulting grid vector field was represented as a stream plot. From

the grid vector field, an attempt in identifying Lagrangian Coherent Structures (LCS) was performed. LCS are separate surfaces

that form the skeleton of the traced trajectories and that separate time dependent flows into regions of dynamically distinct

behavior. Identifying such structures rely on generating a Finite-time Lyapunov exponent (FTLE) field from the vector grid data.

First, all points from the grid are taken as starting points and each trajectory is integrated via bilinear interpolation combined

with Runge-Kutta method. The integration was performed over 20000 timepoint/frames with a delta t of 5 frames. This number

of 20000 is purposely greater than the number of frames captured in each experiment, since the aim is to integrate over the whole

vector field. Second, the integrated trajectories were used to compute the FTLE value for each point on the grid. The scalar FTLE

value is meant to be compared relatively on the same vector field, with low values indicating zones of convergence or low diver-

gence and high values indicating zones of high divergence. Observing ridges on the FTLE field plot is an indicator of dynamically

distinct regions. To identify coherent structures possibly generated by slime or currents, a principal tree was fitted to each frame of

the experiment, using SimplePPT algorithm (parameters lambda=10 and sigma=10, as many nodes as tracked point on the given
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frame). All previously mentioned techniques in this section have been compiled into a single python package for ease of repro-

duction (https://github.com/LouisFaure/dyntrack). This tool is applicable to any dataset containing 2D tracks. From each tracked

particle were extracted the mean, maximum and variance of its speed. Sinuosity was calculated as the ratio between the distance

of a track and the distance of a straight line spanning the two extremities of it. Sinuosity along the track was also computed using a

moving window of 20 points that slides one point at a time, for a given data point the maximum sinuosity value calculated was

retained. Number of turns on a track was estimated by counting the number of groups of points on the track with a sinuosity value

higher than 1.2. Number of self-intersections was also counted.

Finally, to classify tracks, we applied scanpy python tool to a dataset generated by compiling the z scores of the number of

turns, the sinuosity, the mean speed, the maximum speed, and the number of intersections. A 30 nearest neighbors graph was

generated from these features using correlation distance metrics. From this nearest neighbors graph was computed a leiden clus-

tering (resolution=0.05) and an UMAP dimensionality reduction (min_dist=0.2). Differential changes in the features between clus-

ters were calculated using t test. Proportion of each species versus the rest for each cluster was tested using a permutation

method: over 1000 repeats, a null distribution is generated by randomly separating all tracks into two groups having the same

size as the original groups. For each repeat is calculated the proportional difference between the two groups for each cluster.

These values are then compared to the initial observed proportional difference for each cluster. The p value is calulcated by

dividing the number of randomly generated proportional differences that are greater than the observed proportional difference

over the total number of random generations.

For the neurotransmitter experiment, tracks were analysed in 4 separated time points: 10 to 5min before NT addition, 5 to 0min

before NT addition, 0 to 5 min after NT addition and 5 to 10 min after NT addition. A vector field was generated for each time point,

andmaximum andmean track speed was cross compared between timepoints using the Moodmedian test, multiple testing correc-

tion was performed using Holm-�Sı́dák test.

Mathematical model
Dynamics of particles in the gastrovascular system

Flow hydrodynamics. We described the hydrodynamics of the gastrovascular system using the Immersed Boundary Method (IBM).

The IBM method was developed by Charles Peskin in 1972 to describe biological fluid-structure interactions problems. In this

method, fluid dynamics are simulated on a Eulerian cartesian grid, while the shape of the immersed structure is tracked using

Lagrangian coordinates. We used a delta function to compute the exchanged forces between the two coordinate systems. For an

incompressible Newtonian fluid, fluid dynamics are governed by Navier-Stokes equations:

r

�
vu

vt
+ u:Du

�
= � Vp+mDu+ Fd � Fp; (Equation 1)

V:u = 0; (Equation 2)

where r and u are the fluid density and viscosity. Fd and Fp are the drag force and the penalization force imposed by solid bodies, and

m - viscosity coefficient of water. The Navier-Stokes equations are solved in a rectangular domain discretized into 5003 300 nodes

and we impose periodic boundary conditions at the four sides. The drag side is described using the formula:

Fdðx; tÞ =
1

2
rðusðx; tÞ � uðx; tÞÞ; (Equation 3)

Where usðx;tÞ is the velocity of the body interpolated to the point x of the cartesian grid. It is obtained by the interpolation of the ve-

locities of the structure nodes (beating cilia) using the following RBF:

4ðrÞ =

�
0:25ð1+ cosðpr=r0ÞÞ; if r% r0
0; if rR r0

And, we consider that

usðx; tÞ =

Z
U

usðx; tÞ4ðjs � xjÞds:

In order to prevent the penetration of fluid inside corallites, we added a Brinkman penalization term describing flow arrest as it goes

through the solid. The method consists in considering the solids as porous media whose permeability tends to zero. The Brinkman

force term Fp is given by the formula:

Fp = gðx; tÞ m

k
u; (Equation 4)

where gðx; tÞ denotes a function that returns the value 1 for the nodes that are inside the immersed corallite and 0 elsewhere. k is the

permeability of the solid (taken too small).
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The accuracy of this method was ensured by quantitatively comparing the results for flow distribution with the ones obtained using

simulations with the finite element method.

Particle motion. Individual particles driven by the flow can be tracked using the Newton 2nd law of dynamics. These particles are

subject to three forces: the lift action by the fluid, the viscous friction (due tomucus), and the potential force between the particles and

the cylinders. The motion of each particle ðxiÞ can be described by:

€mi €xi = FD
i +FV

i +FP
i ; (Equation 5)

where mi denotes the mass of the particle, FD
i , F

V
i , and FP

i represents the drag, viscosity, and potential forces respectively.

Drag is the hydrodynamic force exerted by the fluid on the particle. It depends on the characteristics of both the fluid and the object.

When flow is laminar, it is given by the formula:

FD
i =

1

2
CdrAiv

r
i ; (Equation 6)

where Cd represents the drag coefficient, Ai is the surface of the particle exposed to the flow given by Ai = pr2i , with r the radius, in

the case of spheric particles, vri is the relative velocity of the particle which corresponds to the difference between the particle ve-

locity and the fluid speed at the particle coordinates. The viscous resistance force corresponds to the transfer of mechanical energy

into heat energy due to friction between the particle and the mucus. It is given by:

FR
i = Rv _xi; (Equation 7)

where Rv represents the fluid resistance coefficient. The last force corresponds to the potential due to contact between particles and

corallite. Since both the corallites and particle have a spheric shape, then the potential force can be described as follows:

FP
i =

X
j

fPij ; (Equation 8)

where

fpij =

8><
>:

K1 +K2

ri + rj
dij

; if dij % ðri + rjÞ;

0; if dij R ðri + rjÞ
HereK1 andK2 are two positive constants, dij is the distance between the center of the two objects, ri and rj are their two respective

radii. We do not consider contact between particles as the potential force due to this type of interactions is too small.

Model implementation

The C++ language was used to implement the model using an object-oriented programming (OOP) structure. Since particle motion

does not influence hydrodynamics, we first solved the IBM model to determine the distribution of flow velocity reached in steady-

state. Then, we saved this velocity and used it to simulate themotion of particles with different sizes and initial positions. This allowed

us not having to solve the computationally intensive model for flow hydrodynamics for each simulation.

Model parameters

We summarize the model parameters in Data S1G.

Boundary conditions

Particle dynamics in the gastrovascular system model. Some boundary conditions were already given in the original supplementary

file. We add the following information for the gastrovascular system model:

The model simulations particle dynamics in the gastrovascular system in two steps. First, we simulate flow dynamics in

the absence of particle dynamics until they reach steady-state. Then, we introduce particles and simulate their movement in the

system.

d Periodic boundary conditions were applied for flow velocity at the four boundaries.

d Pressure is set to zero on the four boundaries.

d Particles are removed from the simulation as soon they cross one of the four boundaries.

Computational Fluid Dynamics of the Agaricia lamarcki coral reef
Boundary conditions

We assume a no-slip boundary condition on themouth and the surrounding walls of the corallites. Dirichlet boundary conditions were

applied at the internal walls of the corallite and the imposed velocity was chosen such that the velocity observed above the coral reef

mimics the onemeasured experimentally. Zero-gradient conditions were applied for flow velocity at the top and the two sides bound-

aries with a constant pressure equal to zero.

Parameters

In the absence of mucus, we consider water parameters for density and viscosity: r = 1000 kg/m3 and m = 1 cP.
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Mucus viscosity

Mucus increases viscosity as proven experimentally for different types of coral species. The values of 2 cP and 5 cP were chosen to

approximate the experimentally measured muci on coral surface.40–42

Computational Fluid Dynamics of the Agaricia lamarcki coral reef
Water flow surrounding coral reefs can be modelled as a Newtonian laminar incompressible flow. Wemodeled water flow inside and

around the coral polyp using the Navier-Stokes equations:

r

�
vu

vt
+ u:Du

�
= � Vp+mDu; (Equation 9)

V:u = 0; (Equation 10)

where u and p represent the flow velocity and pressure, r and m are density and viscosity of water. We imposed constant Dirichlet

boundary conditions on the corallite wall such that the velocity observed above the coral reef mimics the one measured

experimentally.

We used the PISO algorithm to solve the continuity equation.43 The model was implemented using the OpenFOAM library.44 We

generate a mesh consisting of 431 hexahedra volumes. The solver takes approximately 21 seconds to simulate 10 seconds of the

physical time on an i7, 6GB computer. Stationary solution is reached in 0.25 seconds.

Imaging
X-ray microcomputed tomography analysis (mCT)

For the visualization of soft tissue, corals were fixed in 4% formaldehyde in PBS solution for 4 hours at +4�C with slow rotation. Sub-

sequently, samples were dehydrated in incrementally increasing ethanol concentrations (30%, 50%, 70%), 1 day in each concen-

tration to minimize the shrinkage of the soft tissue. Then, samples were transferred, into 1% PTA (phospho-tungstic acid) in 90%

methanol for tissue contrasting. The PTA-methanol solution was changed every 2-3 days for 7 days. The contrasting procedure

was followed by rehydration of the sample by incubation in ethanol series (90%, 70%, 50%and 30%) before mCT scanning. Scanning

of stained corals was performed using 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 DXR250with 20483 2048 pixel, 200 3 200 mmpixel size. The exposure timewas 900ms in

2200 positions over 360�. The mCT scan was carried out at 60 kV acceleration voltage and with 200 mA X-ray tube current. The beam

was filtered by a 0.1 mm-thick aluminum filter. The voxel size of obtained volumewas 2.8 mm. The tomographic reconstructions were

performed using GE phoenix datos|x 2.0 3D computed tomography software. Segmentation of structures was performed manually

by combination of software Avizo (Thermo Fisher Scientific, USA) and VG Studio MAX 3.2 (Volume Graphics GmbH, Germany).

Microscopy

Confocal microscopy was performed using Zeiss LSM880 Airyscan CLSM instruments. Image analysis was performed using IMARIS

Software (Bitplane, Zurich, Switzerland). All results were replicated at least in 3 different coral specimens.
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Figure S1: Mucus at the surface of A. lamarcki does not impair particle movement 
towards the mouth. Related to Figure 1, 2. 

(A) Model in presence of water at the surface of the coral. (B) Model in presence of a 
fluid twice as viscous as water at the surface of the coral. (C) Model in presence of a 
fluid five times as viscous as water at the surface of the coral. Colors represent the 
velocity of the fluids currents; vectors represent the direction of the fluids currents.  



 

Figure S2: E. lamellosa can transport beads over the colony, even against gravity. Related 
to Figure 1. 

(A) Picture of the aquarium- cultivated (5 years,Haus des Meeres, Vienna) E. lamellosa 
colony used for tracking beads. (B) Time course after bead application at the surface of the 
colony. The colored boxes at time 0 are the areas that are enlarged in panels C, D and E. 
(C) Enlarged picture of the yellow panel in B. (D) Enlarged picture of the green panel in 
B. (E) Enlarged picture of the pink panel in B. Arrows represent the movement of the beads.  



 



Figure S3: Formation of horizontal transportation water mass transfer units on the 
surface of a 15 cm-wide E. lamellosa. Related to Figure 5. 

(A) Application of red fluorescent beads to two locations on the coral surface allows the 
visualization of stable currents and transportation units connecting a fraction of specifically 
distributed individual polyps. (B) Most of the currents are unidirectional and share the same 
general direction within this portion of a coral surface. (C) Control condition with the same 
coral after killing the colony via a 24-hour drying period. Note that oriented streams are not 
formed, and the beads sediment and stay in the same location. (D-E) Graph showing the 
absolute and cumulative numbers of individual polyps connected via the visualized water 
currents over time. (F) Horizontal currents engage and transport fluorescent beads until the 
translocation of beads is complete. During the transportation of beads, currents show high 
stability in terms of geometry, localization and speed. Arrows delineate the directions of the 
currents; stars highlight the coordinates of individual polyps or their mouths. The experiment 
was repeated 3 times on different colonies and produced similar results.  

 

Supplemental references 
[S1]. Jacquemin, J., Husson, P., Padua, A.A.H., and Majer, V. (2006). Density and viscosity of 

several pure and water-saturated ionic liquids. Green Chemistry 8, 172-180. 
10.1039/B513231B. 

 



GigaScience, 10, 2021, 1–6

doi: 10.1093/gigascience/giab012
DATA NOTE

DATA NOTE

X-ray microtomography–based atlas of mouse cranial
development
Jan Matula 1, Marketa Tesarova 1, Tomas Zikmund 1,*,
Marketa Kaucka 2,3, Igor Adameyko 3 and Jozef Kaiser 1

1Central European Institute of Technology, Brno University of Technology, Purkyňova 123, Brno, 61200, Czech
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Abstract

Background: X-ray microtomography (μCT) has become an invaluable tool for non-destructive analysis of biological
samples in the field of developmental biology. Mouse embryos are a typical model for investigation of human
developmental diseases. By obtaining 3D high-resolution scans of the mouse embryo heads, we gain valuable
morphological information about the structures prominent in the development of future face, brain, and sensory organs.
The development of facial skeleton tracked in these μCT data provides a valuable background for further studies of
congenital craniofacial diseases and normal development. Findings: In this work, reusable tomographic data from 7 full 3D
scans of mouse embryo heads are presented and made publicly available. The ages of these embryos range from E12.5 to
E18.5. The samples were stained by phosphotungstic acid prior to scanning, which greatly enhanced the contrast of various
tissues in the reconstructed images and enabled precise segmentation. The images were obtained on a laboratory-based
μCT system. Furthermore, we provide manually segmented masks of mesenchymal condensations (for E12.5 and E13.5) and
cartilage present in the nasal capsule of the scanned embryos. Conclusion: We present a comprehensive dataset of X-ray 3D
computed tomography images of the developing mouse head with high-quality manual segmentation masks of
cartilaginous nasal capsules. The provided μCT images can be used for studying any other major structure within the
developing mouse heads. The high quality of the manually segmented models of nasal capsules may be instrumental to
understanding the complex process of the development of the face in a mouse model.

Keywords: X-ray; computed tomography; microtomography; mouse embryo head; tissue contrast; 3D modelling; nasal
capsule

Background

The vertebrate head is considered one of themost complex parts
of the body. The head is formed during embryonic development
through a process known as morphogenesis, which involves
hundreds of genes and non-coding regulatory sequences [1, 2].
This intricate body compartment hosts numerous cell and tis-
sue types forming, e.g., muscles, ligaments, nerves and central
nervous system, sensory organs, hair follicles, and teeth, which

are all integrated in the complexly shaped skull. There is a re-
markable interspecies but in some cases (such as humans) also
intraspecies variability of the craniofacial shapes [3]. Reportedly,
the shape of the face (or the whole head) depends on the geom-
etry of the skeleton, which provides protection to sensitive ner-
vous tissues and serves as a scaffold for muscle attachment [1].
The skeleton of the head is formed by 2 types of stiff tissue—
bone and cartilage. Although the majority of the head skeleton
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in mammals is formed by bones postnatally, the embryonic de-
velopment of the skull relies on the cartilage. Chondrocranium
is induced as 14 independent pieces that grow, acquire specific
shape, and fuse later to form the skull [1]. Interestingly, the de-
velopment of cartilage and bone corresponds to the progress of
development of the central and peripheral nervous system and
sensory organs [2]. Therefore, the exact developmental link be-
tween the emergence of nervous structures and the appearance
of cartilage and bone is one of the fundamental questions in
developmental biology. At the same time, understanding both
themolecular basis and cellular dynamics driving the formation
and shaping of the mammalian head is of utmost interest in the
fields of clinical genetics and regenerative medicine, which deal
with a broad spectrum of human congenital craniofacial disor-
ders.

In our previouswork,we aimed to explore the exact sequence
of formation and shaping of the developing mammalian face
andwe used amousemodel for our investigation [1, 2]. Themor-
phological properties of the observed structures are complex,
and to fully understand their shaping, advanced imaging tech-
niques are required. X-ray microtomography (μCT) technique is
one of the oldest imaging techniques, but in recent years it has
shown its strengths in the field of developmental biology [4]. The
principle of μCT lies in acquiring 2D projections of the scanned
sample at regular angle increments. A 3D view of the scene is
then created by the process of tomographic reconstruction. This
way we gain 3D spatial information that would be otherwise un-
obtainable without destroying the sample. The superior resolu-
tion of modern laboratory-based μCT machines provides a way
to visualize and analyse biological structures on the level of mi-
crons and, more importantly, in the 3D spatial context. We com-
bined genetic tracing, gene knockout strategies, mathematical
modelling, and μCT to reconstruct craniofacial development in
detail. As a result, we generated a set of μCT scans from wild-
type mouse strains, ranging from E12.5 (where the first induc-
tion of early cartilage, represented by condensation of the mes-
enchyme, can be observed) to E18.5 with fully formed chondro-
cranium.

While μCT has been proven useful for non-destructive high-
resolution imaging of high-density biological tissues (e.g., bones
[5, 6], teeth [7, 8]), there are issues with the differentiation be-
tween types of soft tissues in the resulting images. The reason
is an insufficient difference in their X-ray attenuation coeffi-
cients, which results in low contrast in the reconstructed tomo-
graphic images [4]. This inherent limitation of absorption-based
computed tomography can be addressed by using contrast-
enhancing techniques (e.g., staining the sample with contrast-
enhancing chemical substances [9]). Several approaches for soft-
tissue contrasting are explored in the literature, e.g., osmium
tetroxide [10, 11], Lugol’s iodine [12, 13], or phosphotungstic acid
(PTA) [4, 9]. We used a contrast method based on differential up-
take of PTA by various tissues, resulting in excellent resolution
and visibility of fine structures (e.g., see tomographic slices in
Fig. 1). It enabled us to differentiate between nasal capsule carti-
lage (andmesenchymal condensations in the images of younger
embryos) and surrounding soft tissues. An operator was then
able to manually segment the mesenchymal condensations and
cartilage forming the nasal capsule of the embryos (Fig. 2). We
provide the generated manual segmentations alongside the to-
mographic slices. These scans can be used by researchers inter-
ested in the development of various structures in the head.

The provided atlas of mouse cranial development (including
tomographic slices and segmented nasal capsules) will be es-

sential for tracing the normal development of any tissue type
within the vertebrate head. Given the excellent differential con-
trast and general high quality of the data, they can be reused for
any investigation of normal anatomy during the developmental
time course.

Methods
Sample preparation

Mouse embryonic heads were contrasted using PTA-staining
procedure, followed by a μCT measurement. The staining pro-
tocol is a modification of the protocol pioneered by Metscher [9]
and has been described previously [2, 14]. Briefly, themouse em-
bryos were fixed with 4% formaldehyde in phosphate-buffered
saline for 24 hours at 4◦C. The samples were then washed with
phosphate-buffered saline and subsequently dehydrated with
30%, 50%, and 70% ethanol for 1 day each to minimize shrink-
ing of the embryonic tissue. The samples were then transferred
into 0.5–1.0% PTA solution (Lach-Ner, Czech Republic) in 90%
methanol. The solution was replaced every 2–3 days. The E12.5
samplewas left to absorb the contrasting solution for 1week, the
E15.5 for 3weeks, and the E18.5 for 7weeks. After stage E15.5, the
head was separated from the body at the level of the shoulders
to ensure an adequate and uniform contrasting. After this stain-
ing procedure was completed, the samples were rehydrated in a
methanol series of decreasing concentration (90%, 70%, 50%, and
30%). Prior to the μCT scanning, the samples were submerged
in 0.5% agarose gel (A5304, Sigma-Aldrich, St. Louis, MO, USA))
and placed in polypropylene conical tubes with volume ranging
from 0.5 to 15 mL. The tube volume was chosen with respect to
the size of the sample to obtain images of the best possible qual-
ity. To further characterize the embryonal stages in addition to
their age after fertilization, Theiler staging was performed [15].
The prepared samples are listed in Table 1. The Mus musculus
C57BL/6NCrl samples were sourced from Charles River Labora-
tories, Germany (IMSR Cat# CRL 27, RRID:IMSR CRL:27).

Image acquisition

The samples were scannedwith a laboratory-based μCT system,
GE Phoenix v|tome|x L 240 (GE Sensing & Inspection Technolo-
gies GmbH, Germany). The system was equipped with a high-
contrast flat-panel detector DXR250 with 2,048 × 2,048 pixel res-
olution. The embryos were fixed in polypropylene conical tubes
with 0.5% agarose gel to prevent sample movement during the
μCT stage rotation. A total of 2,000 projections were acquired
with an exposure time of 900 ms per projection. Each projection
was captured 3 times, and an average of the signal was used
to improve the signal-to-noise ratio. The acceleration voltage of
the X-ray tube was 60 kV, and the tube current, 200 μA. The X-
ray beamwas filtered with a 0.1-mm aluminium plate. The time
required for scanning 1 sample was 1 hour and 30 minutes.

Software processing

Tomographic reconstruction of the obtained set of projections
was performed with GE phoenix datos |x 2.0 3D computed
tomography software (GE Sensing & Inspection Technologies
GmbH, Germany), which allowed a 3D image of the mouse em-
bryo head to be generated. The voxels are isotropic; voxel sizes
for individual samples are listed in Table 1.
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Matula et al. 3

Figure 1: Examples of tomographic slices of mouse embryos 12.5 days old (E12.5) and 18.5 days old (E18.5). μCT scanning of samples stained with PTA provides image

data with excellent contrast, where even fine details are visible. Arrows indicate areas of the image thatmight be interesting for potential users of the provided dataset.

Figure 2: 3D reconstruction of a mouse embryo head at E17.5. Yellow 3D model represents segmented nasal capsule and Meckel cartilage in the head.

Table 1: List of Mus musculus C57BL/6NCrl samples

Resource Age (days) Theiler stage Voxel size (μm)

Embryo 1 12.5 TS 20 2.6
Embryo 2 13.5 TS 21 3.0
Embryo 3 14.5 TS 23 5.0
Embryo 4 15.5 TS 24 6.0
Embryo 5 16.5 TS 25 6.0
Embryo 6 17.5 TS 26 5.8
Embryo 7 18.5 TS 26 5.5
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4 X-ray microtomography–based atlas of mouse cranial development

Figure 3: Wall thickness analysis of the manually segmented mouse embryonic
nasal capsule (sample E17.5). The wall thickness is calculated as the diameter

of a hypothetical sphere that fits within boundary points of the nasal capsule
mesh. The 3D wall thickness model was created in the Dragonfly software (Ob-
ject Research Systems [ORS] Inc., Canada).

Manual segmentation

Avizo (Thermo Fisher Scientific, Waltham, MA, USA) image-
processing software was used for manual segmentation of the
mesenchymal condensations and nasal capsule cartilage in the
reconstructed CT images. Avizo is a commercial software pack-
age providing a broad range of tools for manipulating and pro-
cessing 3D image data. The manual segmentation of the carti-
laginous nasal capsule tissue takes ∼10–20 hours depending on
the size of the sample and the experience of the operator. To
make the load of 3D segmentation volume smaller, only every
third slice was manually segmented and the rest was calculated
by linear interpolation between adjacent manually segmented
slices [14]. This 3-fold increase in segmentation speed does not
significantly affect the accuracy of the segmentation because
the small slice width keeps differences in structures in adja-
cent slices to a minimum. The overlap between the segmenta-
tion performed on a slice-by-slice basis and segmentation with
interslice interpolation is >98% (Dice coefficient) in the case of
this type of sample. The cartilage was segmented in 2D slices
of the whole 3D volume, so there is in some cases a staircase
artefact present in the planes other than the plane in which the
segmentation was performed.

Data validation and quality control

The segmented 3D models of nasal capsule can be subjected
to various subsequent analyses that further highlight the dif-
ferences between compared models from distinct samples. For
instance, wall thickness analysis of the segmented nasal cap-
sule provides valuable information outside of the general mor-
phology assessment of the mouse embryonic anterior face. This
information serves to compare multiple samples and provides
quantitative information on the variability within each speci-
men (Fig. 3). Such an approach was instrumental in the work of
Kaucka and collaborators [1, 2], where the wall thickness anal-
ysis was used to dissect the fundamental mechanisms of carti-
lage growth and highlighted themolecular basis of the thickness
regulation. The obtained results were implemented in a mathe-
maticalmodel that could predict the underlying cellular dynam-
ics of the cartilage growth. Furthermore, using this method it
was possible to depict subtle differences between control and
mutant embryonic samples that seemed otherwise morpholog-
ically similar [1]. Together with core measurements such as the

Table 3: Length and width measurement of the manually segmented
nasal capsule performed in the Avizo (Thermo Fisher Scientific, USA)
software with the Measure tool

Sample Length (mm) Width (mm)

Embryo 1 0.48 1.37
Embryo 2 0.90 1.41
Embryo 3 1.33 1.53
Embryo 4 1.56 1.99
Embryo 5 2.12 2.53
Embryo 6 2.34 2.83
Embryo 7 2.56 2.85

width and the length (see Table 3) of the nasal capsule andmap-
ping the surface expansion during embryonic growth, the au-
thors acquired a detailed understanding of the shaping and the
growth of this complex structure.

Shape comparison between individual stages of develop-
ment provides us with valuable information about the areas of
the sample where growth is the most prominent. Figure 4 de-
picts such an analysis performed on the nasal capsule of em-
bryos in developmental stages ranging from 12.5 to 17.5 days old
[1]. This analysis was done in the software GOM Inspect (GOM
GmbH, Germany).

By manually segmenting the nasal capsule cartilage in re-
constructed images of the samples, we were able to obtain
an anatomically accurate 3D-printed model of the embryonic
mouse nasal capsule. This is beneficial for researchers to phys-
ically evaluate the morphology of the embryonic head. Precise
visualization of the developing nasal capsule, together with the
opportunity to produce a physical 3D-printedmodel of this com-
plex anatomical structure, allows better understanding of the
organization of single skeletal elements in the framework of the
sophisticated organization of the mammalian embryonic head
[14] (Fig. 5).

Reuse potential

This dataset with its high-quality manually segmented masks
can be instrumental in creating a robust method for segmen-
tation of cartilaginous structures from μCT images of mouse
embryos. The field of image processing has lately been dom-
inated by deep learning algorithms, and specifically convolu-
tional neural networks consistently achieve state-of-the-art re-
sults in fully automatic image segmentation tasks [16]. A seg-
mentationmodel created in suchway couldmake acquiring new
samples for analysis of nasal capsule development in mouse
embryosmuch less time consuming because the time-expensive
process of manual segmentation would be eliminated. Never-
theless, high-quality scans with a sufficient tissue contrast are
required for such automated segmentation. Our dataset has
been validated for its suitability for such deep learning algorithm
application and can be therefore used by other researchers for
this purpose as well.

Biological potential

The possibilities to reuse this dataset are broad and include the
analysis of developmental changes in nasal epithelium, eyes,
whiskers, tongue, oral cavity, developing teeth, brain, cranial
cartilage and bone, tendons,muscles, endocrine organs, vessels,
and nerves. For instance, questions pertaining to the mecha-
nisms controlling the growth and shaping of the brain or cranio-
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Figure 4: Manually segmented nasal capsules of developmental stages E13.5, E14.5, E15.5, E16.5, and E17.5 were compared to the previous developmental stage in the

GOM Inspect software. Figure adapted from Fig. 3—figure supplement 2 from [1] under CC BY 4.0.

Figure 5: 3D-printed model of the mouse embryo nasal capsule (right) next to its 3D render created frommanually segmented binary masks (left). Figure adapted from
Fig. 7 from [14] under CC BY 3.0.

facial skeleton are still open and will benefit from the presented
data. Furthermore, during development and growth, multiple
tissue interactions and integration events occur atmultiplemor-
phologically distinct tissue interfaces. Such interactions at the
tissue scale lead to the development ofmuscle attachments, cor-
rect vascularization, innervation, and many other key develop-
mental events. This dataset embraces late stages of mouse cra-
nial development when the definitive tissue integration events
take place. Without doubt, such tomographic data will be suit-
able for improving our understanding of these fundamental
questions.

Data Availability

The data underlying this article are available in the GigaScience
Database repository [17]. We provide already-reconstructed μCT
data. The dataset is presented as 8-bit TIFF stacks of cor-
responding computed tomographic slices and manually seg-
mented masks. The folders are structured so that each folder
representing 1 sample contains 2 folders: Images and Masks.
The Images folder contains reconstructed tomographic slices in
TIFF format, and the folder Masks contains corresponding man-
ually segmented masks. The naming convention is as follows:
Sample name.tif for slice and mask Sample name.tif for seg-

mented mask. To enable the users of the dataset to visually in-
spect the embryo heads in 3 dimensions, .stl files were included
together with the image stacks. In addition, a text file is pro-
vided for each sample containing information about the voxel
size.

As TIFF stacks, the deposited data can be opened and viewed
in any basic image viewer; however, to fully take advantage
of the possibilities provided by the 3D nature of the images, a
specialized viewer for 3D data is recommended. Avizo (Thermo
Fisher Scientific, Waltham, MA, USA) is a commercial software
package providing a broad range of possibilities to visualize, ma-
nipulate, and analyse 3D μCT image data. Another commercial
software option is VG Studio MAX (Volume Graphics GmbH, Ger-
many). We recommend the Fiji ImageJ distribution [18] as a free
software option to view and manipulate the provided data. Be-
cause themanually segmentedmasks of the data are binary im-
ages composed of 0s (background) and 1s (mesenchymal con-
densations/cartilage), they can be displayed as black images. To
visually inspect the data, it may be necessary to set the software
display window to the range from 0 to 1 in some image view-
ers. The included .stl files of the embryo heads can be explored
in many different 3D mesh viewers; a popular free open-source
software option is MeshLab [19]. Reconstructions are also avail-
able for browsing in Sketchfab [20].
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Abstract

Coordinated development of muscles, tendons, and their attachment sites ensures emer-

gence of functional musculoskeletal units that are adapted to diverse anatomical demands

among different species. How these different tissues are patterned and functionally assem-

bled during embryogenesis is poorly understood. Here, we investigated the morphogenesis

of extraocular muscles (EOMs), an evolutionary conserved cranial muscle group that is cru-

cial for the coordinated movement of the eyeballs and for visual acuity. By means of lineage

analysis, we redefined the cellular origins of periocular connective tissues interacting with

the EOMs, which do not arise exclusively from neural crest mesenchyme as previously

thought. Using 3D imaging approaches, we established an integrative blueprint for the EOM

functional unit. By doing so, we identified a developmental time window in which individual

EOMs emerge from a unique muscle anlage and establish insertions in the sclera, which

sets these muscles apart from classical muscle-to-bone type of insertions. Further, we dem-

onstrate that the eyeballs are a source of diffusible all-trans retinoic acid (ATRA) that allow

their targeting by the EOMs in a temporal and dose-dependent manner. Using genetically

modified mice and inhibitor treatments, we find that endogenous local variations in the con-

centration of retinoids contribute to the establishment of tendon condensations and attach-

ment sites that precede the initiation of muscle patterning. Collectively, our results highlight

how global and site-specific programs are deployed for the assembly of muscle functional

units with precise definition of muscle shapes and topographical wiring of their tendon

attachments.
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Introduction

Acquisition of shape and pattern during development depends on the orchestrated crosstalk

between a variety of tissues and cell types. Although significant knowledge on the mechanisms

of differentiation and patterning within individual tissues has been attained, much less is

known on how patterning of different adjacent tissues is integrated. The vertebrate musculo-

skeletal system serves as an ideal model to study these processes as different tissues including

muscle, tendon and their attachments need to be articulated in 3D for proper function [1,2].

Among the craniofacial muscles, the morphological configuration of the extraocular mus-

cles (EOMs) has been a longstanding challenge in comparative anatomy and evolutionary biol-

ogy. Besides specialized adaptations, the basic EOM pattern is shared among all vertebrate

classes [3–5] and includes 4 recti muscles (the superior rectus, the medial rectus, the inferior

rectus, and the lateral rectus) and 2 oblique muscles (superior oblique and inferior oblique) for

movement of the eyeball. Most vertebrates have also accessory ocular muscles that serve to

retract the eye (the retractor bulbi) or control eyelid elevation (the levator palpabrae super-

ioris) [3,6]. As such, the EOMs constitute an archetypal and autonomous functional unit for

the study of how muscles, tendons, and tendon attachments are integrated with the develop-

ment of the eyeball, their target organ.

Craniofacial muscles are derived from cranial paraxial and prechordal head mesoderm

[3,7]. The corresponding connective tissues, i.e., tendons, bones, cartilages, and muscle con-

nective tissue, were reported to be derived from cranial neural crest cells (NCCs) [7,8].

Although early myogenesis is NCC independent, NCCs later regulate the differentiation and

segregation of muscle precursors, dictate the pattern of muscle fiber alignment, and that of

associated skeletal and tendon structures [9–14]. Moreover, deletion of several genes in NCCs

demonstrated their non-cell-autonomous roles in muscle morphogenesis at the level of the jaw

[12,15,16], extraocular [17,18], and somitic-derived tongue muscles [19]. However, the full

series of events driving morphogenesis of craniofacial musculoskeletal functional units is

unexplored to date, in part because of the anatomical complexity of their configuration in the

head. Moreover, understanding the developmental mechanisms that allow musculoskeletal

connectivity is essential to understand the anatomical diversification that took place during

the evolution of the vertebrate head. Yet, proximate factors that allow cross-tissue communica-

tion for coordinated emergence of the individual muscle masses with that of their tendons and

attachment sites are poorly defined.

Much of our understanding of musculosketal development and integration into functional

units comes from studies in the limb. Lateral plate mesoderm-derived muscle connective tissue

cells and tendon primordia establish a pre-pattern that determines the sites of myogenic differ-

entiation and participate in spliting of the muscle masses in the limb [20–22]. Tendons con-

nect muscles to the skeleton and are formed by scleraxis (Scx)-expressing mesenchymal

progenitors [23,24]. Although some features of tendon development are autonomous, key

stages rely on signals emanating from muscle or cartilage, according to their positioning in the

limb [2]. Bone superstructures, which provide anchoring points for tendons to the skeleton,

are initiated independently of muscle, but their maintenance and growth depend on cues from

both tendon and muscle [2]. Given the distinct gene regulatory networks governing cranial

muscle development [25,26], and embryonic origins of connective tissues in the head [7,8], it

is unclear if this logic of musculoskeletal integration is conserved in the head and how struc-

tures that do not integrate bones, such as EOMs, are established.

All-trans retinoic acid (ATRA), the biologically active metabolite of retinol (vitamin A), is a

critical morphogen with widespread roles in craniofacial development [27,28]. ATRA acts as a

ligand for nuclear retinoic acid receptors (RARs), which are ligand-dependent transcriptional
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regulators that work as heterodimers with retinoid X receptors (RXRs) [28,29]. ATRA is

synthetized from retinol through 2 oxidation steps by specific retinol/alcohol dehydrogenases

(RDH/ADH) and retinaldehyde dehydrogenases (ALDH1A1, ALDH1A2, and ALDH1A3)

[28,29]. ATRA is critical for early eye development in several species [30–32], in which ATRA

metabolic enzymes are expressed in the early retina with tight spatiotemporal patterns [33]. As

such, the developing eye acts as a signaling center nucleating anterior segment morphogenesis,

with paired-like homeodomain transcription factor 2 (PITX2) being the potential major

downstream ATRA effector in periocular NCCs [30,34–36]. Whether ATRA is required for

morphogenesis of the EOMs and associated connective tissues remains unexplored.

Here, we reassessed the embryological origins of the connective tissues of the periocular

region and present the first integrative blueprint for morphogenesis of the EOM functional

unit. We provide genetic evidence for the existence of a retinoic acid signaling module that

coordinates the emergence of individual EOMs, their tendons, and insertion sites. We show

that the action of retinoic acid signaling in muscle patterning is mainly non-cell-autonomous,

through its action on the NCC-derived periocular mesenchyme. We propose that the interac-

tions between muscles, tendons, and their attachments are similar to those observed in the

limb, yet they exhibit specifc hallmarks that are characteristic of this anatomical location.

Results

Genetic fate mapping of mouse periocular tissues

Given the complex anatomical disposition of the EOMs, we first set out to map morphological

landmarks and cell relationships during patterning of these muscles. The periocular mesen-

chyme (POM) is a heterogeneous cell population surrounding the optic cup that gives rise to

specialized structures of the anterior segment of the eye and connective tissues associated with

the EOMs [37]. With exception of the EOMs and endothelial lining of ocular blood vessels

(choroid), all connective tissues of the POM (cartilage, muscle connective tissue, tendons)

were reported to be derived from NCCs in zebrafish, chicken, and mouse embryos [38–43].

The 4 recti EOMs originate deep in the orbit, at the level of a fibrous ring called the annulus of

Zinn, and insert into the scleral layer of the eye [44]. Because information on EOM tendons

and attachment sites is scarce, we used genetic fate mapping to reassess the embryological ori-

gins of the tissues interacting with EOMs during their morphogenesis. We simultaneously

traced the contribution of NCC (Fig 1A–1B”, S1A, and S1B Fig) and mesodermal (Fig 1C–

1D”, S1C and S1D Fig) derivatives using Tg:Wnt1Cre and Mesp1Cre mice, respectively [45,46],

in combination with the R26Tom reporter [74].

As expected, connective tissues at the EOM insertion level were derived from NCCs as

assessed by tdTomato expression (Tg:Wnt1Cre;R26Tom, Fig 1A–1A”, S1A Fig). Surprisingly, we

found that lineage contributions differed in dorsal sections, where connective tissues at the

EOM origin level were derived from the cranial mesoderm (Mesp1Cre;R26Tom, Fig 1D–1D”,

S1D Fig). To characterize in more detail the cell populations arising from these derivatives, we

used transcription factor 4 (TCF4) as muscle connective tissue marker [47], and a Scx reporter

line (Tg:Scx-GFP+) to mark tendons and their early progenitors with green fluorescent protein

(GFP) [24,48]. TCF4 was expressed robustly in muscle connective tissue fibroblasts in both

NCC- and mesoderm-derived regions (S1E-S1F’ Fig). Similarly, Tg:Scx-GFP (Fig 1A–1D”,

S1A–S1D Fig) strongly labeled the future EOM tendons at the origin and insertion sites resid-

ing respectively in mesoderm- and NCC-derived domains. Additionally, Tg:Scx-GFP (Fig 1A1,

1D1, S1G and S1H Fig) and Scx mRNA (S1I and S1J Fig) marked muscle connective tissue

fibroblasts that were widely distributed among the muscle masses and overlapped with TCF4

(S1G and S1H Fig), as described in other regions of the early embryo [49,50]. Altogether, these
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findings indicate that the EOMs develop in close association with connective tissues of 2 dis-

tinct embryonic origins: neural crest laterally (at the EOM insertion) and mesoderm medially

(at the EOM origin).

Development of the EOMs and their insertions overlap spatiotemporally

Patterning of the EOMs and their insertions is understudied because of the difficulty in inter-

preting a complex 3D tissue arrangement from tissue sections alone. Therefore, we established

an imaging pipeline that includes whole-mount immunofluorescence (WMIF) of the periocu-

lar region, tissue clearing, confocal microscopy, and reconstructions of the obtained images

into 3D objects. To visualize the developing EOMs, we used antibodies against myogenic dif-

ferentiation 1 (MYOD), myogenin (MYOG), and Desmin as myogenic commitment and dif-

ferentiation markers and myosin heavy chain (MyHC) to label myofibers (Fig 2A–2C’ and S1

Video). At embryonic day (E)11.75, the EOMs were present as a single anlage (Fig 2A and 2A’)

medial to the eyeball. By E12.5, the EOM anlage split towards the eyeball into submasses corre-

sponding to the future 4 recti, 2 oblique muscles, and the accesory retractor bulbi muscle (Fig

2B and 2B’). Fully individuated muscles were evident by E13.5 (Fig 2C and 2C’). Thus, we

Fig 1. Lineage contributions to the EOM functional unit. (A-B”) Neural crest (Tg:Wnt1Cre;R26Tom) and (C-D”) mesodermal (Mesp1Cre;
R26Tom) lineage contributions to the periocular region of E13.5 embryos, combined with immunostaining for tdTomato (Tom), GFP (Tg:

Scx-GFP reporter), and muscle (PAX7/MYOD/MYOG, myogenic markers). Coronal sections at ventral (A-A”, C-C”) and dorsal (B-B”,

D-D”) levels. Asterisks in B’,B” denote Tom negativity at the tendon origin. Asterisks in C’,C” denote Tom negativity at the tendon insertion

site. (A1, D1) High-magnification views of muscle areas in panels A and D. (n = 3 per condition). a, anterior; c, choroid; cs, corneal stroma;

d, dorsal; E, embryonic day; eom, extraocular muscle; l, lateral; m, medial; MCT, muscle connective tissue; p, posterior; r, retina; ti, tendon

insertion; to, tendon origin; v, ventral.

https://doi.org/10.1371/journal.pbio.3000902.g001
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conclude that EOM patterning in the mouse occurs by splitting from a single mass of myo-

genic progenitors that target the eyeball, with the most dramatic morphogenetic changes tak-

ing place between E11.75 and E12.5.

The EOMs insert into the sclera, a dense fibrous layer derived from the POM [40,44].

PITX2 is a well-established marker of both the POM and EOM progenitors ([40], S2A–S2C

Fig), and foci of cell death in the POM were suggested to label the tendon attachment positions

of the 4 recti muscles [51]. To better understand the development of the EOM insertions, we

first performed whole-mount immunostaining for the POM marker PITX2 and LysoTracker

Red staining to detect programmed cell death on live embryos [52]. WMIF for PITX2 at

E11.75 revealed a ring of POM cells expressing high levels of PITX2 that formed a continuum

with low-expressing cells extending towards the base of the EOM anlage (Fig 2D and S2

Video). The pattern of LysoTracker Red staining in the POM-ring was highly dynamic, where

4 foci of apoptosis were present at E11.75 at the horizons of the eye but regressed progressively

from E12.5 onwards (Fig 2E). To confirm that these foci define tendon attachment positions

in the POM, we performed whole-mount imunostaining for myogenic and tendon progenitors

on LysoTracker-stained embryos. Surprisingly, we observed that even before muscle splitting

initiated, Scx-GFP+ condensations bridged the edges of the EOM anlage and the 4 LysoTracker

Red+ foci in the POM (E11.75, S3 Video), presaging the attachment sites of the future 4 recti

muscles (E12.5, S4 Video).

We next wanted to understand the relationship between foci of apoptosis in the POM and

the establishment of the tendon insertion sites per se. In the developing limb and jaw, bone

superstructures or ridges, generated by a unique set of progenitors that co-express Scx and

Fig 2. Developmental time course of EOM development. (A-C) WMIF for MYOD/MYOG/Desmin (myogenic differentiation markers) (A, B) and

MyHC (myofibers) (C) at the indicated embryonic stages. EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris

(Bitplane). (A’-C’) EOMs are shown as isosurfaces for clarity of visualization. Medial views as schemes (left eye). (D) WMIF for MYOD/Desmin

(labeling the EOM anlage, isosurface) and PITX2 (labeling the POM and EOM anlage) on E11.75 embryos (left eye). Lateral and medial views as

schemes. (E) Whole-mount LysoTracker Red (LysoR) staining of the periocular region at the indicated stages (left eye). The POM is delimited with

dashed lines. Asterisks indicate apoptotic foci with reduced intensity from E12.5 onwards. anl, anlage; a, anterior; d, dorsal; 3D-rec, 3D reconstruction;

E, embryonic day; i, inferior EOM anlage projection; io, inferior oblique; ir, inferior rectus; l, lateral; lg, lacrimal gland sulcus; lr, lateral rectus; m,

medial; m-pom, medial periocular mesenchyme; mr, medial rectus; p, posterior; pom, periocular mesenchyme; pom-r, periocular mesenchyme ring;

rb, retractor bulbi; s, superior EOM anlage projection; so, superior oblique; sr, superior rectus; v, ventral; WMIF, whole-mount immunoflurorescence.

https://doi.org/10.1371/journal.pbio.3000902.g002
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SRY-box containing gene 9 (SOX9), provide a stable anchoring point for muscles via tendons

[53–56]. Although EOMs insert into a non-bone NCC-derived structure, early markers of pre-

committed cartilage, such as SOX9, are expressed in the POM [57]. To examine the time

course of development of EOM insertions in greater detail, we immunostained Tg:Scx-GFP
and Tg:Wnt1Cre;R26Tom;Scx-GFP coronal (Fig 3A–3J” and S3A–S3F’ Fig) and transverse (S3G–

S3H” Fig) sections for PITX2 and SOX9. Between E11.5 and E13.5, PITX2 marked all cells of

the lateral-most NCC-derived POM between the surface ectoderm and retina (Fig 3B and 3F,

and S2A–S2B” Fig), which corresponds to the POM-ring observed in 3D views (Fig 2D). In

this region, Scx-GFP expression was initially detected in a salt-and-pepper pattern (Fig 3C and

S3E Fig) but became progressively limited to the forming tendon tips (Fig 3G and S3F Fig).

SOX9 expression overlapped with that of PITX2 (Fig 3D, 3H, S3E’ and S3F’ Fig) but became

more restricted to the insertion site by E13.5 and with a pattern complementary to Scx-GFP+

(Fig 3G and S3F Fig). Notably, Scx-GFP+ SOX9+ cells could be detected between E11.5 and

E13.5 at the interface between mutually exclusive Scx-GFP+ and SOX9+ cells (S3A–S3C” Fig),

resembling what was observed during tendon-to-bone attachment formation in other regions

in the embryo [53–56].

At the putative insertion site, the tdTomato staining in the NCC-derived lateral POM ini-

tially appeared as punctate (Fig 3A), and reminiscent of the apoptotic domains observed in 3D

views (Fig 2E). LysoTracker Red and TUNEL staining confirmed cell death of SOX9+ PITX2

+ POM cells (Fig 3I–3J”, S3E, S3E’ and S3G–S3H” Fig) that were at a higher density than the

more medial POM cells (Fig 3K, S1 Data). Given that LysoTracker Red+ cells could not longer

be seen at E13.5 (S3F and S3F’ Fig), these data suggest that at the insertion sites of the recti

muscles in the POM, foci of apoptosis mark the places where cell compaction and refinenment

of the SOX9 expression pattern will take place.

Major POM remodeling events could be detected by E14.5. EOM tendons co-expressed

Scx-GFP, Tenascin, and PITX2, but surprisingly, SOX9 expression became restricted to the

thin scleral layer and retinal pigmented epithelium (RPE) (Fig 3L–N’ and S3D–S3D” Fig).

Altogether, these results show that development of the EOMs, their tendons and insertion sites

overlap spatiotemporally and thus, might be regulated in a coordinated manner. Moreover,

similarly to other locations in the body, Scx and SOX9 show dynamic expression patterns at

the insertion site, but additional specifc hallmarks, notably the presence of cell compaction

and apoptotic foci, seem to be characteristic of this anatomical location.

Abnormal EOM morphogenesis in mutants with ocular malformations

Having assessed how morphogenesis of EOMs and their insertion sites is coordinated, we set

out to investigate the role of the target organ, the eyeball, on the establishment of the EOM

functional unit. To this end, we performed micro-computed tomography (micro-CT) scans in

mouse mutants with a spectrum of ocular perturbations. First, we examined small eye (Sey)

Pax6 (Paired box 6) mutant embryos (Pax6Sey/Sey), in which eye development is arrested at the

optic vesicle stage [58–60]. EOM patterning in Pax6Sey/+ embryos proceeded normally (S4A

and S4B Fig), whereas in the Pax6Sey/Sey mutant, the EOMs appeared as a single mass on top of

a rudimentary optic vesicle (S4C Fig). As Pax6 is expressed in the optic vesicle and overlying

ectoderm that forms the lens and cornea [58], but not in EOMs, these observations suggest a

non-cell-autonomous role in EOM patterning. Similarly, in LIM homeobox 2 (Lhx2) mutant

embryos (Tg:Lhx2Cre;Lhx2fl/fl) embryos, in which inactivation of the Lhx2 gene in eye commit-

ted progenitor cells leads to a degeneration of the optic vesicle at E11.5 [61], EOM patterning

was severely affected, and few EOM submasses were observed (S4D–S4E’ Fig). Finally, in

cyclopic embryos resulting from inversion of Sonic hedgehog (Shh) regulatory regions, EOMs
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Fig 3. Developmental time course of EOM insertions in the POM. (A-D) Immunostaining of lateral POM in coronal sections of E11.75 Tg:

Wnt1Cre;R26Tom;Scx-GFP embryos for the indicated markers. B, Immunostaining of section adjacent to the one shown in (A, C, D; channels split for

clarity). (E-H) Immunostaining of lateral POM in coronal sections of E13.5 Tg:Wnt1Cre;R26Tom;Scx-GFP embryos for the indicated markers. G,

Immunostaining of section adjacent to the one shown in (E, F, H; channels split for clarity). Bracket show overlap between Scx-GFP and SOX9

expression domains (high-magnification views in S3C” Fig). The asterisk in G points to Scx-GFP-negative SOX9+ lateral-most POM at the insertion

site. (I,J) Immunostaining of lateral POM in coronal sections of E12.5 Tg:Scx-GFP embryos pretreated with LysoR. Arrowheads in J’ point to LysoR

+ SOX9+ cells. (J”) TUNEL and LysoR staining of a section adjacent to the one shown in (I,J). (K) Quantification of the total number of SOX9+ cells

per square-micrometer in LysoR+ regions (red square, J) and more medial LysoR-negative regions (yellow square, J). Mann–Whitney test. Cell

density was 33% higher in the LysoR+ area compared with the more medial POM. See S1 Data for individual values. (L-N’) Immunostaining on

coronal sections of E14.5 Tg:Scx-GFP embryos. (L,L’) Tnc and Scx-GFP co-localize in tendons at level of insertion (arrowhead). (M,M’) SOX9

expression in the POM is greatly reduced at the insertion site and no longer overlaps with Scx-GFP (asterisk, cyan). Low levels of SOX9 expression in

the RPE and sclera. (N,N’) PITX2 remains expressed in the POM at the insertion site overlaping with Scx-GFP (asterisk) and in the sclera. MyHC

(L’) and SMA (M-N’) were used to label EOM muscle. Dashes in L-N were drawn according to GFP labeling in L’-N’. Images in A-N’ correspond to

insertion site of superior rectus muscle in the POM as shown in the scheme. (n = 3 per condition). a, anterior; apop, apoptosis spots; d, dorsal; E,

embryonic day; eom, extraocular muscle; l, lateral; LysoR, LysoTracker Red; m, medial; p, posterior; POM, periocular mesenchyme; rpe, retinal

pigmented epithelium; s, sclera; t, tendon; ti, tendon insertion, v, ventral.

https://doi.org/10.1371/journal.pbio.3000902.g003
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underwent splitting and projected towards the centrally located ectopic eye, although with an

abnormal 3D arrangement as reported for human cyclopia conditions (S4F–S4F” Fig) [7].

Together with previous studies in which surgical removal of the eye at specific timepoints of

development results in smaller EOMs [9,62], our observations point to the eye as a critical

organizer of EOM patterning.

Muscle patterning depends on retinoic acid signaling of neural origin

To study the role of target organ derived cues in EOM patterning, we investigated the role of

retinoic acid signaling, which plays multiple paracrine roles during embryonic eye develop-

ment [33]. As ALDH1A1-3 are rate-limiting enzymes in the production of ATRA [63], we

characterized their expression in the periocular region at the time of EOM patterning. Between

E10.5 and E12.5, Aldh1a1 was expressed strongly in the dorsal retina and lens, Aldh1a2 was

expressed in the temporal mesenchyme, and Aldh1a3 was most strongly expressed in the ven-

tral retina and RPE (S5A–S5A” Fig) [34,36]. At the protein level, ALDH1A3 was detected on

tissue sections in the surface ectoderm, presumptive corneal epithelium, retina, and RPE (Fig

4A). Interestingly, ALDH1A3 was also expressed in the optic stalk between E10.5 and E12.5

and thus centrally positioned with respect to EOM development (Fig 4A). To target the reti-

noic signaling pathway (Fig 4B), we used Aldh1a3-/- [64] and Rdh10-/- [65] mutants. We also

administered the BMS493 inhibitor (pan-RAR inverse agonist) to pregnant females every 10–

12 hours between E10.5 and E11.75, i.e., preceeding the initiation of muscle splitting (Fig 2A–

2C), and once NCC migration to the POM was finalized [66,67]. Micro-CT analysis showed

that Aldh1a3-/- and BMS493-treated embryos displayed eye ventralization and a shortened

optic nerve when compared with controls (S5B Fig), but they retained the overall organization

of the nasal capsule and orbit (S5C Fig). Ventral and lateral views of the 3D-reconstructed

EOMs (Fig 4C–4E), showed that Aldh1a3-/- and BMS493-treated embryos lacked the standard

3D arrangement of 4 recti and 2 oblique muscles observed at E13.5 in control embryos. Never-

theless, in all cases, EOMs originated medially from the hypochiasmatic cartilages of the pre-

sphenoid bone, indicating that the overall orientation of the EOMs was preserved (Fig 4D”‘).

Given that the EOMs are more affected at their insertion than their origin level upon ATRA

deficiency, this finding suggests that EOM patterning is, in part, modular.

To analyze EOM and tendon patterning with higher resolution, we performed whole-

mount immunostainings for differentiated myofibers and tendon with MyHC and Tnc

(Tenascin) antibodies (Fig 4F–4H’). On medial and lateral views of 3D-reconstructed EOMs,

only the retractor bulbi and superior rectus could be clearly identified among the non-segre-

gated muscle fibers in Aldh1a3-/- embryos (Fig 4G and 4G’). As expected from global invalida-

tion of retinoic acid signaling, EOM perturbation was more severe in BMS493-treated

embryos (Fig 4H and 4H’). The superior oblique was absent or continuous with the anterior

part of the anlage, and the medial portion of the retractor bulbi was thicker and less clearly iso-

lated from the rest of the anlage (Fig 4H). In both conditions of ATRA deficiency, Tenascin

and Scx-GFP+ cells were present at the tips of the individual, though mispatterned, muscles at

this stage (Fig 4G’, 4H’, and S5 Video). Analysis of Aldh1a3-/- and BMS493-treated embryos

revealed, on average, a 26% reduction in the EOM volume compared with controls (Fig 4I, S2

Data). However, MyHC+ myofibers were present in Aldh1a3-/- and BMS493-treated embryos

(Fig 4G and 4H), suggesting that EOM differentiation was not overtly affected in these condi-

tions. Instead, these observations suggest that EOM fiber alignment and segregation of the

muscle masses are dependent on retinoic acid signaling.

As dose and temporal control are critical in the context of retinoic acid signaling [27,32,68],

we performed other BMS493 injection regimes between E10.5 and E12.5 (S1 Table). EOM
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Fig 4. Extraocular muscle morphogenesis is dependent on ATRA. (A) Immunostaining for ALDH1A3 on coronal sections of E10.5, E11.5, and E12.5 control

embryos (n = 3). (B) Scheme of retinoic acid signaling pathway with key enzymes for oxidation of retinol (Vitamin A) and retinaldehyde (pink) and mutants/

inhibitors used in this study (blue). (C-D”’) Micro-CT-based 3D-reconstruction of chondrogenic mesenchymal condensations of nasal capsule, trabecular
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patterning phenotypes categorized as strong or severe at E13.5 were only obtained when an

E10.75 time point of injection (8 PM of day E10.5) was included in the regime (experiment

type I-III, S1 Table, and S5D Fig). Surprisingly, even a single injection at this time point

resulted in strong phenotypes (experiment type IV, S1 Table, and S5D Fig), whereas exclusion

of this time point (experiment type V, S1 Table, and S5D Fig) resulted in only mild phenotypes

at best. Therefore, we identified an early and restricted temporal window in which ATRA

activity, prior to any sign of muscle splitting, impacts correct muscle patterning 36–48 hours

later. Given the critical action of RDH10 in generating retinaldehyde, the intermediate metab-

olite in the biosynthesis of ATRA, we examined EOM development in Rdh10 mutant embryos.

Rdh10 is normally expressed in the optic vesicle and RPE [69], and in Rdh10-/- embryos, eyes

develop intracranially, close to the diencephalon with a very short ventral retina [65]. WMIF

analysis of Rdh10 mutant EOMs revealed that the anlage was specified but lacked any sign of

segmentation, in agreement with an upstream role in ATRA synthesis (S5E and S5F Fig).

Taken together, our data show that retinoic acid signaling is essential for the correct myofiber

alignment and segregation of EOM masses in a dose- and time dependent manner.

ATRA-responsive cells drive muscle patterning in the periocular

mesenchyme

In all body regions, muscle connective tissue plays a central role in muscle patterning [22].

Moreover, this process appears to be tightly coupled to development of tendons and tendon

attachment sites [15,70–72]. To determine whether the role of retinoic acid signaling in EOM

patterning is direct in myogenic cells or indirect, through action in adjacent connective tissues,

we tracked cells that are responsive to ATRA using a novel retinoic acid transgenic Cre

reporter line [73]. This transgenic line comprises 3 retinoic acid response elements (RARE)
from the Rarb gene fused to the Hspa1b minimal promoter driving expression of a tamoxifen-

inducible Cre-ERT2 recombinase (Tg:RARE-Hspa1b-Cre/ERT2, designated as Tg:RARE-
CreERT2 for simplicity). By crossing this line with the R26mTmG or R26Tom reporter mice

[74,75] (Fig 5A), we permanently labeled ATRA-responsive cells and their descendants with

membrane-tagged GFP or tdTomato. Different tamoxifen regimes showed that a greater num-

ber of responsive cells were present in the periocular region when tamoxifen was administered

between E9.75–E10.5 (S6A–S6C Fig). This finding is in agreement with BMS493 treatments

identifying E10.75 as a critical time point for the action of ATRA (S1 Table and S5D Fig) and

the fact that maximal recombination efficiency can be achieved between 12–24 hours upon

tamoxifen induction [76,77].

To assess whether myogenic cells and adjacent POM cells respond to retinoic acid signal-

ing, we microdissected the periocular region of Tg:RARE-CreERT2;R26mTmG embryos and

subjected it to mild digestion in bulk. Cells were allowed to attach to culture dishes, immunos-

tained, and scored for co-expression of GFP and myogenic markers (MYOD, MYOG). Nota-

bly, the great majority of reporter positive-responsive cells were not myogenic (Fig 5B and 5C,

cartilage, EOM, eyeball, optic nerve, and lens in E13.5 control, Aldh1a3KO and BMS493-treated embryos. EOM visualization in context of whole head (D), nasal

capsule (D’-D”), trabecular cartilage (D”’). (E) Raw micro-CT data (n = 2). (F-H) 3D-reconstructions of WMIF for MyHC of E13.5 control (F), Aldh1a3KO (G)

and BMS493-treated embryos (H) (n> 9). EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris (Bitplane). EOMs are shown as

isosurfaces for clarity of visualization. (1–7) denote non-segregated muscle masses with differential fiber orientation (see also S5D Fig). Raw immunostaining data

for MyHC (myofibers) and Tnc (tendon) are shown in panels F’-H’. Double asterisk in G,H indicate fused muscle mases. Asterisk in G indicate misoriented

medial rectus. (I) Relative EOM volume (compared with control) of WMIF in F-H. Each dot represents an individual embryo (n> 9). Mann–Whitney test. See S2

Data for individual values. a, anterior; ATRA, all-trans retinoic acid; ce, presumptive corneal epithelium; ctrl, control; d, dorsal; dr, dorsal retina; 3D-rec, 3D-

reconstruction; e, eyelid groove; E, embryonic day; EOM, extraocular muscle; hc, hypochiasmatic cartilage; io, inferior oblique; ir, inferior rectus; l, lateral; le, lens;

lr, lateral rectus; m, medial; mr, medial rectus; micro-CT, micro computed tomography; os, optic stalk; p, posterior; rb, retractor bulbi; rpe, retinal pigmented

epithelium; RAR, retinoic acid receptor; RXR, retinoid X receptor; se, surface ectoderm; so, superior oblique; sr, superior rectus; v, ventral; vr, ventral retina.

https://doi.org/10.1371/journal.pbio.3000902.g004
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S6D Fig and S3 Data). We next performed immunostaining in whole-mount to assess the spa-

tial distribution of ATRA-responsive cells in periocular connective tissues (Fig 5D–5F’). This

analysis revealed that the mesenchyme around the optic nerve in close proximity to the devel-

oping EOMs was positive for the reporter. Interestingly, the number of POM GFP+ cells

increased from E11.75 to E12 (Fig 5D’–5F’), which is the temporal window corresponding to

EOM splitting (Fig 2A and 2B). Inactivation of downstream retinoic acid signaling with

BMS493, prior and subsequent to the induction of Tg:RARE-CreERT2;R26mTmG mice with

Fig 5. Periocular connective tissues are responsive to retinoic acid signaling. (A) Scheme of mouse alleles used. (B) Strategy used to determine cell types

reponsive to retinoic acid signaling in Tg:RARE-CreERT2;R26mTmG embryos. Tamoxifen was injected to pregnant females at E9.75 or E10.5 and analysis

performed (bulk, sections or WMIF) at E11.75 or E12.5. (C) The percentage of recombined (GFP+) cells within the non-myogenic or myogenic

populations (PAX7+, MYOD+, MYOG+) was assessed by immunostaining on bulk cell preparations of the periocular region of Tg:RARE-CreERT2;
R26mTmG embryos following different tamoxifen treatments. Each dot represents an individual embryo (n> 4 embryos/condition). See S3 Data for

individual values. (D-F’) WMIF of Tg:RARE-CreERT2;R26mTmG embryos for SMA (differentiated muscle) and GFP (ATRA-responsive cells) at the

indicated embryonic stages. The number of reporter positive cells at the place where the developing medial rectus muscle will project increases from E11.75

(blue arrowhead) to E12 (white arrowheads). Asterisks mark the optic nerve (n = 3). (G-I) Coronal sections of E12.5 Tg:RARE-CreERT2;R26Tom;Scx-GFP
embryos immunostained for GFP, Tom (ATRA-responsive cells), MYOD/MYOG (muscle), and CD31 (endothelial cells). Higher-magnification views as

insets. Asterisks in G1 indicate sporadic labeling in myogenic cells (n = 3). (J-K’) WMIF for MyHC (myofibers) of E12.5 control (Tg:Wnt1Cre;Rarbfl/+;
Rargfl/+) (J,J’) and mutant (Tg:Wnt1Cre;Rarbfl/fl;Rargfl/fl) (K,K’) EOM. Medial and lateral views are shown. Note absence of splitting in mutant EOM.

Arrowheads indicate split EOM in controls (n = 2 per genotype). In D-F’ and J-K’ EOMs were segmented from adjacent head structures and 3D-

reconstructed in Imaris (Bitplane). EOMs are shown as isosurfaces for clarity of visualization. a, anterior; ATRA or RA, all trans retinoic acid; ctrl, control;

d, dorsal; 3D-rec, 3D-reconstruction; E, embryonic day; EOM, extraocular muscle; l, lateral; m, medial; mGFP, membrane-tagged GFP; p, posterior; RAR,

retinoic acid receptor; RXR, retinoid X receptor; SMA, alpha smooth muscle actin; Tam, Tamoxifen; v, ventral; WMIF, whole-mount immunofluorescence.

https://doi.org/10.1371/journal.pbio.3000902.g005
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tamoxifen (S6E Fig), greatly reduced the responsiveness of the reporter in the POM compared

with non-treated controls (S6F–S6I Fig, S6 and S7 Videos).

As with experiments on isolated cells, the great majority of tdTomato positive-responsive

cells on tissue sections of Tg:RARE-CreERT2;R26Tom embryos were not myogenic at ventral

(Fig 5G) and dorsal levels (S6J Fig). tdTomato positive-responsive cells co-expressed Scx-GFP
(Fig 5G and 5H), Sox9 (Fig 5H) or the endothelial cell marker CD31 along the choroid (vascu-

lar layer of the eye) and ciliary arteries around the optic nerve (Fig 5I). Together, these results

are in agreement with previous studies [34–36] showing that despite a sophisticated pattern of

ATRA metabolism in the developing retina, retinoic acid signaling exerts its action mostly

non-cell autonomously. We show that ATRA targets various connective tissue types of the

POM within a temporal window that is crucial for EOM patterning.

As ATRA-responsive cells were found in NCC- (ventral POM) and mesoderm-derived cell

compartments (dorsal POM, choroid, and a fraction of myogenic progenitors), we performed

more selective perturbations of retinoic acid signaling with available genetic tools. Expression

of a dominant negative nuclear retinoid receptor isoform in myogenic cells (MyodiCre;

R26RAR403, [78,79]) did not result in noticeable EOM patterning defects (S6K–S6L’ Fig). We

then inactivated the RARβ and RARγ receptors in the NCC-derived POM, which respond to

ATRA synthesized by the retina [80,81], using the Tg:Wnt1Cre driver (Tg:Wnt1Cre;Rarbfl/fl;
Rargfl/fl, [35]). WMIF for muscle in Tg:Wnt1Cre;Rarbfl/fl;Rargfl/fl embryos showed absence of

muscle splitting (Fig 5J–5K’), and this was as severe as that observed in fully ATRA-deficient

Rdh10-/- embryos (S5F Fig). Altogether, these data suggest that synthesis of ATRA from neural

derivatives (retina, optic nerve, RPE) is crucial for EOM patterning, through its action on

NCC-derived periocular connective tissues at earlier stages.

Defective organization of EOM insertions in embryos deficient in retinoic

acid signaling

Having adressed a major role of ATRA in NCC-derived cells of the POM for EOM patterning,

we set out to assess which specific connective tissue subpopulations, including the EOM inser-

tions in the POM, were affected in Aldh1a3-/- and BMS493-treated embryos. First, we exam-

ined the distrubution of Collagen XII (Fig 6A–6C’), a marker of the sclera and corneal stroma

[82], on tissue sections at E12. We observed a marked reduction of Collagen XII (Col XII) at

the level of the medial-POM that gives rise to the sclera, upon ATRA deficiency (Fig 6B–6C’).

In addition, although PITX2 was expressed continuously in the entire POM and corneal

stroma in controls (Fig 6D and 6D’), expression in the medial-POM was selectively lost upon

ATRA deficiency (Fig 6E–6F’). This observation is in agreement with Pitx2 being a retinoic

acid signaling target in the NCC-derived POM [34–36] and the sclera being absent at fetal

stages in Rarb/Rarg-NCC mutants [35]. Interestingly, POM organization was unaffected in

Myf5nlacZ/nlacZ mutants (Fig 6G and 6G’), in which the initial EOM anlage forms but myogen-

esis is aborted from E11.5 [83].

To understand whether the abnormal distribution of POM markers translates into EOM

insertion defects and how EOM development and insertion sites are coordinated, we exam-

ined the organization of the POM-ring in control, Aldh1a3-/-, and BMS493-treated embryos.

We systematically compared E11.75 and E12 embryos to visualize the organization of these tis-

sues prior to and during muscle splitting (Fig 6H–6P and S7A–S7N Fig). Control embryos

showed the presence of overlapping SOX9 and PITX2 POM-ring domains, together with 4

foci of apoptosis labeling the prospective tendon attachment points of the 4 recti muscles (Fig

6H–6J, S7A–S7C’, S7E and S7F Fig). As expected, ATRA deficiency perturbed these patterns

in a dose-dependent manner. At the level of the POM-ring, Aldh1a3-/- embryo heads displayed
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narrower SOX9 and PITX2 expression domains than controls (Fig 6K–6L, S7G and S7H Fig).

In BMS493-treated embryos, expression of these genes in the POM-ring (Fig 6N, 6O, S7D,

S7D’, S7I and S7J Fig) was further reduced to a minority of cells. Accordingly, foci of apoptosis

were lost or disorganized in both cases of ATRA deficiency with a single LysoTracker Red spot

almost invariably present in the ventral POM in both conditions (Fig 6M, 6P, S7H and S7J

Fig). In medial views of reconstructed 3D volumes, PITX2 showed continuous expression

Fig 6. Altered EOM insertions in the POM upon ATRA deficiency. (A-C’) Immunostaining for ColXII on E12 coronal sections. ColXII expression is lost in the

medial POM (future sclera) but not in the corneal stroma of Aldh1a3KO (B,B’) and BMS493-treated embryos (C,C’). Higher magnification of ColXII staining as insets in

(A’-C’). (D-G) Immunostaining for PITX2 (muscle progenitors, POM) and MYOD/MYOG (myogenic cells) on E12 coronal sections. Asterisks indicate superior

oblique muscle. Red dashed lines delimitate the POM in controls (D) and Myf5nlacZ (G) embryos. Higher magnification of PITX2 staining as insets in (D’-G’). Note

absence of PITX2 expression in medial-POM of Aldh1a3KO (E,E’) and BMS493-treated embryos (F,F’). (H-P) WMIF for SOX9 and PITX2 of E12 control (H-J),

Aldh1a3KO (K-M) and BMS493-treated (N-P) embryos preincubated with LysoR (left eyes). Aldh1a3KO and BMS493 embryos do not show a complete POM-ring as

controls (dashed lines in H,I). Arrowheads mark remaining expression of SOX9/PITX2 in the POM of Aldh1a3KO (K,L) or inhibitor-treated (O) embryos. Asterisks in

(J, M, P) mark apoptosis spots in POM. (Q-R) WMIF for MyHC (myofibers) and GFP on E12 control (Q) and BMS493-treated Tg:Scx-GFP embryos (R). WMIF for β-

gal (myogenic progenitors) and GFP on E12 Tg:Scx-GFP;Myf5nlacZ/nlacZ E12 embryos (S) (left eyes). The periocular area was segmented from adjacent structures for ease

on visualization (dashed lines). White arrowheads in Q and S highlight correct position of tendon condensations for medial rectus muscle. Blue arrowhead in R marks a

diffuse Scx-GFP+ pattern at the position of the mispatterned medial rectus muscle. (Q’-S’) Single Z-section of the segmented volume. White arrowheads in Q’,S’ show

tendon tips and white arrows correct Scx-GFP+ connective tissue pattern along with muscle (Q’) or prospective muscle masses (S’). Blue arrowhead in R’ marks a

Scx-GFP+ condensation at the muscle tip. Asterisks mark position of the optic nerve. (n = 3 per condition). a, anterior; ATRA, all-trans retinoic acid; cs, corneal stroma;

ctrl, control; d, dorsal; eom, extraocular muscles; l, lateral; le, lens; LysoR, LysoTracker red; m, medial; nlg, nasolacrimal gland; p, posterior; pom, periocular

mesenchyme; pom-r, periocular mesenchyme ring; v, ventral; WMIF, whole-mount immunofluorescence.

https://doi.org/10.1371/journal.pbio.3000902.g006
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from the POM-ring to the medial-POM in control embryos (Fig 2D, S7K Fig and S2 Video),

whereas we noticed loss of PITX2 expression in both cases of ATRA deficiency (S7M and S7N

Fig, blue arrowheads) as observed on tissue sections (Fig 6E’ and 6F’). Consistent with these

results, the Tg:RARE-CreERT2;R26mTmG reporter showed a marked reduction of ATRA-

responsive cells in the medial POM and POM-ring of Aldh1a3-/- and BMS493-treated embryos

when compared with controls (S7O-S7Q’ Fig and S8–S10 Videos). Thus, as seen in other body

regions, where development of muscles and bone superstructures into which they insert are

tighly coordinated [70], the development of the EOMs is tightly coupled to development of

their insertion sites in the soft tissues of the POM.

As tendons were present at muscle tips in E13.5 Aldh1a3-/- and BMS493-treated embryos

but located ectopically with respect to a wild-type configuration (Fig 4F’–4J’), we suspected

that the initial 3D organization of Scx-GFP+ tendon and connective tissue progenitors might

also be affected. We performed WMIF for differentiated muscle (MyHC) and tendon progeni-

tors (Tg:Scx-GFP) and segmented the reconstructed 3D volume. In control embryos at E12.5,

Scx-GFP+ condensations projected from the tips of the future 4 recti muscles toward the

POM-ring (Fig 6Q and S11 Video), facing the 4 foci of apoptosis (Fig 6J and S4 Video). More-

over, as observed in tissue sections (Fig 1A1, 1D1, and S1G–S1H’ Fig), Scx-GFP+ and TCF4

+ cells were also present in POM connective tissues presaging the final locales of the recti mus-

cles (Fig 6Q’ and S7R Fig). In BMS493-treated embryos at E12, Scx-GFP and TCF4 expression

were less organized and diffuse (Fig 6R and 6R’, and S7S Fig), yet Scx-GFP+ condensations

started to form at the tips of ectopic muscle masses (Fig 6R’ and S12 Video). Altogether, these

results show that ATRA is required for the proper specification/organization of NCC-derived

POM connective tissues, which includes the muscle connective tissue, tendons, and their

insertion sites.

In stark contrast with what we observed upon ATRA deficiency, Scx-GFP and TCF4 prepat-

terning in POM connective tissues was preserved in muscle-less Myf5nlacZ/nlacZ mutants (Fig

6S and 6S’, and S7T Fig). Moreover, Scx-GFP+ tendon condensations formed at the tips of pro-

spective (albeit absent) recti muscles (Fig 6S and 6S’). This situation is similar to the especifica-

tion of individual tendons on muscle-less limbs [20,84] and branchial arches [41]. However, at

later stages, tendons did not continue their maturation in the absence of EOMs (S7V and S7V’

Fig, S13 and S14 Videos), reinforcing the notion that, as in most other anatomical locations

[2], tendon differentiation and maintenance ultimately rely on muscle–tendon interactions.

In summary, ATRA produced by the developing eye influences the organization of the

entire NCC-derived POM, allowing integration of these tissues into a musculoskeletal fun-

tional unit (S8 Fig).

Discussion

The striking differences in embryological origins, function, and susceptibility to disease

among cranial and somite-derived muscles [26] provides impetus to study in detail the mor-

phogenesis of different muscle groups and their integration as part of the musculoskeletal sys-

tem. Here, we focused on EOMs, an evolutionary conserved group of muscles that are

precisely engineered for fine displacement of the eyeball and thus, crucial for visual acuity.

Using genetic and 3D imaging approaches, we analyzed EOM development from their emer-

gence as a unique anlage to the establishment of a fully formed functional unit with insertions

in the sclera, which sets it apart from classical muscle-to-bone insertions studied to date. We

identified a spatiotemporal window in which retinoic acid signaling from the target organ is

required for patterning of NCC-derived soft tissues of the POM. These findings provide

insights into the deployment of site-specific programs for the establishment of anatomically
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distinct muscle functional units, with precise definition of muscle shapes and topographical

wiring of their tendon attachments.

Dual origin of EOM insertions

The connective tissues of the rostral cranium (bone, cartilage, tendon, and muscle connective

tissue) were reported to be derived from the neural crest [3,7,8]. However, the hypochiasmatic

cartilages, from which the recti muscles originate in mammals, are an exception to this rule as

they are mesoderm derived [85]. Here, we found that at this location, tendon and muscle con-

nective tissue are also of mesodermal origin. As such, EOMs originate in mesoderm-derived

bone and insert in NCC-derived fibrous tissue of the sclera with muscle connective tissue fol-

lowing the embryonic origins of the respective attachments, as observed in other anatomical

locations [86]. Taken together, our observations redefine a novel boundary for NCC contribu-

tion to the connective tissues of the periocular region and suggest that at their origin in the

base of the skull, the EOMs and their associated connective tissues might have evolved neo-

morphically in situ from the same mesodermal source.

RA responsiveness on the POM

Previous studies showed that NCCs have a critical role in the acquisition of cranial muscle

morphology [9,13–16]. Our data using the Tg:RARE-CreERT2 reporter and following invalida-

tion of Rarb/Rarg in NCC derivatives suggest that the action of retinoic acid signaling on EOM

patterning is also indirect, through its action on periocular connective tissues.

The observation that BMS493 treatments to impair ATRA signaling results in a more severe

phenotype than that observed in Aldh1a3 mutants could have several explanations. First,

BMS493 is not a RAR antagonist but pan-RAR inverse agonist, which is capable of repressing

RAR basal activity by favoring the recruitment of corepressors and promoting chromatin com-

paction [87]. Second, additional sources of ATRA could signal to the POM and be inhibited by

the BMS493 treatment. Candidates include Aldh1a1 (retina), Aldh1a2 (temporal mesen-

chyme), and Cyp1B1, a member of the cytochrome p450 family of monooxygenases that can

generate ATRA in the retina in a retinaldehyde dehydrogenease-independent manner [88].

Noneless, the severe patterning phenotypes observed in the Aldh1a3 single mutant suggest

that the local synthesis of ATRA in the RPE, optic stalk, and ventral retina at early stages

(around E10.5) cannot be fully compensated by the action of other retinaldehyde dehydrogen-

eases in adjacent tissues (this study, [31,64]).

Interestingly, although the constitutive RARE-hsp68-lacZ transgene displays strong reporter

activity in the retina and RPE [34,89], we observed a strong ATRA response in the choroid

and in POM connective tissues with the Tg:RARE-CreERT2;R26Tom reporter. However, one

needs to consider that this type of reporter provides an off/on readout whose threshold level of

response might depend on Cre levels, accesibility of the locus to recombination, and stochastic

epigenetic mechanisms [90–93]. Given the difficulties in invalidating retinoic acid signaling in

a cell-type-specific fashion and on cells perceiving a certain level of ATRA activity, it remains

unclear how a gradient-like signaling system transitions to defined territories of transcription

factor activity that will ultimately govern morphogenesis at a local level. We foresee that

advances in single-cell transcriptomic approaches will help resolve the consecutive steps of

musculoskeletal patterning in this and other anatomical locations.

EOM and tendon patterning are concerted processes under RA control

We identified a short temporal window (E10.5–E11.75) in which ATRA is essential for the pre-

cise morphogenesis of several elements of the POM, including the formation of tendon
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condensations and insertion sites in the POM-ring. These phenotypes are already evident

from E11.75, a stage in which the EOM still figures as a muscle anlage. Interestingly, analysis

of chick and mouse limb development also identified a short time window in which limb mes-

enchyme perturbations result later in muscle and tendon patterning defects [71,94]. Moreover,

concomitant muscle and tendon defects have been observed in the chick limb and zebrafish

jaw upon retinoic acid signaling misregulation [15,95]. Altogether, these results suggest that at

certain anatomical locations, including the EOMs, endogenous local variations in the concen-

tration of retinoids contribute to the establishment of Scx-GFP+ condensations, a critical step

in muscle functional unit assembly.

Role of RA in the integration of EOM patterning and insertion site

formation

The EOMs insert into the sclera, a non-bone structure in mammals. The generation of 4

attachment points that precisely mirror the position of the 4 recti muscles is a morphogenesis

conundrum, as details on their specification are scarse. Four mesenchymal condensations

have been described at the periphery of the developing optic cup in cat and human embryos,

in positions facing the locations of the recti muscles [96,97]. In the mouse, at equivalent devel-

opmental timepoints (E11.5-E12.5) and homologous positions, apoptotic foci were observed

and suggested to provide attachment for the recti muscles [51]. Using 3D imaging, we showed

that at E11.75, the apoptotic foci are aligned with Scx-GFP+ condensations that project medi-

ally, before any sign of splitting of the EOM anlage. As the apoptotic foci decrease in size from

E12.5 onwards concomittant with ongoing muscle splitting and tendon formation, it is possi-

ble that they initially presage the POM for future tendon insertions but are not required for

attachment per se. These foci appear in condensed SOX9+ PITX2+ cell domains of the future

sclera; however, to our knowledge, their presence has not been reported in superstructures at

other anatomical locations.

In agreement with the role of RA in the induction of cell death in other locations in the

embryo [64], our study shows that upon perturbation of RA signaling, the apoptotic foci in the

POM are absent or severely reduced. However, it is also possible that the loss of apoptotic foci

upon RA inhibition is secondary to loss or mispatterning of the SOX9+ PITX2+ POM-ring.

Thus, it will be of interest to determine whether null or NCC-specific mutations in PITX2

affect the patterns or amount of naturally occurring cell death in the periocular condensations.

Although our work sheds light on the genetic mechanisms that regulate EOM insertion, the

cellular mechanisms underlying this process remain undefined. It is tempting to speculate that

the apoptotic foci are related to the disappearance of signaling centers [98,99] or compaction-

mediated cell death and extrusion [100]. Future experiments directed towards modifying the

amount or timing of cell death will be informative.

Few reports have demonstrated that mispatterning of specific muscles is coupled with aber-

rant superstructures [13,70,72] or removal of the prospective tendon attachment sites [95].

Our results are in agreement with that model, given that EOM mispatterning is concomitant

with aberrant EOM insertions. As mammals do not develop a cartilage layer within the sclera

[57,101], transient expression of SOX9 in the POM-ring of mouse embryos at the time of

EOM patterning is intriguing. In the developing limb and jaw, tendon and bone are attached

by a transitional connective tissue that develops from bipotent progenitors that co-express Scx

and SOX9 [53–56], before progenitors are allocated to either cartilage or tendon lineages. Sim-

ilarly, we observed a transient population of Scx-GFP/SOX9 double-positive cells at the inser-

tion sites in the POM. In this context, our data suggest that SOX9 expression may represent a

redeployment of the developmental module for tendon attachment, despite the fact that there
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is no definitive cartilage in the mammalian sclera. Genetic studies will be required to ulti-

mately assess the functional relevance of this population in EOM attachment.

Finally, transcriptome analysis revealed the existence of global and regional regulatory

modules for superstructure patterning in the limb bones, offering a mechanism to induce vari-

ations in attachment sites without having to rewrite the entire skeletogenic program [102]. As

several markers of the POM (Pitx2, Foxc1/2) and retinoic acid signaling modulators (Cyp26a1/
b1) were identified as part of specific limb superstructure signatures [102], it is tempting to

speculate that those genes also play a conserved role in the generation of the attachment mod-

ule of the EOMs.

Conclusion

The developing eye has been proposed to be key organizer of craniofacial development, inde-

pendent of its role in vision [103]. This notion is based on the role of the eye for proper NCC

migration to the periocular region [104], the common association of ocular and craniofacial

developmental abnormalities [105] and the initial development of an eye in blind vertebrate

species [103,106,107]. Moreover, as the appearence of a "camera-type” eye is a vertebrate inno-

vation [108], and the EOM are already present in lamprey [4], it is possible that muscles and

their target tissue might have co-evolved. Here, by characterizing coordinated patterning of

the EOMs, their respective tendons and insertions, our findings illustrate further the role of

the developing eye as a signaling center allowing integration of the EOM functional unit in the

POM. Our results show that the tissue interactions during the development of this craniofacial

muscle unit share features with those described in the limb but with additional regional prop-

erties (e.g., cell death, specification of attachments in the sclera) that seem to have been specifi-

cally incorporated into this group. Moreover, the capacity to instruct muscle patterning

through variations in connective tissue derivatives provides a mechanism to explain the plas-

ticity of the musculoskeletal system, at the anatomical and interspecies levels, while ensuring

functional integration during evolution. These findings also imply that the generation of mus-

culoskeletal units do not require major restructuring of the developmental programs of all the

tissues implicated. Instead, co-option of a general program and simultaneous addition of local

features appear to elaborate musculoskeletal diversity.

Materials and methods

Mouse strains and animal information

Animals were handled as per European Community guidelines, and the ethics committee of

the Institut Pasteur (CETEA) approved protocols (Licence 2015–0008). The following strains

were previously described: Aldh1a3KO [64], Mesp1Cre [46], Tg(RARE-Hspa1b-cre/ERT2), desig-

nated here as Tg:RARE-CreERT2 [73], R26Tom (Ai9; [74]), R26mTmG [75], Tg:Scx-GFP [48],

Myf5nlacZ [109], MyodiCre ([79,110]), Rarbflox [111], Rargflox, [112], Rdh10KO [65], Pax6Sey/Sey

[59], and Tg:Wnt1Cre [45]. R26RAR403 ([78]) mice contain a loxP-flanked STOP sequence

upstream of a mutated human RAR alpha gene, which behaves as a dominant negative receptor

for all nuclear receptors upon Cre-mediated recombination. Rdh10KO embryos were received

from the laboratory of Pascal Dollé. Tg:Wnt1Cre;Rarbfl/fl;Rargfl/fl embryos were received from

the laboratory of Valérie Dupé. Pax6Sey/Sey and control embryos were received from the labora-

tory of James Briscoe. Tg:Lhx2Cre;Lhx2fl/fl [61] were received from the laboratory of Leif Carls-

son. Shh(invC-6)2 embryos were received from the laboratory of François Spitz.

To generate experimental embryos for Mesp1Cre or Tg:Wnt1Cre together with Tg:Scx-GFP
and R26Tom lineage tracings, Cre/+ males were crossed with Tg:Scx-GFP;R26Tom/Tom females.

Mice were kept on a mixed genetic background C57BL/6JRj and DBA/2JRj (B6D2F1, Janvier
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Labs). Mouse embryos and fetuses were collected between E10 and E18.5, with noon on the

day of the vaginal plug considered as E0.5. Pregnant females were euthanized by cervical

dislocation.

To induce recombination with the Tg:RARE-CreERT2;R26mTmG line, 5 mg of tamoxifen

(Sigma #T5648) were administered by gavage to pregnant females. A 25 mg/ml stock solution

in 5% ethanol and 95% sunflower seed oil was prepared by thorough resuspention with rock-

ing at 4˚C.

To inhibit retinoic acid signaling, pregnant females of relevant genotypes were injected

intraperitoneally with 10 mg/kg of BMS493 (Tocris, 3509), a pan-RAR inverse agonist. A

5-mg/ml BMS493 stock solution in DMSO (SIGMA, D2650) was prepared and stored in single

use aliquots at −20˚C in tight cap tubes. At the time of injection, the aliquot was thawed, 200 μl

of sterile PBS was added per 50μl aliquot and injected immediately.

Immunofluorescence, detection of cell death, and in situ hybridization

Embryos were fixed for 2.5 hours in 4% paraformaldhehyde (PFA; 15710, Electron Microscopy

Sciences) in PBS with 0,2–0,5% Triton X-100 (according to the embryonic stage) at 4˚C and

washed overnight at 4˚C in PBS. For cryosectioning, embryos were equilibrated in 30%

sucrose in PBS overnight at 4˚C and embedded in OCT. Cryosections (16–18 μm) were

allowed to dry at RT for 30 minutes and washed in PBS. Immunostaining was performed as

described in [113]. An anti-DsRed antibody (rabbit) was used to enhance the R26Tom signal

except when co-staining was performed with antibodies raised in rabbit. In this case, the

endogenous reporter signal was used. An anti-GFP antibody (chicken) was used to enhance

the R26mTmG and Tg:Scx-GFP signal in whole-mount and section immunostainings.

Scx in situ hybridization was performed as per manufacturer instructions using the RNA-

scope Multiplex Fluorescent V2 Assay [113] and RNAscope Probe-Mm-Scx probe (Cat No.

439981). Sample pre-treatments were performed as described in [113]. Signal development

was carried out using Opal 570 Reagent Pack (FP1488001KT, Perkin Elmer) diluted 1:1,500 in

the ACD-provided TSA buffer and followed up by immunostaining.

TUNEL staining, which marks double-strand breaks, was performed with the In Situ Cell

Death Detection Kit/Fluorescein (Roche, 11 684 795 910). Slides were first pretreated with a

2:1 mix of Ethanol:Acetic Acid for 5 minutes at −20˚C, washed twice for 20 minutes with PBS

at RT, and processed for TUNEL staining as described by the manufacturer.

For whole-mount immunostaining, embryos were fixed and washed as described here and

dehydrated in 50% Methanol in PBS and twice in 100% Methanol, 30 minutes each at RT and

kept at −20˚C till needed. Heads were rehydrated, the periocular region was microdissected in

PBS, and immunostaining performed as described in [113]. For embryos older than E13.5, the

alternative pretreatment (containing 0.1% Tween-20, 0.1% TritonX100, 0.1% Deoxycholate,

0.1% NP40, 20% DMSO in PBS) and primary antibody immunolabeling steps of the idisco

protocol (https://idisco.info/idisco-protocol/) were generally used. In all cases, secondary anti-

bodies were applied in blocking buffer as described in [113] for>4 days at 4˚C with rocking.

After immunolabelling, samples washed in 0.1% Tween/PBS, dehydrated in 50% Methanol in

PBS and 100% Methanol 10 minutes each at RT, cleared with a mix benzyl alcohol and benzyl

benzoate (BABB), and mounted for imaging as described in [114].

LysoTracker Red staining was used for detection of cell death in whole-mount live tissues

as it reveals lysosomal activity correlated with increased cell death [52,115]. Embryos were

quickly dissected in HBSS (Invitrogen, 14025–092), incubated in 2-ml tubes containing 5 μM

of LysoTracker Red DND-99 (Molecular Probes, L7528) 45 minutes at 37˚C with rocking in
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the dark, washed twice in PBS, fixed and processed for cryosections or whole-mount immu-

nostaining as described previously.

Antibodies

Primary and secondary antibodies used in this study are listed in S2 Table. To detect differenti-

ating EOMs, we used a-smooth muscle actin (SMA), which is transiently expressed in differen-

tiating myoblasts and myotubes [116–118]; Desmin, an early cytoskeletal muscle protein

expressed in myoblasts, myotubes, and myofibers [116,119]; and myosin heavy chain (MyHC)

to label sarcomeric myosin [120].

Static imaging

A Zeiss SteREO Discovery V20 macroscope was used for imaging the endogenous fluorescence

of whole embryos at the time of dissection. For tissue sections and whole-mount immunos-

taining of cleared embryos, a LSM700 and a LSM800 laser-scanning confocal microscope with

ZEN software (Carl Zeiss, www.zeiss.com) were used.

All images were assembled in Adobe Photoshop and InDesign (Adobe Systems). Volume-

3D rendering of the Z-stack series was performed in Imaris (version 7.2.1) software (Bitplane).

For ease of EOM visualization, the Z-stack volumes were first manually segmented to define

the EOM or the whole POM area using the Isosurface Imaris function. The signal outside the

isosurface was set to zero, the corresponding channel duplicated, and subsequently, a new iso-

surface was created using automatic thresholding on the new channel. This new isosurface was

used to calculate the corresponding EOM volumes.

In situ hybridization

Whole-mount in situ hybridization with digoxigenin-labeled antisense mRNA probes was per-

formed as described previously in [90]. The Aldh1a1, Aldh1a2, and Aldh1a3 probes were pre-

viously described in [34,36].

micro-CT analysis

The tissue contrasting protocol has been adapted from the original protocol developed by

[121] and applied to mouse embryos as described in [122] and [86]. For tissue contrasting,

E13.5 embryos were stained in 0.5% phospho-tungstic acid (PTA) in 90% methanol for 4 days,

E15.5 embryos were stained in 0.7% PTA in 90% methanol for 1 week.

The micro-CT analysis of the embryos was conducted using the GE phoenix v|tome|x L 240

(GE Sensing and Inspection Technologies GmbH, Germany), equipped with a 180 kV/15W

maximum power nanofocus X-ray tube and flat panel detector DXR250 with 2048 × 2048

pixel, 200 × 200 μm pixel size. The exposure time of the detector was 900 milliseconds in every

position over 360˚. Three projections were acquired and averaged in every position for reduc-

tion of the noise in micro-CT data. The acceleration voltage was set to 60 kV and tube current

to 200 μA. The radiation was filtered by 0.2 mm of aluminium plate. The voxel size of obtained

volumes (depending on a size of an embryo) appeared in the range of 2–6 μm. The tomo-

graphic reconstructions were performed using GE phoenix datos|x 2.0 3D CT software (GE

Sensing and Inspection Technologies GmbH, Germany). The EOM, eye, and cartilages in the

embryo head were segmented by an operator with semiautomatic tools within Avizo - 3D

image data processing software (FEI, USA). The 3D segmented region was transformed to a

polygonal mesh as an STL file and imported to VG Studio MAX 2.2 software (Volume Graph-

ics GmbH, Germany) for surface smoothing and 3D visualization.
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Cell isolation from the periocular region and bulk cell cultures

The periocular region of Tg:RARE-CreERT2;R26mTmG embryos (including the eye itself) was

microdissected and minced with small scissors inside a 2-ml Epperndorf tube. Samples were

incubated with 1 ml of TrypLE Express (Invitrogen, 12604013) for 15 minutes at 37˚C with

agitation. Samples were resuspended by gently pipetting up and down 10–15 times using a

P1000 pipette. Upon addition of 1 ml of culture media containing (10 μg/ml) DNaseI (Roche,

11284932001), samples were spun 15 minutes at 500g at RT, pellet resuspended in 400 μl of

culture media containing of 20% fetal bovine serum (FBS, Gibco), 1% Penicillin-Streptomycin

(15140, Gibco), and 2% Ultroser G (15950–017, Pall Biosepra) in 50:50 DMEM:F12 (31966

and 31765, Gibco) and plated on individual wells of 8-well glass-bottom dishes (Ibidi, 80826)

coated with 1 mg/ml of Matrigel (354234, BD Biosciences). Cells were allowed to attach for 8

hours at 37˚C 5% CO2, washed with PBS, and fixed for 15 minutes at RT with 4% PFA in PBS.

After fixation, cells were washed in PBS and permeabilized with 0.5% Triton X-100 in PBS for

5 minutes at RT. After 3 washes in PBS (5 minutes each), cells were blocked with 20% goat

serum in PBS 1 hour at RT. Primary antibodies were added to cells in 2% goat serum in PBS

for 2 h at RT or ON at 4˚C. Cells were washed 3 times with PBS, incubated with secondary

antibodies for 1 hour at RT, washed in PBS, and kept in PBS for imaging.

Statistics

The number of embryos of each genotype used for analysis is indicated in the figure legends

and S1 Table. The graphs were plotted, and statistical analyses were performed using Prism8

(GraphPad Software, Inc). All data points are presented as mean ± SEM (error bars). Individ-

ual values can be found in S1, S2 and S3 Data files. Statistical tests used for analysis are indi-

cated on the respective figure legends. p-values less than 0.05 were considered significant (�p<
0.05; ��p< 0.01; ���p< 0.001).

Supporting information

S1 Fig. Lineage contributions to the EOM functional unit. (A-D) NCC (Tg:Wnt1Cre;R26Tom;
Scx-GFP) and mesoderm (Mesp1Cre;R26Tom;Scx-GFP) lineage contributions to the periocular

region on coronal cryosections of E17.5 embryos, combined with immunostaining for tendon

(GFP) and muscle (Tnnt3, Troponin T Type 3, differentiated muscle). Sections at ventral (A,

C) and dorsal (B,D) levels. Note that tendon insertions at the level of the orbit are NCC-

derived (A), whereas the tendon origin (D) is mesoderm-derived. Higher-magnification views

at the level of the tendon insertion (A1,C1) and origin (B1,D1) are shown as insets. Asterisk in

D1 indicates Scx-GFP+ cells in the perichondrium of the hypochiasmatic cartilage. (E-F’)

NCC (Tg:Wnt1Cre;R26Tom) and mesoderm (Mesp1Cre;R26Tom) lineage contributions to the

periocular region on coronal cryosections of E13.5 embryos, combined with immunostaining

for TCF4 and muscle (PAX7/MYOD/MYOG, myogenic markers). Note that TCF4 is

expressed robustly in connective tissue fibroblasts and at lower levels in myogenic cells. White

arrowheads in (E’,F’) mark Tom+, TCF4+, myogenic marker-negative connective tissue cells

in the NCC- and mesoderm-derived areas. Pink arrowheads in (E’,F’) mark myogenic cells

(TCF4low). (G-H’) Coronal cryosections of E13.5 Tg:Scx-GFP embryos, combined with immu-

nostaining for TCF4 (connective tissue, myogenic progenitors) and muscle (PAX7/MYOD/

MYOG). White arrowheads in (G’,H’) mark Tom+, TCF4+, myogenic marker-negative con-

nective tissue cells in the NCC and mesoderm-derived areas. Pink arrowheads in (G’,H’) mark

myogenic cells (TCF4low). (I,J) In situ hybridization on E12.5 (I) and E13.5 (J) coronal cryo-

sections for Scx combined with immunofluorescence for muscle (PAX7/MYOD/MYOG).

High levels of Scx mRNA are seen at the tendon origin and insertion but also in the bulk of the
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muscle masses (I’,J’, insets). a, anterior; d, dorsal; l, lateral; m, medial; MCT, muscle connective

tissue; E, embryonic day; eom, extraocular muscle; NCC, neural crest cell; p, posterior; ti, ten-

don insertion; to, tendon origin; v, ventral.

(TIF)

S2 Fig. Expression of PITX2 in the POM. (A-C) Immunostaining on E11.5 (A), E12.5 (B)

and E13.5 (C) coronal sections of control embryos for PITX2 (EOM myogenic progenitors,

POM) and SMA (differentiated muscle). Arrowheads mark the EOM masses and asteriks

point to PITX2 expression in the medial POM. Note thinning of the lateral POM as develop-

ment proceeds (brackets). (n = 3 per stage). E, embryonic day; EOM, extraocular muscle;

POM, periocular mesenchyme.

(TIF)

S3 Fig. Developmental timing of EOM functional unit components. (A-D’) Immunostain-

ing for the indicated markers on coronal sections of E11.5 (A), E12.5 (B, E, F), E13.5 (C) and

E14.5 (D) Tg:Scx-GFP embryos. (A’-D”) Higher-magnification views of the anterior tendon

insertions (superior rectus) in the POM. White arrowheads mark SOX9+ Scx-GFP+ cells up to

E13.5. Asteriks in A’-C” point to SOX9+ Scx-GFP-negative areas. Double asterisk in D’ mark

Scx-GFP+ SOX9-negative tendon tips at E14.5. SOX9 expression remains at the sclera. (E-F’)

Immunostaining for the indicated markers on coronal sections of E11.75 and E13.5 Tg:Scx-
GFP embryos preincubated with LysoR. Arrowheads in E,E’ indicate SOX9+ LysoR+ cells in

the E11.75 POM. (G-H”) Immunostaining for the indicated markers on tranversal sections of

E12.5 Tg:Scx-GFP embryos. (G’-H”) Higher magnification views of the lateral tendon inser-

tions (lateral rectus) showing SOX9+ or PITX2+ LysoR+ areas. MYOD/MYOG (myogenic

markers) in A-D and MyHC (myofibers) in G-H were used to identify the EOMs. (n = 3 per

stage). a, anterior; d, dorsal; E, embryonic day; EOM, extraocular muscle; l, lateral; LysoR,

LysoTracker Red; m, medial; p, posterior; POM, periocular mesenchyme; s, sclera; v, ventral.

(TIF)

S4 Fig. EOM morphogenesis in mutants with eye defects. (A-C) Micro-CT-based 3D recon-

struction of EOM, eyeball, optic nerve, and lens in E13.5 control (A), Pax6Sey/+ (B), and Pax6-
Sey/Sey embryos (C). Note that in heterozygote embryos, EOM patterning proceeds normally

despite having a smaller retina and lens (n = 3). (D-E) Micro-CT-based 3D-reconstruction of

EOM and eyeball in E18.5 control (A) and Tg:Lhx2Cre;Lhx2fl/fl (B) embryos. Arrowheads high-

light some extent of EOM segregation in the mutant. (D’-E’) Coronal sections of control (D’)

and mutant (E’) embryos stained with MyHC (differentiated muscle). Arrowheads indicate

individual EOM masses (n = 2). (F-F”) Analysis of EOM patterning in E15.5 embryos contain-

ing inversions of Shh genomic regulatory regions (Inv(6-C2)). (F) Skeletal preparation of

mutant embryos displaying cyclopia. (F’-F”) Micro-CT-based 3D-reconstruction of EOM and

eyeball of mutant embryos (n = 2). a, anterior; ctrl, control; d, dorsal; E, embryonic day; EOM,

extraocular muscle; l, lateral; m, medial; micro-CT, micro-computed tomography; p, posterior;

v, ventral.

(TIF)

S5 Fig. EOM morphogenesis is dependent retinoic acid signaling. (A) Whole-mount in situ

hybridization for Aldh1a1, Aldh1a2, and Aldh1a3 in E10.5, E11.5, and E12.5 wildtype embryos

(n = 3). (A’-A”) In situ hybridization for Aldh1a2 (A’) and immunostaining for ALDH1A2

and MyHC (differentiated muscle) (A”) on E12.5 coronal sections. ALDH1A2 is expressed in

the temporal mesenchyme and adjacent connective tissues (n = 3). (B) Micro-CT-based

3D-reconstruction of eyeball, optic nerve and lens of E13.5 control, Aldh1a3KO and BMS493-

treated embryos (n = 2 each genotype). The lower row is a scheme of a sphere fitting the
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eyeball and lens, and a cylinder for the optic nerve. Note ventralization of the eyeball in

Aldh1a3KO and BMS493-treated embryos. (C) Micro-CT-based 3D-reconstruction of the mes-

enchymal condensations of the nasal capsule and trabecular cartilage of E13.5 control (white),

Aldh1a3KO (yellow) and BMS493-treated (green) embryos. (D-D’) MyHC WMIF of E13.5

BMS493-treated embryos as described in S1 Table. The most severe phenotype obtained in

each condition is shown as an isosurface. Two different examples of the phenotype observed

upon treatment VI (a,b) are shown (most and least severe). An Aldh1a3KO embryo is shown as

comparison. Asterisk denotes ectopic duplicated SO muscle. (D’) Higher-magnification views

from D (dashed squares) with examples of adjacent, nonsplit muscle masses (1,2) depicted by

differential fiber orientation. (E-F) MyHC WMIF of E13.5 control (E) and Rdh10KO (F)

embryos. Note total absence of muscle splitting in mutant (n = 3 per condition). EOMs in D-F

were segmented from adjacent head structures and 3D-reconstructed in Imaris (Bitplane). ctrl,

control; dr, dorsal retina; 3D-rec, 3D-reconstruction; e, eyelid groove; E, embryonic day;

EOM, extraocular muscle; io, inferior oblique; ir, inferior rectus; le, lens; lgb, lacrimal gland

bud; lr, lateral rectus; micro-CT, micro-computed tomography; mr, medial rectus; nlg, nasola-

crimal groove; np, nasal pit; os, optic stalk; rb, retractor bulbi; rpe, retinal pigmented epithe-

lium; so, superior oblique; sr, superior rectus; tm, temporal mesenchyme; vr, ventral retina,

WMIF, whole-mount immunofluorescence.

(TIF)

S6 Fig. Retinoic acid signaling responsiveness in the periocular region. (A-C) Macroscopic

views of endogenous GFP fluorescence of Tg:RARE-CreERT2;R26mTmG embryos. Tam was

injected into pregnant females and embryos analyzed at indicated time points. Arroheads indi-

cate labeling in POM (n> 3 per condition). (D) Immunostaining on cells isolated from the

periocular region of Tg:RARE-CreERT2;R26mTmG embryos for GFP and myogenic markers

(MYOD/MYOG). (E) Strategy used to determine responsiveness of Tg:RARE-CreERT2
reporter in presence of BMS493. BMS493 was injected to pregnant females every 10–12 hours

between E10 and E11.75. Recombination was induced by tamoxifen at E10.5 (2 hours after

the first BMS injection). (F-I) WMIF for MyHC (differentiated muscle) and GFP (ATRA-

responsive cells) of control (F,G) and BMS493-treated embryos (H,I). BMS493 treatment

before and after tamoxifen induction reveals a drastic decrease in GFP+ cells in the periocular

region (I) compared with controls (G). Asterisks mark the location of the optic nerve (n = 3).

(J) Coronal sections (dorsal, EOM origin) of E12.5 Tg:RARE-CreERT2;R26Tom;Scx-GFP
embryos immunostained for GFP, Tom (ATRA-responsive cells) and MYOD/MYOG (mus-

cle). Higher magnification views as insets. Arrowheads in J1 mark Tom-negative myogenic

cells, and asterisks indicate sporadic labeling in myogenic cells. Arrowheads in J2 mark Tom+

Scx-GFP+ cells (n = 3). (K-L) WMIF for SMA (differentiated muscle) of MyodiCre (control, K,

K’) and MyodiCre;R26RAR403 (mutant embryos, L,L’) (n = 3). EOMs in F-I and K-L’ were seg-

mented from adjacent head structures and 3D-reconstructed in Imaris (Bitplane). a, anterior;

ATRA, all-trans retinoic acid; ctrl, control; d, dorsal; E, embryonic day; EOM, extraocular

muscle; l, lateral; m, medial; p, posterior; POM, periocular mesenchyme; Tam, tamoxifen; v,

ventral; WMIF, whole-mount immunofluorescence.

(TIF)

S7 Fig. EOM insertions in the POM are altered upon ATRA deficiency. (A-D’) Immunos-

taining for the indicated markers on coronal E12 sections of control (A,C,C’) and

BMS493-treated (B,D,D’) Tg:Scx-GFP embryos pre-incubated with LysoTracker Red (LysoR).

(C’,D’) Higher-magnification views of the POM region. In BMS493-treated embryos, LysoR

and SOX9 staining are absent in the POM (D’, asterisk) and SOX9 staining also missing in the

RPE (D’, double asterisk). (E-N) WMIF for the indicated markers of E11.75 control (E,F,K),
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Aldh1a3KO (G,H,M) and BMS493-treated (I,J,N) embryos pre-incubated with LysoR (right

eyes). In lateral views, neither Aldh1a3KO or BMS493-treated embryos (H,J) show a full

PITX2+ POM-ring as the controls (F). Arrowheads in (G,H) mark remaining expression of

SOX9/PITX2 in the POM of mutant or inhibitor treated embryos. Asterisks in (F,H,J) mark

apoptosis spots in the POM. (K-N) Segmented medial views of periocular region of control,

Aldh1a3KO or BMS493-treated embryos. Volumes were truncated in Z for clarity. Full view as

schemes below. The PITX2+ POM-ring is continuous with the medial-POM in control

embryos (K). In mutant and BMS493-treated embryos, residual PITX2 expression in POM is

discontinous with the medial-POM (blue arrowheads) (M,N). (O-Q’) WMIF for SMA (differ-

entiated muscle), GFP (ATRA-responsive cells) and PITX2 (muscle progenitors, POM) of

Tg:RARE-CreERT2;R26mTmG control (O,O’), Aldh1a3KO (P,P’) and BMS493-treated (Q,Q’)

embryos. Blue arrowheads in P and Q show reduction or loss of ATRA-responsive cells in the

periocular region. (O’-Q’) Single Z-planes of the segmented volume. White arrowhead in O

shows correct PITX2+ connective tissue pre-pattern in the prospective muscle areas and

arrow marks PITX2 expression along the muscle masses. Blue arrowheads in P’ and Q’ show

reduction or loss of ATRA-responsive cells and PITX2 pre-pattern in the medial periocular

mesenchyme. (R-T) Single cell plane of WMIF of E12 control (R), BMS493-treated (S) and

Myf5nlacZ/nlacZ embryos (T) (right eyes) for TCF4 (muscle connective tissue) and SMA (differ-

entiated muscle). Asterisks mark position of the optic nerve. White arrowheads in R,T show

correct TCF4+ connective tissue pre-pattern in the prospective muscle areas and white arrow

marks TCF4 expression along the muscle masses (R). (U-V) WMIF for GFP and β-gal (myo-

genic progenitors) of E14.5 Tg:Scx-GFP;Myf5nlacZ/+ (U, control) and Tg:Scx-GFP;My5nlacZ/nlacZ

(V, mutant) embryos (left eyes). Asterisk indicates few remaining β-gal+ cells in mutant. (U’,

V’) split GFP channel. Arrowheads in (V) indicate the correct position of tendon condensa-

tions for the 4 recti muscles although these are absent in the mutant. Lower panel, higher-mag-

nification views. a, anterior; ATRA, all-trans retinoic acid; anl, anlage; apop, apoptosis; ctrl,

control; d, dorsal; E, embryonic day; eom, extraocular muscle; l, lateral; m, medial; m-pom,

medial periocular mesenchyme; l-pom, lateral periocular mesenchyme; POM, periocular mes-

enchyme; pom-r, periocular mesenchyme ring; p, posterior; rpe, retinal pigmented epithelium;

v, ventral; WMIF, whole-mount immunofluorescence.

(TIF)

S8 Fig. Illustration depicting the timeline of EOM and POM development in relation to

ATRA signaling. Summary of the most relevant genetic perturbations and drug treatments of

this study. ATRA, all-trans retinoic acid; EOM, extraocular muscle; POM, periocular mesen-

chyme.

(TIF)

S1 Table. BMS493 injection regimes. The same BMS493 concentration (Conc BMS) was used

across injection regimes, from I to VI. Pink cases mark injection time points in the morning

(mo), midday (mid) or evening (eve) between E10.5 and E12.5. The number of embryos with dif-

ferent muscle phenotype severity at E13.5 are shown: (no), no altered phenotype; mild (+), muscle

mispatterning but overall organization retained; strong (++), strong mispatterning but with a

minimum of 2 muscles split; severe (+++), no or almost absent splitting. n is the total number of

embryos analyzed for a certain treatment type (n = 38 embryos analyzed in total); N exp, number

of times the experiment was repeated. E, embryonic day; EOM, extraocular muscle.

(XLSX)

S2 Table. Antibodies and resources used in this study.

(XLSX)
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S1 Data. Excel table containing individual values to generate the histogram in Fig 3K.

For each tissue section, a rectangular ROI (region of interest) was defined in Fiji (Image J) in

the LysoTracker Red-positive and adjacent LysoTracker Red-negative areas. The number of

SOX9+ cells was scored in each ROI. Individual values were represented by the ratio of

N˚cells/ROI area (μm2).

(XLSX)

S2 Data. Excel table containing individual values to generate the histogram in Fig 4I. For

each embryo, the EOM volume was calculated as described in the methods section. The nor-

malized EOM volume is the ratio of the individual volume value/average of the control values.

EOM, extraocular muscle.

(XLSX)

S3 Data. Excel table containing individual values to generate the histogram in Fig 5C. Each

data point represents the percentage of myogenic and non-myogenic GFP+ cells isolated by

bulk digestion of the periocular area of a single Tg:RARE-CreERT2;R26mTmG reporter embryo.

(XLSX)

S1 Video. Temporal sequence of EOM patterning. Whole-mount immunostaining for

MYOD/MYOG/Desmin (E11.5 to E12.5) or MyHC (E13.5 to E14.5) on the developing EOM

of control embryos. EOMs were segmented from adjacent head structures and 3D-recon-

structed in Imaris (Bitplane). E, embryonic day; EOM, extraocular muscle.

(MOV)

S2 Video. Organization of the EOM functional unit at E11.75. Whole-mount immunostain-

ing for MyHC (myofibers, Red) and PITX2 (POM and myogenic progenitors, Cyan) on con-

trol embryo. EOMs were segmented from adjacent head structures and 3D-reconstructed in

Imaris (Bitplane). E, embryonic day; EOM, extraocular muscle; POM, periocular mesen-

chyme.

(MOV)

S3 Video. Organization of the EOM functional unit at E11.75. Whole-mount immunostain-

ing for MyHC (myofibers, Cyan) and GFP (tendon progenitors, Green) on Tg:Scx-GFP
embryo. EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris

(Bitplane). Apoptotic foci are visualized by LysoTracker Red staining. A clipping plane was

added for clarity of visualization. Note that tendon condensations start to organize radially

and towards the apoptotic foci in the POM. E, embryonic day; EOM, extraocular muscle;

POM, periocular mesenchyme.

(MOV)

S4 Video. Organization of the EOM functional unit at E12.5. Whole-mount immunostain-

ing for MyHC (myofibers, Cyan) and GFP (tendon progenitors, Green) on Tg:Scx-GFP
embryo. EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris

(Bitplane). Apoptotic foci are visualized by LysoTracker Red staining. A clipping plane was

added for clarity of visualization. Note how tendon condensations of the recti muscles are

more refined at this stage and project towards the apoptotic foci in the POM. E, embryonic

day; EOM, extraocular muscle; POM, periocular mesenchyme.

(MOV)

S5 Video. Organization of the EOM functional unit of E13.5 BMS493-treated (E10.5!

E11.75) Tg:Scx-GFP embryos. Whole-mount immunostaining for MyHC (myofibers, Red)

and GFP (tendon progenitors, Green). EOMs were segmented from adjacent head structures
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and 3D-reconstructed in Imaris (Bitplane). Note the presence of tendon condensations at the

tips of mispatterned muscle masses. E, embryonic day; EOM, extraocular muscle.

(MOV)

S6 Video. ATRA-responsiveness in the periocular region of E13.5 Tg:RARE-CreERT2;
R26mTmG control embryos (Tamoxifen induction at E10.5). Whole-mount immunostaining

for MyHC (myofibers, Red), and GFP (ATRA-responsive cells, Green). EOMs were segmented

from adjacent head structures and 3D-reconstructed in Imaris (Bitplane). EOMs are shown as

isosurfaces for clarity of visualization. ATRA, all-trans retinoic acid; E, embryonic day; EOM,

extraocular muscle.

(MOV)

S7 Video. ATRA-responsiveness in the periocular region of E13.5 BMS493-treated Tg:
RARE-CreERT2;R26mTmG embryos (BMS493 treatment: E10! E11.75; Tamoxifen induc-

tion at E10.5). Whole-mount immunostaining for MyHC (myofibers, Red) and GFP (ATRA-

responsive cells, Green). EOMs were segmented from adjacent head structures and 3D-recon-

structed in Imaris (Bitplane). EOMs are shown as isosurfaces for clarity of visualization.

ATRA, all-trans retinoic acid; E, embryonic day; EOM, extraocular muscle.

(MOV)

S8 Video. ATRA-responsiveness in the periocular region of E12.5 Tg:RARE-CreERT2;
R26mTmG control embryos (Tamoxifen induction at E10.5). Whole-mount immunostaining

for GFP (ATRA-responsive cells, Green), PITX2 (POM and myogenic progenitors, Cyan) and

SMA (differentiated muscle, Red). Z-planes from medial to lateral levels. ATRA, all-trans reti-

noic acid; E, embryonic day; POM, periocular mesenchyme.

(MOV)

S9 Video. ATRA-responsiveness in the periocular region of E12.5 Tg:RARE-CreERT2;
R26mTmG;Aldh1a3KO embryos (Tamoxifen induction at E10.5). Whole-mount immunos-

taining for GFP (ATRA-responsive cells, Green), PITX2 (POM and myogenic progenitors,

Cyan), and SMA (differentiated muscle, Red). Z-planes from medial to lateral levels. ATRA,

all-trans retinoic acid; E, embryonic day; POM, periocular mesenchyme.

(MOV)

S10 Video. ATRA-responsiveness in the periocular region of E12.5 Tg:RARE-CreERT2;
R26mTmG BMS493-treated embryos (BMS493 treatment: E10! E11.75; Tamoxifen induc-

tion at E10.5). Whole-mount immunostaining for GFP (ATRA-responsive cells, Green),

PITX2 (POM and myogenic progenitors, Cyan) and SMA (differentiated muscle, Red). Z-

planes from medial to lateral levels. ATRA, all-trans retinoic acid; E, embryonic day; POM,

periocular mesenchyme.

(MOV)

S11 Video. Organization of the EOM insertions of E12.5 Tg:Scx-GFP control embryos.

Whole-mount immunostaining for MyHC (myofibers, Red) and GFP (tendon progenitors,

Green). EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris

(Bitplane). A clipping plane has been added for clarity of visualization. E, embryonic day;

EOM, extraocular muscle.

(MOV)

S12 Video. Organization of the EOM insertions of E12.5 BMS493-treated (E10.5!

E11.75) Tg:Scx-GFP embryos. Whole-mount immunostaining for MyHC (myofibers, Red)

and GFP (tendon progenitors, Green). EOMs were segmented from adjacent head structures
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and 3D-reconstructed in Imaris (Bitplane). A clipping plane has been added for clarity of visu-

alization. Note that distribution of Scx-GFP+ cells is more difuse than for controls (Video 11),

but an Scx-GFP+ condensation is present at the tip of the inferior muscle mass. E, embryonic

day; EOM, extraocular muscle.

(MOV)

S13 Video. Organization of the EOM insertions of E14.5 Tg:Scx-GFP;Myf5nlacZ/+ embryos.

Whole-mount immunostaining for β-gal (myogenic progenitors, Red) and GFP (tendon,

Green). EOMs were segmented from adjacent head structures and 3D-reconstructed in Imaris

(Bitplane). E, embryonic day; EOM, extraocular muscle.

(MOV)

S14 Video. Organization of the EOM insertions of E14.5 Tg:Scx-GFP;Myf5nlacZ/nlacZ

embryos. Whole-mount immunostaining for β-gal (myogenic progenitors, Red) and GFP

(tendon, Green). E, embryonic day; EOM, extraocular muscle.

(MOV)
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Abstract Facial shape is the basis for facial recognition and categorization. Facial features

reflect the underlying geometry of the skeletal structures. Here, we reveal that cartilaginous nasal

capsule (corresponding to upper jaw and face) is shaped by signals generated by neural structures:

brain and olfactory epithelium. Brain-derived Sonic Hedgehog (SHH) enables the induction of nasal

septum and posterior nasal capsule, whereas the formation of a capsule roof is controlled by

signals from the olfactory epithelium. Unexpectedly, the cartilage of the nasal capsule turned out

to be important for shaping membranous facial bones during development. This suggests that

conserved neurosensory structures could benefit from protection and have evolved signals

inducing cranial cartilages encasing them. Experiments with mutant mice revealed that the genomic

regulatory regions controlling production of SHH in the nervous system contribute to facial

cartilage morphogenesis, which might be a mechanism responsible for the adaptive evolution of

animal faces and snouts.
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Introduction
The shape of a face strongly depends on the geometry of skeletal elements directly under the skin,

adipose tissue and muscles. Our adult cranial and, in particular, facial skeleton consists mostly of

bony elements. Cartilaginous parts are rather minor. However, during embryonic development bone

forms after the cartilage, and the initial phases of facial and skull shaping proceed with the cartilagi-

nous skeleton only. The entire functional and evolutionary meaning of the chondrocranium, that is,

the early cartilaginous elements of the embryonic skull, is not clear. Some parts of the chondrocra-

nium will undergo endochondral ossification (for example, pre-sphenoid and basisphenoid, cribri-

form plate, Meckel´s cartilage, olfactory septum, nasal concha, labyrinth of ethmoid, vomer and

tympanic bulla). However, the majority of the bones, especially in a facial compartment, will form in

a close spatial association with the chondrocranium independently through dermal membranous

ossifications (Carson, 1999). Many questions, including how and from where molecular signals con-

trol the complex chondrocranial shape, and whether the geometry of the chondrocranium directs

the shape of facial bones, are still unanswered.

Achondroplasia, a rare disease due to cartilage insufficiency, includes craniofacial malformations

such as protruding forehead, low nasal bridge, maxillary hypoplasia, problems in the otolaryngeal

system and macrocephaly as well as foramen magnum stenosis (Shirley and Ain, 2009). Prominent

human and mouse achondroplasia phenotypes based on Fgfr3 mutations suggest that a correctly

shaped chondrocranium is essential for proper facial bone geometry and general facial outgrowth.

However, Fgfr3 is expressed also at membranous ossification sites (please see Fgfr3(mRNA) expres-

sion at E15, http://developingmouse.brain-map.org/), as well as in sutural osteogenic fronts

(Ornitz and Marie, 2002). Therefore, models involving Fgfr3 do not allow for precise discrimination

of cartilage or bone-dependent parts of the phenotype in affected subjects. Still, these effects

strongly suggest that chondrocranium shape might be truly important for producing initial facial

geometry and for influencing the formation of membranous bone on top of the cartilaginous

template.

The facial chondrocranium is built by neural crest cells that populate the frontal part of the head

and undergo multilineage differentiation. They give rise to cartilage, bone, fascia, adipose tissue,

smooth muscle, pericytes, glia and neurons (Snider and Mishina, 2014; Baggiolini et al., 2015). Par-

axial mesoderm also contributes to the chondrocranium in posterior basicranial and occipital loca-

tions. Collective behavior and differentiation of the neural crest and neural crest-derived

ectomesenchyme is largely responsible for the future shape of the face (Minoux and Rijli, 2010).

However, the precise mechanisms governing this collective behavior, cartilage induction and shape-

making are not fully understood, despite significant progress in the research field of cartilage and

bone formation.

McBratney-Owen and Morris-Key with coworkers demonstrated that the complete chondrocra-

nium (including the base of the skull) develops from 14 pairs of independently induced large cartilag-

inous elements that fuse together during later development (McBratney-Owen et al., 2008).

Sculpting perfect geometries of such cartilaginous elements is a key developmental and regenera-

tive process that accounts for the shape and integrity of our body. Current opinion holds that carti-

lage forms from condensing mesenchymal cells that are destined to become chondrocytes

(Ornitz and Marie, 2002). Mesenchymal condensations emerge in specific locations. Here, they

somehow become shaped, grow and turn into cartilage that later expands until the initiation of

endochondral or membranous ossification.

The frontonasal prominence and other facial regions are enriched in signaling systems. Activity in

these systems leads to progressive induction and shaping of craniofacial structures, including chon-

drogenic mesenchymal condensations that turn into cartilage (Minoux and Rijli, 2010). The signaling

center located in the most anterior face, the so called FEZ (Frontonasal Ectodermal Zone), produces

Sonic Hedgehog (SHH) and Fibroblast growth factor 8 (FGF8), which play important roles in facial

shaping. FGF8, SHH and Bone Morphogenetic Proteins (BMPs) produced by FEZ regulate the behav-

ior of ectomesenchymal tissue and participate in positioning of chondrogenic condensations inside

of the embryonic face (Foppiano et al., 2007; Hu et al., 2015b; Young et al., 2014). The mecha-

nisms of facial cartilage induction that involve these molecules have received particular attention dur-

ing recent years (Gros and Tabin, 2014; Abzhanov and Tabin, 2004; Bhullar et al., 2015;

Griffin et al., 2013).

Kaucka et al. eLife 2018;7:e34465. DOI: https://doi.org/10.7554/eLife.34465 2 of 27

Research article Developmental Biology Stem Cells and Regenerative Medicine

http://developingmouse.brain-map.org/
https://doi.org/10.7554/eLife.34465


Another recent breakthrough brought up the fact that the brain itself can emit signals that influ-

ence facial shaping. Expression of Shh in the forebrain turned out to be important for the correct for-

mation of FEZ and early steps of facial shaping in general (Hu et al., 2015a; Chong et al., 2012).

Still, how these and other signaling centers synchronize in order to build the 3D shape of facial

cartilaginous elements is not understood. The cartilaginous nasal capsule is the most anterior part of

the chondrocranium. Together with Meckel’s cartilage in the lower jaw, it constitutes an excellent

model system to address questions concerning cartilage induction and shaping.

Here, using mild ablations of cartilage with tightly controlled genetic tools, we revealed that the

shape of the nasal capsule is a key for the geometry and positioning of the facial bones and overall

facial shape. Subsequently, with the help of numerous mouse mutants, specific contrasting techni-

ques and micro-CT, we demonstrated that signaling centers in the developing brain and olfactory

epithelium jointly and independently enable the induction of the nasal capsule in the embryonic

face. Various genomic regulatory regions that direct the expression of Shh to the developing ner-

vous system participate in the fine-tuning of the shape of the facial cartilaginous skeleton.

Results
Taking into account known achondroplasia facial phenotypes, we hypothesized that even minor

changes in the facial cartilaginous template may lead to significant or even major changes in the

overlaying membranous bone geometry and the overall facial shape. Thus, we performed mild time-

controlled genetic ablation of early chondrocytes employing Col2a1-CreERT2/R26DTA mice and

analyzed their facial development (Figure 1). We used a dose of 2.5 mg of tamoxifen administered

at E12.5 and, in an alternative experiment, double injection at E13.5-E14.5 to avoid a strong pheno-

type with dramatic face shortening and brain shape distortion, and we analyzed the mutant embryos

at E17.5 and E15.5 correspondingly (Figure 1). Col2a1-CreERT2 is a well-established tool to target

facial chondrocytes and their immediate progenitors. Tamoxifen was administered at early stages of

facial development where no bone is present. Also, this CreERT2 line does not recombine in osteo-

blasts or their progenitors in membranous ossification sites and, thus, cannot directly impinge on

them (Figure 1A–D). Despite only mild cartilage reduction (mean 30,7% of the cartilage surface

decrease at E15.5 and mean 35,2% at E17.5), the facial compartment of the Col2a1-CreERT2+/-/

R26DTA+/-embryos appeared massively affected with short snout and distorted membranous ossifi-

cations (Figure 1E–R). Interestingly, the forming mandibular bone appeared shortened and widened

at the same time, which cannot be explained only by the shortening of Meckel’s cartilage (Figure 1—

figure supplement 1). This fact suggests an interplay between cartilage and membranous bone that

might involve signal-guided rearrangements in skeletogenic tissues. Thus, genetic ablations of

COL2A1-producing pre-chondrocytes and chondrocytes revealed a different degree of cartilage loss

in the nasal capsule and Meckel’s cartilage, together with corresponding incremental dysmorpholo-

gies of membranous bones and face in general. These slight differences in the strength of the phe-

notype are likely attributed to the fine diversity of developmental stages within one litter receiving

tamoxifen during a single injection into a mother (Figure 1Q–R and Figure 1—figure supplement

1). Thus, the geometry of the face and corresponding bony structures depend on the correct induc-

tion and shaping of a facial cartilage. This, in turn, is largely established at the level of chondrogenic

mesenchymal condensations, as we recently demonstrated (Kaucka et al., 2017). It is worth empha-

sizing that according to our previous study, the chondrogenic condensations are induced being pre-

shaped (Kaucka et al., 2017).

Consequently, we decided to analyze the molecular signals and their sources that induce these

geometrically complex condensations. Several molecules were reported to have an impact on the

cartilage induction, either on the condensation placement or on proper timing of cartilage-forming

events (Goldring et al., 2006). Among those, SHH was shown to play a key role in the spatio-tempo-

ral induction of chondrogenic mesenchymal condensations (Abzhanov and Tabin, 2004;

Billmyre and Klingensmith, 2015; Park et al., 2010). We analyzed the expression of Shh in early

and late developing mouse face with the help of the Shh-Cre/GFP (B6.Cg-Shhtm1(EGFP/cre)Cjt/J)

model, and found that Shh is expressed in very discrete regions of the face between E11.5 and

E14.5 at the time of induction of facial cartilages (Figure 2 and Figure 2—figure supplement 1). At

the early stages (E11.5 and E12.5, see Figure 2A–B), the SHH + regions included forming olfactory

epithelium (magenta), dental and oral epithelium (red), eyes (cyan) and brain (yellow). Interestingly,
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Figure 1. Correct chondrocranium development is essential for shaping the embryonic face. (A–C) Genetic tracing induced at E12.5 in Col2a1-

CreERT2/R26Confetti shows recombination in chondrocytes (B) only and not in a lineage of membranous bone osteoblasts and their progenitors (C), 25

mm cryo-sections (A–D, G–H) were imaged with a confocal microscope (A–C) or phase contrast microscope (D, G–H). (D) Traced sections have been

stained using Alcian Blue (cartilage, blue) and von Kossa (brown, mineralized tissue). (E–F) Wild type (E) and Col2a1-CreERT2/R26DTA (F) embryos with

Figure 1 continued on next page
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only certain regions of olfactory epithelium were SHH+ (see stained cryosections under the 3D mod-

els in Figure 2). Later on (at E13.5 and E14.5 – Figure 2—figure supplement 1), we detected addi-

tional SHH-producing structures such as whiskers (blue-green), tongue (not segmented) and salivary

Figure 1 continued

cartilage being partially ablated as a result of tamoxifen injection (2.5 mg) at E12.5, both analyzed at E17.5. (G–H) Sagittal sections of the anterior head

from wild type (G) and Col2a1-CreERT2/R26DTA (H) embryos stained with Alcian Blue (blue, stains for cartilage) and von Kossa staining (black, stains for

mineralized bone tissue). Olfactory system is outlined by green dashed line for better orientation. Note that physiological growth of the cartilage sets

the proper size of the facial compartment. (I–O) 3D-reconstructions of frontal chondrocranium together with bone and teeth primordia in control (I, L,

M) and cartilage-ablated (J, N, O) embryos. (K) Best fit comparison of control (red) and cartilage-ablated (light green) 3D chondrocranium models. (P)

3D-reconstruction of frontal chondrocranium and formed cartilage including GOM Inspect software analysis of the mutant bone (Q) overview of

analyzed mutants (injected with low dose of tamoxifen (2.5 mg) at both E13.5 and E14.5 and analyzed at E15.5) and formed bone in one representative

control and three mutants (R) Bar-graphs showing the manual 3D segmentation of the surface area of cartilage. Data are obtained from three control

samples and three mutant mice for (E15.5) and three control samples and one mutant sample with the most pronounced phenotype for (E17.5). The

error bars show mean and standard deviation (SD). For the comparison, we used unpaired Student t-test (95% confidence interval �9974138 to

�6056665). Raw data are available in Figure 1—source data 1.

DOI: https://doi.org/10.7554/eLife.34465.002

The following source data and figure supplement are available for figure 1:

Source data 1. Raw values of cartilage surface measurments corresponding to Graph in Figure 1R.

DOI: https://doi.org/10.7554/eLife.34465.004

Figure supplement 1. Mild ablation of cartilage using Col2a1-CreERT2/R26DTA.

DOI: https://doi.org/10.7554/eLife.34465.003

Figure 2. Shh is expressed through the early facial development in distinct regions of the head. The expression pattern of Shh during developmental

stages E11.5 (A) and E12.5 (B) in B6.Cg-Shhtm1(EGFP/cre)Cjt/J, segmented Shh-expression regions are color-coded and clarified in legend (C).

Immunohistochemical (IHC) staining shows olfactory neuroepithelium and newly formed mesenchymal condensation as ERBB3 positive. White arrows

point at GFP-expressing parts of various tissues. Red rectangle in (A) and (B) upper panel mark the olfactory neuroepithelium, yellow rectangle in (B)

shows area magnified in the right bottom corner. White dotted line outlines the shape of mesenchymal condensation. IHC staining was performed on

20 mm cryosections and imaged using a confocal microscope.

DOI: https://doi.org/10.7554/eLife.34465.005

The following figure supplement is available for figure 2:

Figure supplement 1. Shh is expressed through the later facial development in distinct regions of the head.

DOI: https://doi.org/10.7554/eLife.34465.006
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gland (blue). We assumed that there is a prerequisite for a certain minimal distance between Shh-

expressing structures and forming cartilage of nasal capsule that enables the secreted molecule to

reach the target and impose chondrogenic stimuli on mesenchymal cells. According to our results,

the most probable pro-chondrogenic SHH-emitting structures in the face were the olfactory epithe-

lium and the forebrain.

To test if SHH emitted by these structures controls nasal capsule induction or influences its geo-

metrical features, we analyzed a series of mouse mutants with a micro-CT-based 3D-visualization

approach. To perform these 3D visualizations of the mesenchymal chondrogenic condensations, car-

tilage and bone, we utilized a soft tissue contrasting with phosphotungstic acid (PTA) followed by

micro-CT scanning. Chelation of tungsten is uneven in various cell types and creates reliable contrast

highlighting different tissues.

Firstly, to address whether the induction of distinct elements of the facial chondrocranium is not

only timely regulated, but also has a discrete spatial aspect related to various sources of inductive

signals, we genetically ablated Shh in the brain to test its role in facial cartilage induction. For this,

we took advantage of Nkx2.2-Cre/Shh floxed/floxed animals to delete Shh in the floor plate cells since

the beginning of central nervous system (CNS) development and patterning. We analyzed two differ-

ent stages: E12.5 as a stage of condensations of cartilaginous mesenchyme (Figure 3 and Figure 3—

figure supplement 1 ‘Interactive PDF’) and E15.5 as a later stage of nearly fully formed chondrocra-

nium with its rather final shape (Figure 3 and Figure 3—figure supplement 1 ‘Interactive PDF’).

This experiment resulted in an unexpected phenotype. It included a selective loss of a nasal septum

together with heavily affected posterior part of the nasal capsule as detected at E12.5 (Figure 3B–C,

E–F). The chondrogenic condensation corresponding to a forming septum failed completely,

whereas the condensation of the posterior part of nasal capsule appeared incompletely induced.

Additional changes were detected in the facial cartilage at E15.5, mainly represented by the missing

midline groove (Figure 3G–H) and the absence of the very anterior part of nasal cartilage

(Figure 3H). Additional changes included various malpositioned parts, fused nerve foramina and var-

iations in shaping and bending of cartilage elements, as summarized in Figure 3. Notably, the

mutant embryos analyzed at E12.5 and E15.5 presented with cleft palate. This could indicate that

some clinical cleft palate cases might have their origin in disturbed brain-derived signaling (Fig-

ure 3—figure supplement 2).

At the same time, the general geometry of the frontal part of facial chondrocranium remained

almost unperturbed, thus, supporting the spatial modularity of cartilage induction in the face. The

microstructure of the cartilage stayed normal, with fine borders defining bent cartilaginous sheets

forming the major structure of the nasal capsule. The thickness of the cartilaginous sheets forming

the capsule also remained comparable to that found in littermate controls (Figure 3J). These obser-

vations strongly suggested that the early stages of cartilage induction must be affected.

We also investigated bone formation in the area of the nasal capsule at E15.5 (Figure 3I). We

observed missing parts in maxillary bones from mutants, and malpositioned incisors that were found

more posteriorly on top of instead of being in the anterior part of the maxilla. At this stage and in

this particular location, there was no endochondral ossification ongoing. However, according to

micro-CT data, the bone was forming in the proximity and on top of the existing cartilaginous shape

template. Thus, the facial chondrocranium is important for the correct formation of the membranous

facial bones.

Recently it has been shown that the brain can influence facial shaping via Shh, acting presumably

on the frontonasal ectodermal signaling zone (abbreviated as FEZ) (Hu et al., 2015a; Chong et al.,

2012). It is currently believed that FGF8, SHH and BMPs produced by FEZ regulate the behavior of

ectomesenchymal tissue and participate in positioning of chondrogenic condensations inside of the

embryonic face (Foppiano et al., 2007; Hu et al., 2015b; Young et al., 2014). However, our data

show that SHH emitted from the forebrain mostly affects the basicranial, posterior and septal parts

of the facial chondrocranium without strong effects on the most anterior nasal capsule (including

other soft tissues in general), which could be expected if the effects of a brain-derived SHH are

entirely mediated by FEZ. Importantly, the major geometric structure of the mutant brain stays

largely unchanged although it appears reduced in size. Thus, changes in brain shape are not likely to

cause very selective influences on forming facial structures due to mere mechanical interactions (Fig-

ure 3—figure supplement 3).
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Figure 3. Shh signal from the brain induces a posterior part of a nasal capsule. (A) Model of overall shape resulting from the excision of Shh from the

floor plate using Nkx2.2-Cre/Shhfloxed/floxed shows visible phenotype in the E12.5 mutant embryo comprising, for instance, from the cleft of upper lip,

non-prominent or missing nasal vestibule and diminished curvature of the snout. (B–C, E–F) micro-CT scans-based 3D reconstructions of chondrogenic

mesenchymal condensations in E12.5 mutant and control embryos. Note the missing posterior part of the developing nasal capsule and the missing

Figure 3 continued on next page
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Finally, we analyzed the spinal column of the mutants and control embryos and found localized

shape defects in the cervical vertebrae represented by incomplete transverse foramina (foramina

transversariae) (Figure 3—figure supplement 4). Notably, the defects in the nasal septum stayed

confined only to the cartilage as a tissue. The septal chondrogenic condensations and cartilage were

missing as apparent E12.5 and E15.5, whereas the soft tissues of the septum stayed in place (Fig-

ure 3—figure supplement 4). Similarly, despite the cartilage defects clearly identified in spinal col-

umn, the other tissue types that were in close proximity to the defects did not show any difference

from control. For instance, the vertebral arteries traversing the distorted cartilage of the transverse

foramina appeared unaffected in Nkx2.2-Cre/Shh floxed/floxed animals (Figure 3—figure supplement

4).

Next, we determined the Shh expression in the forming olfactory epithelium and tested the role

of the forming olfactory epithelium and olfactory neurons in the process of nasal capsule induction.

The possibility that olfactory epithelium controls cartilage shaping is supported by the fact that the

conchae of nasal labyrinth geometrically correlate with the folded structure of the olfactory epithe-

lium, which they mechanically support.

A desired experimental setup that would allow us to target and genetically delete Shh from the

olfactory epithelium does not exist. To define the importance of any signal derived from the olfac-

tory epithelium we utilized Six1 and Six4 double knockout to specifically ablate the development of

the olfactory epithelium (Ikeda et al., 2007; Kobayashi et al., 2007). We analyzed Six1/4 double

mutant embryos at E18.5, that showed no olfactory structures, using the micro-CT method and per-

formed a thorough comparison to wildtype littermates (Figure 4 and Figure 3—figure supplement

1 ‘Interactive PDF’). In these mutants which had markedly shortened noses, the roof of the nasal cap-

sule was entirely missing. However, the septum and the posterior part of the capsule were relatively

well-preserved (Figure 4B–D). An earlier analysis at E12.5, a stage when the majority of facial chon-

drogenic condensations come into place, showed that in double knockouts, the chondrogenic con-

densation corresponding to the nasal capsule roof is missing. The chondrogenic condensation

corresponding to the nasal septum appeared non-fused at this stage and fused only later, as evident

from E17.5 reconstructions. At the same time, the roof of the nasal capsule was never induced (Fig-

ure 4—figure supplement 1A–D). This is consistent with the prediction that a lack of the olfactory

epithelium will prevent the induction of olfactory cartilages. Analyses of the bones showed a major

change in the overall geometry, with prominent shortening along the anterior-posterior axis (brachy-

cephalic-like appearance). Furthermore, we noticed a lack of mandibular incisors and an obvious

asymmetry between left and right parts of the maxilla (Figure 4E,J).

In addition to the expression in olfactory placodes, Six1 and Six4 are expressed in different parts

of early facial mesenchyme (Kobayashi et al., 2007; Grifone et al., 2005). The full knockout of Six4

does not show any phenotype according to previously published data (Ozaki et al., 2001). We

Figure 3 continued

septum in the mutant. (D) best-fit computed comparison of the overall shape and size of mutant and control embryo. (G–H) 3D models of

chondrocrania of mutant (Nkx2.2-Cre/Shhfloxed/floxed) and control embryo, analyzed at E15.5. Among the main differences are missing frontal part of

nasal cartilage, missing lateral parts of developing nasal capsule, malpositioned asymmetric cartilage, not fully closed foramina for pervading nerves

and vasculature and various disconnected cartilaginous segments. (I) Segmented cartilage and bones projected in the overall shape of the head of

mutant (bottom) and control (upper) embryo. Note the malpositioned incisors in the maxilla of the mutant and missing part of the frontal nasal capsule

formed by the bone. (J) Wall thickness analysis of the cartilages in the E15.5 head of mutant (bottom) and control (upper) embryo show no evident

differences in the thickness of formed cartilage.

DOI: https://doi.org/10.7554/eLife.34465.007

The following figure supplements are available for figure 3:

Figure supplement 1. ‘Interactive PDF’.

DOI: https://doi.org/10.7554/eLife.34465.008

Figure supplement 2. Ablation of Shh from the floor plate results in the cleft palate.

DOI: https://doi.org/10.7554/eLife.34465.009

Figure supplement 3. Brain volume and overall anatomy in mutants with Shh genetically deleted from the floor plate of the developing CNS.

DOI: https://doi.org/10.7554/eLife.34465.010

Figure supplement 4. Phenotypic manifestation of Shh genetic ablation from the floor-plate, analyzed at E15.5 upper part of spine.

DOI: https://doi.org/10.7554/eLife.34465.011
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Figure 4. Signals from the olfactory epithelium induce the anterior part of the nasal capsule. (A–J) Six1/Six4 double knock out mouse embryo

compared to littermate control and analyzed at E18.5 using micro-CT and 3D-reconstruction. (A, E, K) overall shape and size of the mutant head is

different from the control head, showing brachycephalic phenotype, bulging eyes, misshaped earlobes positioned more frontal and lower than the

control embryo (F, J, K). Note also the left-right asymmetry of the snout of the mutant. (B, G) Wall thickness analysis of mutant (B) and control (G)

embryo. (C, H) single plane from raw CT data shows missing olfactory neuroepithelium in the Six1/Six4 double mutant and control. Note also missing

nasal capsule but retained septum in the mutant. (D–E, I–J) various views on segmented 3D model of chondrocranium of mutant (D–E) and control (I–J)

embryo. Among the obvious differences are missing roof and lateral parts of nasal capsule while the septum is preserved. (L) Six1 single knock out

mouse embryo analyzed at E18.5 using micro-CT 3D reconstruction (M) single plane cross-sections from raw CT of Six1 single knock out E18.5 embryo.

DOI: https://doi.org/10.7554/eLife.34465.012

Figure 4 continued on next page
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therefore analyzed the full knockout of Six1, in which the olfactory epithelium is present, to see

whether it will show a mesenchyme-driven phenotype in the nasal capsule roof. The analysis of E18.5

Six1-/- embryos demonstrated the presence of the nasal capsule roof as well as a septum. The phe-

notype in Six1-/- embryos mostly included a narrowing of the posterior nasal capsule with mild septal

defects (Figure 4L–M and Figure 4—figure supplement 1E).

This experiment provided a complementary, non-overlapping phenotype to the one with a nasal

capsule resulting from the excision of Shh from the floor plate (Nkx2.2-Cre/Shhfloxed/floxed). This sug-

gests that solid cartilage elements in the forming face depend on joint activities of multiple regula-

tory zones (sources of SHH) during their induction and shaping.

To investigate if sensory neurons in the olfactory neuro-epithelium might be potential sources of

SHH, we utilized Ascl1 (Mash1) knock-out embryos (Figure 4—figure supplement 2). In these ani-

mals, major neurogenic transcriptional factor essential for olfactory neuron formation are missing,

and very few olfactory sensory neurons are generated (Guillemot et al., 1993; Cau et al., 1997).

We analyzed craniofacial structures in these mutants and found out that they did not demonstrate

any gross abnormality despite their inability to develop large amounts of olfactory neurons. Hence,

the sensory olfactory neurons are not critical cartilage-inducing sources, while the early olfactory epi-

thelium, before the neurogenesis, is important for the formation of chondrogenic mesenchymal

condensations.

To check if SHH from the brain and presumably from the olfactory epithelium acts directly on

facial mesenchyme inducing chondrogenic differentiation or during cartilage growth, we analyzed

embryos carrying a SHH-activity reporter GBS-GFP (Balaskas et al., 2012) at different developmen-

tal stages ranging from E9 to E14.5. The GFP signal was detectable as expected in the forming pal-

ate, brain, spinal cord and tissues that are known to receive SHH input. However, we did not

observe GBS-GFP activity in the chondrogenic mesenchymal condensations from the earliest chon-

drogenic stages E11.5-E12.5 onwards (Figure 5A). Consistently with this, lineage tracing in Gli1-

CreERT2/R26Tomato mice injected with tamoxifen at E11.5 and analyzed at E17.5 showed sporadic

patches of traced chondrocytes in the facial cartilages (Figure 5B). If the injection of tamoxifen was

performed at E12.5 or later, these sporadic patches of labeled chondrocytes disappeared; that is we

observed only very rarely scattered chondrocytes in other locations (Figure 5B–C). Analysis of the

rare individual clones of chondrocytes resulting from labeling at E11.5 in Gli1-CreERT2/R26Confetti

demonstrated that mesenchymal cells turn into chondroprogenitors that divide several times to gen-

erate clonal clusters of mature chondrocytes (Figure 5C–D). At later stages of tamoxifen administra-

tion, this was not observed, which is consistent with analysis of Gli1-LacZ embryos at E12.5, where

the X-gal staining was confined to whisker pads and other peripheral locations. In situ hybridization

(RNAscope) for other components of the Hedgehog pathway (including Ptch1(mRNA), Ptch2

(mRNA), Gli1(mRNA), Gli2(mRNA)) showed no enrichment within potential and actual chondrogenic

areas (Figure 5—figure supplement 1). To functionally test if inhibition of SHH at chondrogenic

stages will affect the development of facial cartilage, we administered SHH-inhibitor vismodegib

(LoRusso et al., 2011) at either E11.5, E12.5, or E13.5 and analyzed the embryos at E15.5. In line

with predictions from expression analysis and SHH-activity reporter, we did not find striking abnor-

malities in nasal and Meckel´s cartilages from all treated and analyzed embryos (n = 4) (Figure 6A).

At the same time, we observed the absence of palate and concomitant abnormalities in whiskers dis-

tributions in E11.5-to-E15.5 and E12.5-to-E15.5 stages of treatment, but not in E13.5-to-E15.5

stages. Indeed, in embryos treated between E11.5 and E12.5, the palatal shelves were severely

reduced or missing (Figure 6A–C). This showed that SHH signaling in these embryos was inhibited

to significant extents and also suggested that the action of SHH on patterning of the nasal capsule

precedes the stage of chondrogenic condensations.

Figure 4 continued

The following figure supplements are available for figure 4:

Figure supplement 1. Analysis of mesenchymal condensations in Six1/Six4 double knock out embryos at E12.5.

DOI: https://doi.org/10.7554/eLife.34465.013

Figure supplement 2. Ascl1 knockout embryo analyzed at E16.5 does not show any significant changes in formed nasal capsule.

DOI: https://doi.org/10.7554/eLife.34465.014
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Consistent with these results, which suggest an early pre-chondrogenic role of SHH signaling on

nasal capsule patterning, the analysis of embryos homozygous for a hypomorphic Shh allele (Shh-

GFP, here referred to as ShhHypo), in which SHH signaling is constitutively reduced (Zagorski et al.,

2017; Chamberlain et al., 2008), revealed severe abnormalities in the facial cartilage (Figure 6D

and Figure 6—figure supplement 3). The results of all genetic perturbations and treatments with

drugs as well as their comparative phenotypes are summarized in Figure 7. Taken together, the

effects of SHH on chondrogenic differentiation in the facial region are early and precede the first

wave of chondrocyte differentiation that occurs between E11.5 and E14.5. These results are also

consistent with the phenotype of Six1/Six4 double knockout embryos at E12.5 (Figure 4), and cor-

roborate the notion of an early pre-cartilage onset of the phenotype.

Tissue-specific expression of Shh is known to be controlled by multiple enhancers. Some, which

may regulate Shh expression in the cranial region, have been characterized (Yao et al., 2016;

Jeong et al., 2006; Sagai et al., 2009). To modulate Shh expression in different craniofacial regions,

we analyzed mutant mice carrying different rearrangements (deletions or inversions) with impacts on

the distal regulatory landscape of Shh (Symmons et al., 2016). We paid specific attention to

Figure 5. Mapping of the expression of Gli1 and Shh signaling activity in mouse embryonic head. (A) Mapping of the activity of the SHH signaling in

mouse embryonic head at E11.5, E12.5 and E13.5 prechondrogenic and early chondrogenic stages using GBS-GFP activity reporter. (B) Genetic tracing

using Gli1-CreERT2/R26Tomato induced at E11.5 (upper panel) and E12.5 (bottom panel) and analyzed at E17.5. Dotted line outlines cartilaginous

structures within the nasal capsule. White squares outline the magnified area. DRG = dorsal root ganglion, OLF = Olfactory system, MX = maxillar

prominence, MD = mandibular prominence. TG = trigeminal ganglion. (C) Genetic tracing using Gli1-CreERT2/R26Confetti, induced at E11.5 and

analyzed at E16.5 (left panel) and induced at E14.5 and analyzed at E17.5 (right panel) shows the contribution of Gli1-traced positive cells to the

cartilaginous structures in the embryonic head. (D) Quantification of the contribution of Gli1-traced positive cells to the cartilage. (A–C) 20 mm

cryosections were used for the IHC staining and analysis. A confocal microscope has been used for imaging.

DOI: https://doi.org/10.7554/eLife.34465.015

The following figure supplement is available for figure 5:

Figure supplement 1. Mapping of the presence of major SHH signaling components in the E12.5 embryo.

DOI: https://doi.org/10.7554/eLife.34465.016
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Figure 6. Effect of Vismodegib treatment on the size and structure of nasal cartilage. (A) Panel shows raw CT data, cross-sections from various planes

from DMSO (control treatment), Vismodegib inhibitor administered at E11.5, E12.5 or E13.5, all analyzed at E15.5 (B) Raw CT cross-sections show

absent/disrupted cartilaginous structures in Vismodegib-treated embryos (C) 3D reconstruction and comparison of inhibitor-treated (Vismodegib E11.5-

E15.5) and control (DMSO-treated) embryos and their nasal capsules. Arrows point at differences in anatomy and overall geometry of the nasal capsule.

Graph representation of overall cartilage change of inhibitor-treated embryos. Raw data are available in Figure 6—source data 1. (D) 3D-

reconstruction of the nasal capsule of Shh hypomorph (analyzed at E15.5 and E17.5) including wall thickness analysis.

DOI: https://doi.org/10.7554/eLife.34465.017

The following source data and figure supplements are available for figure 6:

Source data 1. Raw values of cartilage measurements corresponding to Graph in Figure 6C.

DOI: https://doi.org/10.7554/eLife.34465.021

Figure supplement 1. Mutations of various regulatory regions controlling expression of Shh, their positions and effect on chondrogenesis.

DOI: https://doi.org/10.7554/eLife.34465.018

Figure supplement 2. Mutated genomic regions containing regulatory sequences controlling expression of Shh show a variety of similar and dissimilar

phenotypes.

DOI: https://doi.org/10.7554/eLife.34465.019

Figure supplement 3. The effect of reduced SHH signaling on chondrogenesis at E15.5 and E17.5.

DOI: https://doi.org/10.7554/eLife.34465.020
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Figure 7. llustration depicting the timeline of all experiments and the beginning of effects. The results of all genetic perturbations and treatments with

drugs as well as their comparative phenotypes are summarized.

DOI: https://doi.org/10.7554/eLife.34465.022
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genomic regions where known and potentially unknown brain-specific enhancers (SBE, Shh Brain

Enhancers) are located (Jeong et al., 2006; Sagai et al., 2009). Currently known SBEs (SBE2, SBE3,

SBE4) localize between the Shh coding region and mark 6b (Irimia et al., 2012) (see scheme in Fig-

ure 6—figure supplement 1). Animals carrying an allele with the inversion of a large genomic region

including known SBEs, INV(�500 C1), demonstrated selectively localized mild defects in the nasal

septum and also in the tips of Meckel’s cartilage, but not in the roof of nasal capsule. This septum-

specific phenotype appeared more pronounced in a homozygous INV(�500 C1) as compared to the

heterozygous genotype. Interestingly, this allele does not change the relative position to Shh of

most known enhancers that could be responsible for SHH-dependent facial skeletal development.

The phenotype observed in this experiment showed that septal cartilage is sensitive to minor

changes in SHH patterning signals that result from either removal of regulatory sequences distal to

the C1 position, or indirect effects affecting distant enhancer-promoter- communications.

INV(6b-C2), which removes additional enhancers required for ventral forebrain expression of Shh

in E10.5 embryos (Figure 6—figure supplement 1A–C), showed much stronger phenotypes.

Such strong phenotypes are most likely due to disruption of the Shh TAD (Topologically Associat-

ing Domain), and displacement of major regulatory elements at a position which prevent their inter-

action with Shh (Symmons et al., 2016). Accordingly, Shh expression is much reduced in the

forebrain of mutant embryos at E10.5 as evident from the results of in situ hybridization for Shh (Fig-

ure 6—figure supplement 1A–C).

Heterozygote INV(6b-C2) did cause minor defects in septum, while the same inversion over a full

Shh deficiency (DEL(�90 C2) led to a strong holoprosencephaly similar to ShhHypo (Figure 6 and Fig-

ure 6—figure supplement 2. However, it was not as strong as a full Shh knockout, where only a pro-

boscis is left.

In the mutants INV(6b-C2) x DEL(�90 C2), the nasal septum did not develop at all, and the rest of

the nasal capsule (roof) was present although severely disturbed in shape. The gradual increase in

severity of the malformations from INV(�500 C1) to INV(6b-C2) may indicate the presence of several

distinct enhancers related to face morphology distal to position 6b (which likely includes yet unchar-

acterized enhancers). It could also mean that the efficiency of the interactions of the known

enhancers (SBE2-4) with the Shh promoter is modulated by the presence of distal elements, which

may contribute to organize the Shh TAD (Symmons et al., 2016). Both scenarios suggest the exis-

tence of other regulatory regions important for facial development including new potential SBEs

based on the reduction of the LacZ-based Shh-expression reporter signal in the forebrain of mutant

embryos at E10.5 (Figure 6—figure supplement 1).

DEL(5-8) showed a powerful phenotype similar to the homozygous INV(6b-C2). This, in a combi-

nation with previous phenotypes, reveals that the key regulatory regions essential for the facial carti-

lage patterning are located between marks 6b and C1. These regulatory regions are likely SBEs

since the LacZ expression disappears from the forebrain of reporter embryos at E12.5 according to

previous results (Symmons et al., 2016). DEL(C1-Z) did not show any gross abnormalities in the

nasal capsule cartilage. Embryos carrying this mutation showed abnormal Meckel’s cartilage and a

generally affected mandible.

Taken together, local tuning of SHH expression by various enhancers (including brain-specific reg-

ulatory elements) seemingly controls discrete steps of chondrocranial patterning, which may repre-

sent a key evolutionary mechanism shaping animal snouts and faces.

Discussion
In addition to the obvious functional aspects, facial shape is important in many ways. For example,

recognition of individual facial features assists social interaction and affects numerous important

aspects of our everyday life (Vernon et al., 2014). Pathological conditions include a very wide spec-

trum of deficiencies, and may involve eating, breathing and speech impairments, emotional prob-

lems and low quality of life in general (Forbes, 2010). Here, we demonstrated that even fine and

selective manipulations of a facial cartilage geometry and size (performed in Col2-CreERT2+/-/

R26DTA+ embryos) result in significant changes of adjacent membranous bones and facial shape. In

turn, the facial cartilage geometry is controlled by the signals coming from neurosensory structures

such as brain and olfactory epithelium. Altogether, these results might provide a new explanatory
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framework revealing how the integrated development of neural and non-neural tissues results in the

precise and evolutionary adapted shape of the bony cranium and corresponding facial appearance.

Previously, Marcucio and Hallgrimsson laboratories demonstrated the co-variation of brain and

face as well as the impact of brain-emitted SHH on avian facial development (Hu and Marcucio,

2009; Marcucio et al., 2011; Parsons et al., 2011; Petryk et al., 2015). Yet, the role of such brain-

derived signals in cartilage and bone shaping has not been extensively investigated. According to

our results, SHH, a key signal enabling cartilage induction, arrives from the floorplate of the brain,

and the selective ablation of Shh in that area by non-inducible Nkx2.2-Cre causes a highly selective

loss of the nasal septum cartilage. The soft non-cartilaginous tissue of the nasal septum, however,

remains intact, rendering this part of the phenotype highly cartilage-specific. The roof of the nasal

capsule stays nearly unaffected. The analysis at E12.5 stage suggested that this phenotype must be

related to pre-chondrogenic, early SHH-dependent patterning signals enabling cartilage formation.

This reasoning is further supported by the line of experiments involving ‘early on action’ ShhHypo

embryos, which demonstrated a profound phenotype in the nasal capsule cartilage. This was in con-

trast to wild type embryos treated with the SHH-inhibitor Vismodegib strictly between chondrogenic

stages (E11.5-E13.5). These embryos showed no significant phenotype in the nasal capsule cartilage.

Correspondingly, lineage tracing with Gli1-CreERT2 and expression analysis of SHH pathways mem-

bers starting from E11.5 did not show any association with development of facial cartilages.

These cartilage-related results, where SHH-activity was not associated with facial chondrogenic

differentiation, were dramatically different from those observed in palate-forming mesenchymal cells

in the same experimental embryos. Unlike cartilage, the developing palate showed strong activity of

the SHH-signaling reporter GBS-GFP. We also found high expression levels of SHH pathway mem-

bers, including numerous traced progeny in Gli1-CreERT2/R26Tomato animals. As expected, in

embryos treated with Vismodegib between E11.5-E12.5, the palate was almost missing, in contrast

to contrary to the nasal capsule cartilage that stayed virtually intact. The presence of abnormal pal-

ate clefts in Vismodegib-treated and also in Nkx2.2-Cre/Shh floxed/floxed embryos agrees with previ-

ous findings, which have established a general role of SHH in the patterning of the face and in

development of pathological midfacial clefts (Hu and Helms, 1999). Accordingly, ciliopathies and

their animal models often demonstrate similar defects (Brugmann et al., 2010; Chang et al., 2016).

Thus, according to our results, SHH is not involved into facial chondrogenesis at stages when

chondrogenic condensations form and convert into mature cartilage. Hence, the role of SHH is most

likely indirect. Presumably, it is involved in the early patterning of facial ectomesenchyme, to create

proper conditions for the sophisticated facial chondrogenesis that will start at later developmental

stages. In line with this reasoning, the mode of action of SHH on chondrogenesis in non-facial loca-

tions, for example, during the development of axial skeleton, is indirect and based on SHH-depen-

dent alterations of cell responses to BMPs in potentially pre-chondrogenic mesenchymal cells.

Murtaugh et al. demonstrated that even a transient SHH signal was able to ensure the competent

chondrogenic response of mesenchymal cells to BMPs (Murtaugh et al., 1999). In the case of the

axial skeleton, such competence-changing action of SHH depends on the initiated and sustained

expression of the transcriptional repressor Nkx3.2, which renders cells responsive to pro-chondro-

genic actions of BMPs (Murtaugh et al., 2001). As shown by Zeng et al., expression of Nkx3.2 is suf-

ficient to induce SOX9, a major chondrogenic master regulator, and in the presence of BMPs,

NKX3.2 and SOX9 could induce the expression of each other (Zeng et al., 2002). Finally, the

sequential action of SHH and BMPs could induce SOX9. According to the public in situ database

Allen Developmental Mouse Brain Atlas (http://developingmouse.brain-map.org), Nkx3.2 shows dis-

tinct expression in a range of cranial cartilages or their future locations at pre-chondrogenic (E11.5)

and chondrogenic (E13.5) stages. The knockout of Nkx3.1 and Nkx3.2 yields changes in the facial

shape, as evident from Figure 1 in Herbrand et al. (Herbrand et al., 2002). Similar patterning effects

of SHH in relation to chondrogenesis have previously been demonstrated during the development

of serial tracheal rings reinforced with cartilage. SHH inactivation in ventral trachea resulted in a lack

of tracheal segmentation which coincided with the loss of cartilage, while the upregulation of Shh

resulted in cartilage overproduction and similar segmentation defects (Sala et al., 2011). Altogether,

this may suggest an analogous or similar mechanism of an indirect action of SHH on craniofacial

chondrogenesis, especially in light of our results showing only minor and sporadic activity of SHH-

signaling reporter in facial chondrogenic condensations or cartilage. Determination of the mecha-

nisms behind SHH action in facial chondrogenesis, with a special focus on the position of the SHH-
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signal in the hierarchy of events leading to chondrogenic differentiation, is a key future direction.

We anticipate that Single cell transcriptomics approaches (Picelli et al., 2013) will be applied to

facial mesenchymal populations prior and during chondrogenesis. This should resolve cell signaling

cascades with high precision along the developmental timeline, in similarity to pioneering studies uti-

lizing this methodology in other tissue types (Furlan et al., 2017).

Complementary to the ablation of Shh by Nkx2.2-Cre, the loss of the olfactory epithelium in Six1/

Six4 double knockout mutants leads to the absence of the nasal capsule roof, while the nasal septum

cartilage stays largely in place. Our data indicate that the loss of a nasal capsule roof in the double

knockout condition is driven by the loss of nasal placodes (requiring both SIX1 and SIX4), which

causes a collapse of olfactory epithelium. Despite the specific loss of nasal capsule roof, other carti-

lages appeared intact in locations corresponding to the expression sites of Six1 and Six4 (including

Meckel’s cartilage). The perfect match between the shape of cartilaginous olfactory turbines and the

epithelium, as well as the coordinated time course of their development (Kaucka et al., 2017), addi-

tionally support the notion that signals from the developing olfactory epithelium might enable the

induction of adjacent cartilage. Still, these arguments cannot completely rule out the possibility that

co-expressed Six1 and Six4 may have early roles during neural crest migration and early post-neural

crest stages that might be important for the nasal roof formation. Taken together, our results pro-

vide strong support for the idea that a single solid cartilaginous element such as the nasal capsule

can be induced by the combinatorial action of signals derived from several, in the present case, neu-

ral and neurosensory, locations. Notably, facial chondrogenic condensations are induced being ‘pre-

shaped’. Already at the earliest steps, they are laid down as highly complex 3D-geometries

(Kaucka et al., 2017). The induction of such 3D-shapes is unlikely to be achieved by signals from a

single site and might require more sources including spatially opposed brain and olfactory struc-

tures. Since we were unable to validate that SHH from the olfactory placode or epithelium is the key

factor that induces a nasal capsule roof, we cannot exclude that other signaling molecules partici-

pate during critical steps of facial cartilage induction. This will require further investigations.

During evolution of vertebrates, cartilages forming the neurocranium and the future upper jaw

appear before Meckel’s cartilage attains a function of a lower jaw skeleton, and the animals acquire

articulated hinged jaws (Shimeld and Donoghue, 2012). Therefore, one of the primeval functions of

the neurocranial and frontal cartilages could be the encasement and protection of the neural and

sensory compartments such as brain, eyes, ears and olfactory neurons. If that is the case, it is logical

to reason that these neurosensory structures could emit cartilage-inducing signals and coordinate

cartilage growth and shaping. Our experimental results reveal the key role of SHH from the develop-

ing brain in enabling the induction of a nasal capsule and basicranial cartilages, and, thus, support

the aforementioned evolutionary hypothesis. The capacity of the developing olfactory epithelium to

shape the cartilaginous support also favors this reasoning. Genetics-based prevention of neuronal

differentiation in the olfactory epithelium (vial Ascl1 knockout) does not interfere with shaping of the

nasal capsule and confines the shaping role of presumably olfactory progenitors to the developmen-

tal period before their differentiation into the mature olfactory neurons. Alternatively, other cell

types in the olfactory epithelium may play a cartilage-inducing role (olfactory glia, non-neurogenic

epithelium).

In addition to the evolutionary aspect, the role of different neurosensory structures (mainly the

brain) in coordinated cartilage induction may suggest a new connection between neurological and

craniofacial symptoms in numerous genetic syndromes. Examples of such conditions are Williams

syndrome, Down syndrome and others that are manifested by behavioral and morphological abnor-

malities in the central nervous system (Starbuck et al., 2017; Weisman et al., 2017; Vincent et al.,

2014; Antshel et al., 2008) (and reviewed by [Marcucio et al., 2011]). Based on this reasoning, it is

possible to envision a mechanistic connection between the fine aspects of a facial geometry and

individual features of the human brain. An enormous facial variability is found among humans, which

poses a question regarding the molecular and cellular mechanisms that underlie this variability. In

difference to humans, non-human primates generally use variations in colored facial hairs to express

their species, social status and sex in addition to body movements, voice expressions and scent

(Santana et al., 2012; Allen and Higham, 2015). This brings us to speculate whether the loss of

dense facial hairs during evolution of humans led to the development of a very broad range of vari-

ous facial tissue-related features in order to compensate for the loss of facial hair-related communi-

cation and individual recognition. We hypothesize that one of those shape-tuning mechanisms could
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include flexible and individual modulation of SHH, an important patterning and shaping agent during

the embryonic development that comes from different spatial sources including the developing

brain.

Previous research has established the existence and position of some of the specific regulatory

elements that direct the expression of Shh in the craniofacial epithelial linings (MRCS1 and MFCS4,

see (Sagai et al., 2009) for details) as well as in the floor plate and anterior forebrain (SBE2 ((Shh

Brain Enhancer 2)), SBE3 and SBE4 [Yao et al., 2016; Jeong et al., 2006]). In order to find out fine

effects in facial cartilages as a result of activity by site-specific enhancers, we analyzed a variety of

mutants with deleted and inverted genomic regions containing such regulatory elements (mutants

created by François Spitz’ laboratory [Symmons et al., 2016]). The inversion of the �500 C1 geno-

mic region including known CBEs showed localized defects within the nasal septum that incremen-

tally increased from heterozygous to homozygous state without influencing nasal capsule roof

shape. Similarly, the inversion of (6b-C2) region in a heterozygous state caused minor defects in sep-

tum, whereas the same inversion on the background of deletion of the entire regulatory region (�90

C2) appeared similar to ShhHypo or even Shh knock out. This is explained by the translocation of

TAD (see (Symmons et al., 2016) for details) and resulting ‘isolation’ of Shh coding part from head-

specific regulatory regions located between positions six and C2. In this latter case (INV(6b-C2)), Shh

expression was dramatically reduced in the anterior forebrain as compared to the control

(Symmons et al., 2016).

Further analysis of more restricted Shh regulatory regions revealed that brain-specific and facial

cartilage-related enhancers are confined within the region (5-8) and are at least partly responsible

for the expression of Shh in the forebrain according to the loss of in situ hybridization signal in the

forebrain of (DEL(5-8)) compared to controls. The deletion of this (DEL(5-8)) region resulted in severe

facial malformation and collapse of the nasal capsule shape to the state resembling ShhHypo. Despite

that we clearly observed the misshaped nasal capsule roof in these embryos, the septum was

completely gone similarly to (DEL(�90 C2) x INV (6b-C2)) mutants. Taken together, these results

provide strong support to the discrete role of genomic regulatory regions directing the expression

of Shh to the forebrain and, through this, affecting the patterning of septal, basicranial and other

cartilages in the head.

Importantly, all analyzed embryos carrying mutated regulatory regions never demonstrated miss-

ing nasal capsule roof including severe (DEL(�90 C2) x INV (6b-C2)), (DEL (5-8) HOMO) and ShhHypo.

This might mean that we still do not know about the position of the corresponding regulatory

regions targeting the expression of Shh to the olfactory epithelium or FEZ in the frontal face. The

loss or inversion of regulatory regions resulting in mild septal defects did not affect the anterior nasal

capsule, which might be independently patterned by FEZ. Similarly, the morphology of the anterior

nasal capsule stayed relatively stable when septal cartilage disappeared in Nkx2.2-Cre/Shh floxed/

floxed animals. This suggests that the most anterior face including frontal facial cartilages might be

indeed patterned by FEZ together with olfactory placodes independently from brain-derived signals.

These results point towards the possibility that mouse FEZ can form and act independently of the

CNS signaling center contrary to chick embryonic development (Hu and Marcucio, 2009).

To summarize, it is possible that enhancer-dependent spatial and temporal regulations of Shh

expression could be evolutionary tools to achieve the impressive variety of facial cartilage shapes in

humans - a basis for facial individuality. Indeed, much attention has been focused on the role of

enhancers in craniofacial evolution. Recently, by applying a combination of morphometry, molecular

biology and mouse genetics, Attanasio et al. described numerous enhancers that are differentially

active and take part in the development of a facial shape (Attanasio et al., 2013). In line with this,

mutations in the enhancers that control the expression of Fgf8, another cartilage-inducing factor

(Abzhanov and Tabin, 2004), also result in geometrical abnormalities of the nasal capsule

(Marinić et al., 2013). It seems that many genes and pathways are involved in shaping the face

(Young et al., 2014; Hu et al., 2015a; Foppiano et al., 2007; Hu et al., 2015b). This is not surpris-

ing, since the facial shaping includes many stages that are pre-chondrogenic, chondrogenic (includ-

ing induction, growth, remodeling of the cartilage) and osteogenic. Processes of isotropic and

anisotropic growth of the skeletal structures also play important roles in achieving the final geometry

of the facial region (Kaucka et al., 2017). Despite such complexity and the enormous degree of spa-

tio-temporal integration, the initial induction of cartilage guided by the brain and olfactory epithe-

lium represents a key moment of facial skeleton formation. It may well also be an evolutionary

Kaucka et al. eLife 2018;7:e34465. DOI: https://doi.org/10.7554/eLife.34465 17 of 27

Research article Developmental Biology Stem Cells and Regenerative Medicine

https://doi.org/10.7554/eLife.34465


substrate driving the diversity of faces and snouts. Consequently, the fine-tuning of patterning and

cartilage-inducing signals in neurosensory structures deserves further attention, including explora-

tions of the diversity of corresponding genetic regulatory regions in human and animal genomes.

Materials and methods

Key resources table

Reagent type species
or resource Designation Source or reference Identifiers Additional information

Strain Col2a1-CreERT2 Nakamura et al. (2006) Received from
S. Mackem

Strain R26Confetti https://www.jax.org/strain/013731 Received from
H. Clevers

Strain R26DTA Voehringer et al. (2008) Received from
Jackson

Strain Six1 KO Grifone et al. (2005) Received from
P. Maire

Strain Six1/4 double KO Grifone et al. (2005) Received from
P. Maire

Strain Nkx2.2-Cre/Shhflx/flx Yu et al., 2013 Received from
M. Matise

Strain Ascl1 (Mash1) Cau et al. (1997) Received from
U. Marklund

Strain B6.Cg-Shhtm1EGFP/creCjt/J Harfe et al. (2004) Received from
M. Hovorakova

Strain Gli1-CreERT2 https://www.jax.org/strain/007913 Received from
M.Kasper

Strain Gli1-lacZ https://www.jax.org/strain/008211 Received from
M.Kasper

Strain Shh-GFP https://www.jax.org/strain/008466
(Chamberlain et al., 2008)

Received from
Jackson

Strain TgGBS-GFP Balaskas et al. (2012) Received from
A. Kicheva

Strain Rosa-CAG-LSL-tdTomato
-WPRE

https://www.jax.org/strain/007914 Received from
M. Kasper

Strain INV-500-C1 F. Spitz (Symmons et al., 2016) Received from
F. Spitz

Strain INV6b-C2 F. Spitz (Symmons et al., 2016) Received from
F. Spitz

Strain Del-90-C2 F. Spitz (Symmons et al., 2016) Received from
F. Spitz

Strain DELC1-Z F. Spitz (Symmons et al., 2016) Received from
F. Spitz

Strain DEL5-8 F. Spitz (Symmons et al., 2016) Received from
F. Spitz

Antibody SOX9 Sigma Aldrich, HPA001758 one to 1000 in PBS-T
over night at RT

Antibody ERBB3 RnD Systems, AF4518 one to 500 in PBS-T
over night at RT

Drug Vismodegib LoRusso et al. (2011) 0.1 mg/kg

Software IMARIS http://www.bitplane.com/

Software GOM Inspect https://www.gom.com/de/3d-
software/gom-inspect.html

Software VGStudio Max https://www.volumegraphics.com
/en/products/vgstudio-max.html

Continued on next page
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Continued

Reagent type species
or resource Designation Source or reference Identifiers Additional information

RNAscope probes Gli1 (311001), Gli2 (405771),
Gli3 (445511), Smo (318411),
Ptch1 (402811) and Ptch2
(435131)

https://acdbio.com/rnascope%C2%
AE-technology-novel-rna-situ-
hybridization-research-platform

Mouse strains and animal information
All animal work were approved and permitted by the Local Ethical Committee on Animal Experi-

ments (North Stockholm Animal Ethics Committee) and conducted according to The Swedish Animal

Agency´s Provisions and Guidelines for Animal Experimentation recommendations. Genetic tracing

mouse strain Nkx2.2-Cre was described previously (Yu et al., 2013). Col2a1-CreERT2 (Ozaki et al.,

2001) (obtained from the laboratory of S. Mackem, NIH) strains (Nakamura et al., 2006) were cou-

pled to R26Confetti mice that were received from the laboratory of Professor H. Clevers

(Snippert et al., 2010). DTA strain (Voehringer et al., 2008) (B6.129P2-Gt(ROSA)26Sortm1(DTA)

Lky/J, The Jackson Laboratory) was coupled to Col2a1-CreERT2. Six1 and Six1/4 double KO

embryos were generated as described already (Grifone et al., 2005; Laclef et al., 2003). Nkx2.2-

Cre/Shhflx/flx embryos were received from the laboratory of Michael Matise. Ascl1 (Mash1) KO

embryos were received from the laboratory of Ulrika Marklund. B6.Cg-Shhtm1(EGFP/cre)Cjt/J

(Harfe et al., 2004) embryos were received from the laboratory of Maria Hovorakova (CAS). Gli1-

CreERT2 and Gli1-lacZ strains were obtained from the laboratory of Maria Kasper (Karolinska Institu-

tet). Gli1-CreERT2 was coupled with R26Confetti and R26Tomato.

The following strains were previously described: Tg(GBS-GFP) (Balaskas et al., 2012), Shh-GFP

(JAX stock #008466 (Chamberlain et al., 2008). ShhHypo embryos are homozygous for Shh-GFP and

their morphological phenotypes are not affected by the presence or absence of the Tg(GBS-GFP)

transgene. Strains were bred and maintained on 129/Sv background, in accordance with license

BMWFW-66.018/0006-WF/V/3b/2016 granted by the Austrian BMWFW.

Gli1-LacZ (https://www.jax.org/strain/008211), Gli1-CreERT2 (https://www.jax.org/strain/007913)

and Rosa-CAG-LSL-tdTomato-WPRE (https://www.jax.org/strain/007914) were used under the ethi-

cal permit: number S40/13, granted by South Stockholm Animal Ethics Committee.

Mice of the relevant genotype were mated overnight, and noon of the day of the plug was con-

sidered as E0.5. To induce genetic recombination of adequate efficiency, pregnant females of rele-

vant couplings were injected intraperitoneally with tamoxifen (Sigma T5648) dissolved in corn oil

(Sigma C8267). Tamoxifen concentration ranged from 1.5 to 5.0 mg per animal to obtain a range of

recombination efficiency. Mice were sacrificed with isoflurane (Baxter KDG9623) overdose or cervical

dislocation, and embryos were dissected out and collected into ice-cold PBS. Subsequently, the sam-

ples were placed into freshly prepared 4% paraformaldehyde (PFA) and depending on the develop-

mental stage and the application they were fixed for 3–24 hr at 4˚C on a roller. Subsequently, for the

purpose of microscopy analysis, the embryos were cryopreserved in 30% sucrose (VWR C27480)

overnight at 4˚C, embedded in OCT media (HistoLab 45830) and cut into 18 mm to 30 mm sections

on a cryostat (Microm). Embryos designated for CT analysis were then stained according to the pro-

tocol described beneath.

Inhibition of hedgehog signaling
In order to inhibit SHH during embryonic development (stages E11.5 to E13.5), the pharmacological

inhibitor Vismodegib (LoRusso et al., 2011) was injected intraperitoneally at a dosage of 0.1 mg per

g of bodyweight of the pregnant mouse. Embryos were collected at E15.5 and fixed in 4% formalde-

hyde in PBS solution for 24 hr at +4˚C with slow rotation.

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 temperature and exposed to strong light for 30 min. After that

the silver nitrate solution was removed, and slides were washed with distilled water for 3 times dur-

ing 2 min. 2.5% sodium thiosulphate solution (w/v) was added to the sections and incubated for five
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mins. Slides were again rinsed for 3 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 3 times during 2 min in dis-

tilled water. Slides were then transferred rapidly into incrementally increasing ethanol concentrations

(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.

Immunohistochemistry, histological staining and EdU analysis
Frozen samples were sectioned at 18–30 mm depending on specific experiment. If needed, sections

were stored at �20˚C after drying 1 hr at room temperature, or processed immediately after section-

ing. Primary antibodies used were: chicken anti-GFP (Abcam, 1:500, ab13970), rabbit anti-SOX9

(Sigma Aldrich, 1:1000, HPA001758), sheep anti-ERBB3 (RnD Systems, 1:500, AF4518). For detection

of above-mentioned primary antibodies, we utilized 405, 488, 555 or 647-conjugated Alexa second-

ary antibodies produced in donkey (Invitrogen, 1:1000). Slices were mounted with 87% glycerol

mounting media (Merck).

Fluorescent in situ hybridization (RNAscope)
E12.5 and E13.5 embryos were collected, embedded immediately in OCT and snap frozen on dry

ice. Tissue blocks were stored at �20˚C until further use. 8-mm-thick cryosections were collected on

Superfrost Plus slides and stored at �20˚C until further use. Fluorescent in situ hybridization was per-

formed for the genes Gli1 (311001), Gli2 (405771), Gli3 (445511), Smo (318411), Ptch1 (402811) and

Ptch2 (435131) using the RNAscope 2.0 Assay, reagents and probes according to manufacturer’s

instructions (Wang et al., 2012). RNAscope probes were designed commercially by the manufac-

turer and are available from Advanced Cell Diagnostics, Inc. being protected by patent.

X-gal staining
E11.5, E12.5 and E13.5 embryos were fixed in 4% formaldehyde in PBS solution for 2–3 hr at +4˚C
with slow rotation. Following washes with PBS, embryos were incubated in X-gal staining solution (1

mg/ml X-gal; 2 mM MgCl2; 0.5 M potassium ferrocyanide; 0.5 M potassium ferricyanide in PBS) at

37˚C, overnight, with gentle agitation. Samples were washed twice, 20 min each time at room tem-

perature in PBS and imaged whole mount. When necessary, we proceeded to cryoprotection in 30%

sucrose in PBS and embedding in OCT medium.

Microscopy, volume rendering, image analysis and quantifications
Confocal microscopy was performed using Zeiss LSM880Airyscan CLSM instruments. The settings

for the imaging of Confetti fluorescent proteins were previously described (Snippert et al., 2010).

Image analysis has been performed using IMARIS Software (Bitplane, Zurich, Switzerland). Before

performing manual segmentations of cartilages and mesenchymal chondrogenic condensations on

all representative samples, we assessed the phenotype and the stability of the phenotype using anal-

ysis of multiple embryos (typically 3–5 per condition) on histological sections as well as whole-mount

assessments of facial morphology and including usage of tomographic slices. In case the phenotype

was stable, the representative embryos underwent 3D segmentation process, otherwise we manually

segmented facial cartilage and bone from all experimental embryos (in case of Col2a1-CreERT2/

R26DTA or ShhHypo, please see Figure 1—figure supplement 1 and Figure 6—figure supplement

3). For embryonic day E17.5 Col2a1-CreERT2/R26DTA, we performed segmentations of the most

affected embryo from the litter (Figure 1I–P and graph in R). Other litter mates were analyzed using

cryo-sections only (Figure 1E–H). Since we did not investigate fine differences in shape of the nasal

capsule and rather concentrated on missing structures (septum or nasal capsule roof), we did not

analyze fine shape differences morphometrically in a quantitative way. In special cases, where rele-

vant, we utilized shape fitting analysis using GOM Inspect tool. We did not use any special randomi-

zation or masking of embryos during experimental and control group allocations.

Tissue contrasting for m-CT scanning
Staining protocol has been adapted and modified from the original protocol developed by Brian

Metscher laboratory (Metscher, 2009). After embryo dissection in ice-cold PBS, the samples were
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fixed in 4% formaldehyde in PBS solution for 24 hr at +4˚C with slow rotation. Subsequently, samples

were dehydrated in incrementally increasing ethanol concentrations (30%, 50%, 70%), 1 day in each

concentration to minimize the shrinkage of the tissue. Samples were transferred, depending on the

embryonic stage, into 1.0–1.5% PTA (phospho-tungstic acid) in 90% methanol for tissue contrasting.

The PTA-methanol solution was changed every 2–3 days. E12.5 embryos were stained for 7 days,

E15.5 embryos for 3 weeks and E18.5 embryos for 7 weeks. The contrasting procedure was followed

by rehydration of the samples by incubation in ethanol series (90%, 70%, 50% and 30%) and shipped

to the CT-laboratory for scanning. There the 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 medium surrounding it) and to avoid the movement

artifacts during X-ray computer tomography scanning.

m-CT analysis (micro computed tomography analysis) and 3D analysis
The m-CT analysis of the embryos was conducted using the laboratory system GE phoenix v|tome|x L

240 (GE Sensing and Inspection Technologies GmbH, Germany), equipped with a 180 kV/15W maxi-

mum power nanofocus X-ray tube and flat panel detector DXR250 with 2048 � 2048 pixel,

200 � 200 mm pixel size. The embryos were fixed in polyimide tubes by 1% agarose gel to prevent

tomographic movement artifacts. The exposure time of the detector was 900 ms in every of 2000

positions. Three projections were acquired and averaged for reduction of the noise in m-CT data.

The utilized power of the tube was 11 W given by acceleration voltage of 60 kV and tube current of

200 mA. X-ray spectrum was filtered by 0.1 mm of aluminium plate. The voxel size of obtained vol-

umes (depending on a size of an embryo head) appeared in the range of 5 mm - 7 mm. The tomo-

graphic reconstructions were performed using GE phoenix datos|x 2.0 3D computed tomography

software (GE Sensing and Inspection Technologies GmbH, Germany). The cartilage in the embryo

head was segmented by an operator with semi-automatic tools within Avizo - 3D image data proc-

essing software (FEI, USA). The 3D segmented region was transformed to a polygonal mesh as a STL

file. The mesh of the embryo head was imported to VG Studio MAX 2.2 software (Volume Graphics

GmbH, Germany) for consequent modification of the mesh, like a surface smoothing, and 3D visuali-

zation. The software GOM Inspect V8 (GOM, Braunschweig, Germany) was implemented for com-

parisons of full shapes of the head. The triangular meshes of the surface of the heads represented

by STL models were imported into the software, aligned and compared with parameters of maxi-

mum searching distance 1 mm and maximum opening angle 30˚. All raw STL files are freely accessi-

ble via the following Dryad link: https://doi.org/10.5061/dryad.f1s76f2

The STL format can be opened with Paint 3D or Print 3D software.

Light sheet microscopy and sample clearing
Whole heads from Shh-GFP embryos at E11.5 E12.5, E13.5 and E14.5 were cleared using a modified

CUBIC protocol (Susaki et al., 2014). In brief, embryos were fixed by using 4% PFA in PBS for 4 hr

at four degrees before incubating in CUBIC one solution (25% urea, 25% N,N,N0,N0-tetrakis-(2-

hydroxypropyl) ethylenediamine and 15% Triton X-100) at 37˚C under shaking conditions for 3 days.

Subsequently, the samples were washed in PBS at RT. Next, samples were immersed in CUBIC two

solution (50% sucrose, 25% urea, 10% 2,20,200-nitrilotriethanol, and 0.1% Triton X-100) and left shak-

ing at RT for an additional 2–3 days before image acquisition.

Whole embryo head (E11.5–E14.5) GFP fluorescence images were acquired on a Light sheet Z.1

microscope (Zeiss) using a � 5 (EC Plan Neofluar 5�/0.16) detection objective,�5/0.1 illumination

optics, and laser excitation at 488 nm. Samples were imaged in CUBIC two solution with a measured

refractory index of 1.45. Each plane was illuminated from a single side of the sample. Whole images

were obtained through tile scanning. 3D-rendered images were visualized with Arivis Vision4D for

Zeiss (v. 2.11) or Imaris (v. 7.4.2, Bitplane).

Bitplane IMARIS software was subsequently used for 3D visualization and analysis of the light

sheet tiles. By using the surface option in IMARIS the different parts of Shh-GFP have been

highlighted.
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Åke Wibergs Stiftelse Igor Adameyko

Karolinska Institutet Ulrika Marklund
Andrei S Chagin
Kaj Fried
Igor Adameyko

Ministerstvo Vnitra České Re-
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Abstract In vertebrates, head and trunk muscles develop from different mesodermal

populations and are regulated by distinct genetic networks. Neck muscles at the head-trunk

interface remain poorly defined due to their complex morphogenesis and dual mesodermal origins.

Here, we use genetically modified mice to establish a 3D model that integrates regulatory genes,

cell populations and morphogenetic events that define this transition zone. We show that the

evolutionary conserved cucullaris-derived muscles originate from posterior cardiopharyngeal

mesoderm, not lateral plate mesoderm, and we define new boundaries for neural crest and

mesodermal contributions to neck connective tissue. Furthermore, lineage studies and functional

analysis of Tbx1- and Pax3-null mice reveal a unique developmental program for somitic neck

muscles that is distinct from that of somitic trunk muscles. Our findings unveil the embryological

and developmental requirements underlying tetrapod neck myogenesis and provide a blueprint to

investigate how muscle subsets are selectively affected in some human myopathies.

DOI: https://doi.org/10.7554/eLife.40179.001

Introduction
The neck is composed of approximately 80 skeletal muscles in humans that allow head mobility, res-

piration, swallowing and vocalization processes, containing essential elements such as the trachea,

esophagus, larynx, and cervical vertebrae. These processes are ensured by a robust network of

muscles at the head-trunk interface, a transition zone subjected to a spectrum of human muscle dis-

eases such as dropped head syndrome, oculopharyngeal myopathy, myotonic dystrophy, Duchenne-

type dystrophy and congenital muscular disorders (Emery, 2002; Martin et al., 2011;

Randolph and Pavlath, 2015). Defining the embryology of these distinct muscle groups is critical to

understand the mechanisms underlying the susceptibility of specific muscles to muscular dystrophies.

While myogenesis at the cranial and trunk levels has been studied extensively, the developmental

mechanisms at the basis of neck muscle formation are poorly documented and often debated

(Ericsson et al., 2013).

In vertebrates, head and trunk muscles arise from different mesodermal origins and their develop-

ment depends on distinct myogenic programs. At the cranial level, the cardiopharyngeal mesoderm

(CPM) resides in pharyngeal arches and gives rise to branchiomeric muscles and the second heart

field. CPM specification is initiated by the activation of genes such as Mesp1, Islet1 and Tbx1, while

Pax7 subsequently marks muscle stem cells (Diogo et al., 2015; Kelly et al., 2004; Nathan et al.,
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2008; Saga et al., 1996; Sambasivan et al., 2009). In contrast, Pax3 and Pax7 are expressed in

somitic mesoderm giving rise to trunk and limb muscles, with Pax3 then being downregulated in

most muscles during fetal stages, while Pax7 maintains the stem cell pool (Kassar-Duchossoy et al.,

2005; Relaix et al., 2005; Tajbakhsh et al., 1997). After the differential specification of cranial and

trunk progenitors, the bHLH myogenic regulatory factors (MRFs) Myf5, Mrf4, Myod and Myog regu-

late myogenic cell fate and differentiation (reviewed in [Comai and Tajbakhsh, 2014; Noden and

Francis-West, 2006]).

In early embryos, Tbx1 is required for robust activation of MRF genes and proper branchiomeric

muscle formation (Grifone et al., 2008; Kelly et al., 2004; Kong et al., 2014; Sambasivan et al.,

2009). In Tbx1 mutant embryos, the first pharyngeal arch is hypoplastic and posterior pharyngeal

arches do not form resulting in variably penetrant defects of masticatory muscles and absence of

muscles derived from more posterior arches (Kelly et al., 2004; Lescroart et al., 2015; Theis et al.,

2010). In humans, TBX1 is a major gene involved in 22q11.2 deletion syndrome (DiGeorge/velo-car-

dio-facial syndrome), a congenital disease characterized by cardiovascular defects and craniofacial

malformations (Papangeli and Scambler, 2013). In contrast, Pax3 acts upstream of MRF genes in

somites and Pax3 mutants have defects of epaxial and hypaxial muscle formation while double Pax3/

Pax7-null embryos lack trunk/limb muscles (Brown et al., 2005; Relaix et al., 2005;

Tajbakhsh et al., 1997; Tremblay et al., 1998).

The neck constitutes a transition zone characterizing land vertebrates (tetrapods). The major mus-

cle groups in the neck consist of: epaxial back muscles; ventral hypaxial musculature; pharyngeal,

laryngeal and esophagus striated muscles located medioventrally; and cucullaris-derived muscles.

The cucullaris is a generic term defining putative homologous muscles that are evolutionarily con-

served and connect the head and trunk in jawed vertebrates (gnathostomes). In amniotes, the cucul-

laris represents the embryonic anlage that gives rise to trapezius and sternocleidomastoid muscles

which are innervated by the accessory nerve XI (Diogo, 2010; Edgeworth, 1935; Ericsson et al.,

2013; Kuratani, 2008; Kuratani et al., 2018; Lubosch, 1938; Tada and Kuratani, 2015).

While the somitic origin of epaxial/hypaxial neck muscles and CPM origin of pharyngeal, laryngeal

and esophagus striated muscles are well defined (Gopalakrishnan et al., 2015; Noden, 1983;

Tabler et al., 2017), the embryological origin of cucullaris-derived muscles has remained a subject

of controversy (Couly et al., 1993; Edgeworth, 1935; Greil, 1913; Huang et al., 1997;

Huang et al., 2000; Matsuoka et al., 2005; Noden, 1983; Piatt, 1938; Piekarski and Olsson,

2007). This muscle group was reported to originate either from lateral plate mesoderm (LPM) or

CPM populations adjacent to the first three somites in chick and axolotl (Nagashima et al., 2016;

Sefton et al., 2016; Theis et al., 2010). However, retrospective lineage analysis indicated that the

murine trapezius and sternocleidomastoid muscles are clonally related to second heart-field-derived

myocardium and laryngeal muscles, consistent with a CPM origin (Lescroart et al., 2015). Moreover,

cucullaris development follows a branchiomeric program and cucullaris-derived muscles were shown

to be absent in Tbx1-null mice (Kelly et al., 2004; Lescroart et al., 2015; Sefton et al., 2016;

Theis et al., 2010). Nevertheless, the source of the cucullaris is still equivocal due to the location of

its embryonic anlagen at the interface of cranial, somitic and lateral plate mesodermal populations.

Skeletal elements and muscle-associated connective tissue (MCT) also have distinct embryological

origins along the rostro-caudal axis. The connective tissue of branchiomeric and tongue muscles

originate from neural crest cells (NCCs) of cranial origin (Evans and Noden, 2006; Köntges and

Lumsden, 1996; Noden, 1983; Noden, 1988; Ziermann et al., 2018b). Cranial NCCs also give rise

to skeletal components and tendons in the head. In contrast, the skeleton and connective tissue

originate from somitic mesoderm in the trunk and from LPM in limbs (Nassari et al., 2017). The

neck and shoulder girdle contain skeletal elements and connective tissues of distinct NCC, LPM or

somitic origins (Durland et al., 2008; Matsuoka et al., 2005; McGonnell et al., 2001;

Nagashima et al., 2016; Tabler et al., 2017; Valasek et al., 2010). It has been suggested that

NCCs form both connective tissue and endochondral cells at the attachment sites of neck muscles to

shoulders in mouse (Matsuoka et al., 2005). However, studies in non-mammalian animals have con-

tested a NCC contribution to the pectoral girdle (Epperlein et al., 2012; Kague et al., 2012;

Ponomartsev et al., 2017).

Therefore, the neck region consists of muscle, skeletal and connective tissue elements of mixed

cellular origins, underscoring the difficulty in assigning embryonic identities for these structures. In

addition, the genetic requirements for the formation of non-somitic and somitic neck muscles remain

Heude et al. eLife 2018;7:e40179. DOI: https://doi.org/10.7554/eLife.40179 2 of 26

Research article Developmental Biology

https://doi.org/10.7554/eLife.40179


to be defined. To resolve these issues, we used genetic lineage and loss-of-function mice combined

with histology, mCT and 3D reconstructions to map the embryological origins of all neck muscles and

associated connective tissues. In doing so, we show that cucullaris-derived muscles originate from a

posterior CPM population and are differentially affected in Tbx1-null mice. Moreover, we identify a

unique genetic network involving both Mesp1 and Pax3 genes for somite-derived neck muscles and

we define a new limit of neural crest contribution to neck connective tissue and shoulder

components.

Results

Distinct myogenic programs define neck muscle morphogenesis
To investigate the embryological origin of neck muscles in the mouse, we mapped CPM- and

somite-derived myogenic cells using lineage-specific Cre drivers including Mef2c-AHF, Islet1, Mesp1

and Pax3 (Figure 1). The Mef2c-AHF (anterior heart field) enhancer is activated in the second heart

field and myogenic progenitors of CPM origin (Lescroart et al., 2010; Verzi et al., 2005). Islet1 and

Mesp1 genes are both expressed in early CPM and are essential for cardiac development. The

Mesp1 lineage also marks some anterior somitic derivatives (Cai et al., 2003; Harel et al., 2009;

Saga et al., 2000; Saga et al., 1999). In contrast, Pax3 is activated in all somitic progenitors and is a

key actor during trunk and limb muscle formation (Relaix et al., 2005; Tajbakhsh et al., 1997;

Tremblay et al., 1998). Given that the majority of Mef2c-AHF derivatives are myogenic cells

(Lescroart et al., 2015; Lescroart et al., 2010; Verzi et al., 2005), we analyzed this lineage using

Rosa26R-lacZ/+ (R26R) reporter mice. Islet1, Mesp1 and Pax3 genes are also expressed in cells con-

tributing to skeletal components, connective tissues or neurons. To focus on the myogenic lineage,

we used Pax7nGFP-stop/nlacZ (Pax7GPL) reporter mice, which mark cells with nuclear b-galactosidase (b-

gal) activity following Cre recombination (Sambasivan et al., 2013).

We first examined embryos after myogenic specification (E10.5 and E11.75), and fetuses when

muscles are patterned (E18.5). In Mef2c-AHFCre;R26R embryos, b-gal-positive cells were observed in

the mesodermal core of pharyngeal arches at the origin of branchiomeric muscles, in second heart

field derivatives, and in the cucullaris anlage (Figure 1A,E). A spatiotemporal analysis of the cuculla-

ris using Myf5Cre;Pax7GPL and Myf5Cre;R26mTmG embryos (Figure 1—figure supplement 1) showed

that Myf5-derived muscle progenitors located at the level of the posterior pharyngeal arches, and

adjacent to somites S1-S3 (Figure 1—figure supplement 1A’), were innervated by the accessory

nerve XI (Figure 1—figure supplement 1G–G”). These cells gave rise to the trapezius and sterno-

cleidomastoid muscles (Figure 1—figure supplement 1A–F’) thus confirming the identity of the

cucullaris anlage in mouse (Tada and Kuratani, 2015).

In Islet1Cre;Pax7GPL and Mesp1Cre;Pax7GPL embryos, labeling was also observed in pharyngeal

arch derivatives and the cucullaris (Figure 1B–C,F–G), the latter showing less contribution from the

Islet1 lineage. On sections, a subset of the Myod-positive cells in the cucullaris originated from

Islet1-derived cells (Figure 1—figure supplement 2A). Surprisingly, Pax3Cre;Pax7GPL embryos also

showed lacZ expression in the cucullaris at E11.75, although no expression was detected at E10.5

(Figure 1D,H). Given that Pax3 and Pax7 are also expressed in neural crest cells (Relaix et al.,

2004), and that these Pax3/Pax7-derived cells were excluded from the Myod-positive myogenic

population at E12.5 after muscle specification (Figure 1—figure supplement 2B), they are likely to

be of NCC origin. As expected, Pax3 lineage tracing also labeled the somite-derived myotomes,

hypaxial migrating progenitors that form the hypoglossal cord (origin of tongue and infrahyoid

muscles), and limb muscle progenitors. Furthermore, the hypaxial anlage, which is located at the

proximal limb bud and gives rise to the cutaneous maximus and latissimus dorsi muscles, was Pax3-

derived (Figure 1D,H; Figure 1—figure supplement 1D’) (Prunotto et al., 2004; Tremblay et al.,

1998). Unexpectedly, this anlage and the latissimus dorsi muscle were also labeled in Islet1Cre;

Pax7GPL but not in Mesp1Cre;Pax7GPL embryos (Figure 1F–G,J–K). On sections at E12.5, Islet1

expression was observed in Pax3-derived cells after the emergence of myogenic cells from the proxi-

mal limb bud (Figure 1—figure supplement 2C). In addition, the Mesp1 lineage contributed to

anterior somitic derivatives during early embryonic development as previously reported

(Loebel et al., 2012; Saga et al., 1999); strong lacZ expression was observed in the hypoglossal
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cord and somites S1-S6. Labeling decreased in more posterior myotomes and in forelimb muscle

progenitors compared to Pax3Cre;Pax7GPL embryos (Figure 1C–D,G–H).

Lineage tracings with Mef2c-AHFCre, Islet1Cre and Mesp1Cre marked branchiomeric (temporal,

masseter, digastric, mylohyoid and pharyngeal) and cucullaris-derived neck muscles (acromiotrape-

zius, spinotrapezius and sternocleidomastoid), all of which were excluded from the Pax3 lineage

(Figure 1I–L, Figure 1—figure supplement 2D–G’). These findings support previous studies show-

ing that cucullaris muscle development is controlled by a branchiomeric myogenic program

(Kelly et al., 2004; Lescroart et al., 2015; Sefton et al., 2016; Theis et al., 2010). In addition, both

Figure 1. Genetic lineage tracing of neck muscle progenitors. Whole-mount X-gal stainings of Mef2c-AHFCre;

R26R, Islet1Cre;Pax7GPL, Mesp1Cre;Pax7GPL and Pax3Cre;Pax7GPL mice at E10.5 (A–D), E11.75 (E–H) and E18.5 (I–L’)

(n = 3 for each condition). See associated Figure 1—supplements 1–3. (A–H) Note labeling of mesodermal core

of pharyngeal arches (PAs) and cucullaris anlage (ccl) by Mef2c-AHF, Islet1 and Mesp1 lineage reporters; b-

gal+ cells in anterior somites of Mesp1Cre embryos and in the clp anlagen of Islet1Cre embryos. Pax3 lineage

marked somitic mesoderm. (I–L’) Mef2c-AHF, Islet1 and Mesp1 lineages marked branchiomeric (mas, tpr, dg) and

cucullaris muscles (stm, atp and stp). Pax3Cre and Mesp1Cre labeled somitic epaxial neck muscles (epm). atp,

acromiotrapezius; ccl, cucullaris anlage; clp, cutaneous maximus/latissimus dorsi precursor; dg, digastric; epm,

epaxial musculature; h, heart; hc, hypoglossal cord; lbm, limb muscle anlagen and limb muscles; ltd, latissimus

dorsi; mas, masseter; nc, nasal capsule; nt, neural tube; PA1-2, pharyngeal arches 1–2; S3, somite 3; stm,

sternocleidomastoid; stp, spinotrapezius; tpr; temporal. Scale bars: in D for A-D and in H for E-H, 1000 mm; in L for

I-L’, 2000 mm.

DOI: https://doi.org/10.7554/eLife.40179.002

The following figure supplements are available for figure 1:

Figure supplement 1. Ontogenetic analysis of Myf5 muscle progenitors at the head-trunk interface.

DOI: https://doi.org/10.7554/eLife.40179.003

Figure supplement 2. Mef2c-AHF, Islet1, Mesp1 and Pax3 lineage tracings using lacZ reporters.

DOI: https://doi.org/10.7554/eLife.40179.004

Figure supplement 3. Mesp1 and Pax3 lineage tracings in somitic neck muscles using the Pax7GPL reporter.

DOI: https://doi.org/10.7554/eLife.40179.005
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Mesp1 and Pax3 lineages labeled somitic neck muscles (Figure 1K–L’, Figure 1—figure supplement

2F–G’).

Analysis of different somite-derived neck muscles on sections showed that Mesp1 and Pax3 line-

ages gave rise to the great majority of the Pax7-positive myogenic population (Figure 1—figure

supplement 3), demonstrating the high recombination efficiency obtained with the Cre lines. The

results indicate that neck somitic muscles originate from myogenic cells that have expressed both

Mesp1 and Pax3 genes.

To further investigate the contributions of Mesp1 and Pax3 lineages to neck muscles, we exam-

ined sections using the R26tdTomato reporter co-immunostained with the myofibre marker Tnnt3 at

three representative levels (A, B and C levels in Figure 1; see also Figure 2—figure supplement 1).

At anterior levels, while Pax3 lineage contribution was limited to somite-derived neck muscles, the

Mesp1 lineage marked branchiomeric muscles (mylohyoid, pharyngeal, laryngeal, esophagus), cucul-

laris-derived muscles (acromiotrapezius and sternocleidomastoid) and somite-derived neck muscles

(Figure 2A–H, Figure 1—figure supplement 2F–G’, Figure 2—figure supplement 2A–H’). The

epaxial and hypaxial neck muscles showed equivalent Tomato expression in both Mesp1Cre;R26tdTo-

mato and Pax3Cre;R26tdTomato mice. These observations further indicate that Mesp1 and Pax3 lineages

contribute equivalently to neck muscles derived from anterior somites.

At the shoulder level, we observed less Mesp1 contribution to more posterior somitic muscles

(Figure 2I–J). In contrast to that observed at anterior levels, little or no Tomato expression was

detected in myofibres of scapular muscles in Mesp1Cre;R26tdTomato mice (Figure 2—figure supple-

ment 2I–J’). Therefore, Mesp1 lineage contribution was restricted to epaxial and hypaxial neck

muscles, in contrast to pectoral and trunk muscles that originate from the Pax3 lineage (Figures 1–

2) (Table 1). These observations lead us to propose that three distinct myogenic programs are

involved in the formation of neck and pectoral musculature at the head-trunk interface. The bran-

chiomeric and cucullaris-derived muscles depend on a common myogenic program involving Mef2c-

AHF, Islet1 and Mesp1 lineages; the somitic neck muscles that originate from anterior somites derive

from both Mesp1 and Pax3 lineages; the pectoral muscles derived from more posterior somites

depend on the activation of Pax3 only (Table 1).

Dual neural crest and mesodermal origins of neck connective tissues
To define the cellular origin of neck muscle-associated connective tissue (MCT), we traced the contri-

bution of different embryonic populations using Mesp1Cre;R26tdTomato and Pax3Cre;R26tdTomato mice

as well as Wnt1Cre and Prx1Cre reporters that label NCC and postcranial LPM derivatives, respec-

tively (Burke and Nowicki, 2003; Danielian et al., 1998; Durland et al., 2008). Both NCC and LPM

populations were reported to contribute to trapezius MCT (Durland et al., 2008; Matsuoka et al.,

2005). Moreover, it was suggested that the postcranial LPM is a source for cucullaris-derived

muscles (Theis et al., 2010). A direct comparison of NCC and LPM derivatives allowed us to clarify

the contribution of these two populations to cucullaris formation (Figures 3–4).

We first investigated the distribution of neck muscles and NCCs using Myf5nlacZ/+, Mef2c-AHFCre;

R26R, Pax3Cre;R26R and Wnt1Cre;R26R embryos (Figure 3—figure supplement 1). At E10.5, the

cucullaris anlage was positioned at the level of posterior pharyngeal arches where Wnt1-derived-

positive cells were detectable (Figure 1A–C, Figure 1—figure supplement 1A’, Figure 3—figure

supplement 1A–B). Subsequently, the cucullaris progenitors expanded caudally from E11.5 to

E13.5. The posterior limit of the cranial NCC domain also extended posteriorly; however, the Wnt1-

labeled cells did not cover the posterior portion of cucullaris-derived muscles (Figure 3—figure sup-

plement 1C–H). At E14.5, the acromiotrapezius and spinotrapezius attained their definitive position

in Myf5nlacZ/+ and Mef2c-AHFCre;R26R embryos (Figure 3—figure supplement 1I–J). Wnt1-derived

cells were observed in the anterior acromiotrapezius muscle, but not in the spinotrapezius that was

situated in a Pax3-derived domain (Figure 3—figure supplement 1K–L). Analysis of whole-mount

embryos indicated that the cranial NCCs did not contribute to connective tissue of posterior cuculla-

ris derivatives, in contrast to what was reported previously (Matsuoka et al., 2005).

To further analyze NCC contribution to the cervical region at the cellular level, we performed

immunostainings on sections for Tomato and Tnnt3 in E18.5 Wnt1Cre;R26tdTomato fetuses (Figure 3,

Figure 3—figure supplement 2). Given that the Wnt1 lineage is a source of both neuronal and con-

nective tissue derivatives, we associated Tomato immunostaining with Tuj1 that marks neuronal cells

and with Tcf4 that labels MCT fibroblasts (Figure 3, Figure 3—figure supplements 2–3). At the
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Figure 2. Differential contributions of Mesp1 and Pax3 lineages to neck and shoulders. Immunostainings on

coronal cryosections of E18.5 Mesp1Cre;R26tdTomato and Pax3Cre;R26tdTomato mice for the myofibre Tnnt3 and

Tomato markers at levels indicated in Figure 1. Higher magnifications of selected areas in (A–J) are shown in

Figure 2—figure supplement 2; (n = 2 for each condition). See also the atlas of neck musculature in Figure 2—

figure supplement 1. (A–H) Mesp1Cre labeled all neck muscles including branchiomeric (myh, esm, phm and ilm),

cucullaris (stm, atp), somitic epaxial (epm) and hypaxial (tg, lcp, lcl, ifh) muscles. Pax3Cre marked somitic muscles.

(I–J) At shoulder level, Mesp1-derived cells did not contribute to posterior somitic myofibres including scapular

muscles (scp) compared to that observed in Pax3Cre embryos. ac, arytenoid cartilage; acp, scapular acromion

process; atp, acromiotrapezius; cc, cricoid cartilage; epm, epaxial musculature; esm, esophagus striated muscle;

hh, humeral head; ifh, infrahyoid muscles; ilm, intrinsic laryngeal muscles; lcl, longus colli; lcp, longus capitis; myh,

mylohyoid; ob, occipital bone; oc, otic capsule; phm, pharyngeal muscles; stm, sternocleidomastoid; scp, scapular

musculature; tc, thyroid cartilage; tg, tongue. Scale bars: in J for A-B 200 mm, for C-J 400 mm.

DOI: https://doi.org/10.7554/eLife.40179.006

The following figure supplements are available for figure 2:

Figure supplement 1. Atlas of neck musculature in mouse.

DOI: https://doi.org/10.7554/eLife.40179.007

Figure supplement 2. Mesp1 and Pax3 lineage contributions to neck and shoulder muscles.

DOI: https://doi.org/10.7554/eLife.40179.008
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cranial level, the MCT of branchiomeric (masseter, mylohyoid), tongue and acromiotrapezius muscles

was derived from Wnt1- and Pax3-lineages but not from the mesodermal Mesp1 lineage (Figure 3—

figure supplement 2A–B’, Figure 3—figure supplement 3A,F, Figure 3—figure supplement 4A–

D,G). The acromiotrapezius showed a high contribution from Wnt1-derived cells while the underlying

epaxial muscles had considerably less labeled cells that were limited to the neuronal Tuj1-positive

population (Figure 3A–A’). The Wnt1 lineage gave rise to Tcf4-positive fibroblasts in the acromiotra-

pezius, but not in epaxial neck muscles, where fibroblasts were derived from the Mesp1 lineage (Fig-

ure 3—figure supplements 3B–C and 4E). These observations are in accordance with a NCC origin

of branchiomeric, anterior trapezius and tongue connective tissue as reported previously

(Matsuoka et al., 2005).

However, the NCC contribution to connective tissue in the sternocleidomastoid subset of cuculla-

ris-derived muscles appeared more heterogeneous than that observed in the acromiotrapezius. In

rodents, the sternocleidomastoid is composed of three individual muscles (cleidomastoid, sterno-

mastoid and cleido-occipitalis portions); a differential NCC contribution to MCT was observed in

these muscles. While Wnt1-derived NCCs were widely present in the sternomastoid and cleido-occi-

pitalis, the NCC contribution was limited in the cleidomastoid (Figure 3B–B’). Indeed, Tcf4-positive

fibroblasts in the cleido-occipitalis originated from the Wnt1 lineage, whereas the majority of MCT

fibroblasts in the cleidomastoid were derived from the Mesp1 lineage (Figure 3—figure supple-

ments 3D–E and 4F).

A differential contribution of NCCs to connective tissue was also seen within the laryngeal and

infrahyoid musculature. Extensive Wnt1 lineage contributions to MCT was observed in laryngeal

muscles (thyroarytenoid and cricothyroid) that connect to the thyroid cartilage, which is of NCC ori-

gin (Figure 3C–C’) (Tabler et al., 2017). In contrast, the laryngeal muscles (cricoarytenoid and vocal

muscles) that link mesoderm-derived laryngeal cartilages (cricoid, arytenoid and medio-caudal por-

tion of the thyroid) did not contain NCC-derived connective tissue (Figures 2G–H and 3C–

C’) (Tabler et al., 2017). In these muscles, the Wnt1-derived cells were neuronal, as observed in the

esophagus, whereas the MCT fibroblasts were derived from the Mesp1 lineage (Figure 3C–C’, Fig-

ure 3—figure supplements 2D–D’ and 4H). As another example, Wnt1-derived cells contributed to

a greater extent to MCT in infrahyoid muscles (thyrohyoid muscles) that connect the hyoid and thy-

roid cartilage that are of NCC origin, compared to infrahyoid muscles (omohyoid and sternohyoid

muscles) that link posteriorly pectoral structures of mesodermal origin (Figure 3—figure supple-

ment 2C,C’, H; Figure 3—figure supplement 3G–H). These observations suggest that MCT compo-

sition within laryngeal and infrahyoid muscles correlates in part with the embryonic origin of the

skeletal components to which they attach (Figure 2G–H, Figure 3C–C’, Figure 3—figure supple-

ment 2C–C’, H).

Table 1. Contribution of Mef2c-AHF, Islet1, Mesp1 and Pax3 lineages to neck and pectoral

musculature.

Mef2c/Islet1/Mesp1-
derived muscles

Mesp1/Pax3-
derived muscles Pax3- derived muscles

Mylohyoid
Digastric muscles

Pharyngeal muscles
Intrinsic laryngeal muscles
Esophagus striated muscle

Sternocleidomastoid
Acromiotrapezius
Spinotrapezius

Epaxial neck muscles
(splenius, semispinalis,
levator scapula,
rhomboid occipitalis,
suboccipital and
postvertebral muscles)

Hypaxial neck muscles
(tongue muscles*,
infrahyoid muscles,
longus capitis, longus colli)

Scapular muscles
(supraspinatus, Infraspinatus,
subscapularis)

Pectoralis

Latissimus dorsi†

Cutaneous maximus†

Branchiomeric myogenic
program

Anterior-most somite myogenic
program

More posterior somite myogenic
program

*Including intrinsic and extrinsic tongue muscles of somitic origin
†Also derived from an Islet1 lineage

DOI: https://doi.org/10.7554/eLife.40179.009
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Figure 3. Neural crest contribution to neck muscle-associated tissue. Immunostainings on coronal cryosections of

E18.5 Wnt1Cre;R26tdTomato mice at levels indicated in Figure 1. Tnnt3/Tomato immunostainings are shown in (A–D)

and immunostainings for Tuj1/Tomato on selected areas of (A–D) are shown with higher magnifications in (A’–D’).

See associated Figure 3—figure supplement 1–4; (n = 2). (A–A’) Note high Wnt1 contribution in the

acromiotrapezius but not in epaxial muscles where Wnt1-derived cells marked neuronal cells. (B–C’) Wnt1-derived

cells marked differentially the distinct muscles composing the sternocleidomastoid and laryngeal musculatures.

(D–D’) At shoulder level, the Wnt1 cells did not contribute to attachment of acromiotrapezius to scapula. ac,

arytenoid cartilage; acp, scapular acromion process; atp, acromiotrapezius; cc, cricoid cartilage; clm,

cleidomastoid; clo, cleido-occipitalis; ct, cricothyroid; epm, epaxial musculature; hh, humeral head; ifh, infrahyoid

muscles; lca, lateral cricoarytenoid; MCT, muscle-associated connective tissue; pca, posterior cricoarytenoid; phm,

pharyngeal muscles; scp, scapular musculature; std, sternomastoid; tam, thyroarytenoid muscle; tc, thyroid

cartilage; vm, vocal muscle. Scale bars: in D’ for A-D 400 mm for A’-D’ 200 mm.

DOI: https://doi.org/10.7554/eLife.40179.010

The following figure supplements are available for figure 3:

Figure supplement 1. Distribution of developing neck muscles and neural crest cells.

DOI: https://doi.org/10.7554/eLife.40179.011

Figure supplement 2. Neural crest contribution to neck and pectoral structures.

DOI: https://doi.org/10.7554/eLife.40179.012

Figure supplement 3. Wnt1 lineage contribution to connective tissue fibroblasts.

DOI: https://doi.org/10.7554/eLife.40179.013

Figure supplement 4. Contribution of Pax3 and Mesp1 lineages to connective tissue fibroblasts.

DOI: https://doi.org/10.7554/eLife.40179.014
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Given our findings that connective tissues of neck muscles have differential contributions of NCC

and mesodermal populations, we analyzed the caudal connections of the cucullaris-derived muscles

to the pectoral girdle (Figure 3D, Figure 3—figure supplement 2E–H). The acromiotrapezius

Figure 4. Prx1-LPM lineage contribution to neck and pectoral girdle. See also Figure 4—figure supplement 1,

2. (A–D) X-gal stainings of Prx1Cre;R26R reporter mice at E9.5 (n = 3) (A) and E18.5 (n = 3) (C–D), and

immunostaining for GFP and the Pax7/Myod/My32 myogenic markers in Prx1Cre;R26mTmG E12.5 embryo (n = 2) (B).

Note Prx1-derived cells in postcranial LPM (A, black arrowheads) and Prx1-derived cells among, but not in,

cucullaris myofibres (B–D). (E–F’’) Immunostaining for b-gal, Tnnt3 and Tcf4 on coronal cryosections of E18.5

Prx1Cre;R26R mice (n = 2) showed b-gal+ cells constituting the pectoral girdle (E, level C in Figure 1) and in MCT

fibroblasts (F-F’’, white arrowheads), but not in trapezius myofibres. acp, scapular acromion process; atp,

acromiotrapezius; ccl, cucullaris anlage; ccp, scapular coracoid process; cl, clavicle; epm, epaxial musculature; hh,

humeral head; lb, forelimb bud; lbm, limb muscle anlagen; LPM, lateral plate mesoderm; ltd, latissimus dorsi; PA1-

6, pharyngeal arches 1–6; S3, somite 3; scp, scapular muscles; stm, sternocleidomastoid; stp, spinotrapezius. Scale

bars: in A for A, B 500 mm; in C for C-D 2000 mm, for E 500 mm; in F’’ for F-F’’ 20 mm.

DOI: https://doi.org/10.7554/eLife.40179.015

The following figure supplements are available for figure 4:

Figure supplement 1. Comparison of the Myf5 and Prx1 lineage tracings.

DOI: https://doi.org/10.7554/eLife.40179.016

Figure supplement 2. Prx1 lineage contribution to neck and limbs.

DOI: https://doi.org/10.7554/eLife.40179.017
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attaches dorsally to the nuchal ligament and ventrally to the scapular acromion process in continuity

with the scapular spine. While Wnt1-derived cells were present dorsally (Figure 3A, Figure 3—fig-

ure supplement 2E), this contribution diminished gradually and was undetectable at the insertion

on the scapula (Figure 3D–D’, Figure 3—figure supplement 2F). Similarly, the sternocleidomastoid

muscle showed limited NCC contribution to the attachment sites of the clavicle and sternum (Fig-

ure 3—figure supplement 2G–H). In contrast to what was previously described (Matsuoka et al.,

2005), we did not observe NCC contribution to the shoulder endochondral tissue nor to the nuchal

ligament (Figure 3—figure supplement 2E–H). Taken together, these observations define a novel

boundary for neural crest contribution to neck/pectoral components. The posterior contribution limit

of neural crest to branchiomeric MCT occurs at the level of laryngeal muscles that connect to NCC

skeletal derivatives. Moreover, NCCs do not participate in connecting posterior cucullaris and infra-

hyoid muscles to their skeletal elements.

To assess the cellular origin of cucullaris connective tissue at posterior attachment sites, we next

traced the contribution of lateral plate mesoderm (LPM) to the neck/shoulder region using Prx1Cre

reporter mice (Durland et al., 2008; Logan et al., 2002) (Figure 4, Figure 4—figure supplements

1–2). Analysis of E9.5 embryos showed that Prx1-derived cells contribute to the forelimb bud and

cells adjacent to the anterior-most somites, but not to pharyngeal arches (Figure 4A). At E12.5, the

postcranial Prx1-derived domain clearly defined the lateral somitic frontier along the rostrocaudal

axis (Durland et al., 2008) and did not include the cucullaris anlage (Figure 4—figure supplement

1, white arrowheads). Whole-mount immunostainings for the myogenic markers Pax7/Myod/My32

and for GFP in Prx1Cre;R26mTmG embryos showed that Prx1-derived cells were present in the dorsal

part of the cucullaris but did not contribute to myofibres (Figure 4B, white arrowheads). At E18.5,

the Prx1 lineage marked the limb, scapular and abdominal regions, whereas only a few Prx1-derived

cells were detected in the cucullaris-derived sternocleidomastoid, acromiotrapezius and spinotrape-

zius muscles (Figure 4C–D). On sections, immunostaining for b-gal and Tnnt3 showed that Prx1-

derived LPM contributed to limb/shoulder MCT and to skeletal components of the pectoral girdle

(Figure 4E, Figure 4—figure supplement 2A–B). In contrast, fewer Prx1-derived cells were

detected in the acromiotrapezius and little or no contribution was observed in the epaxial muscles

(Figure 4E, Figure 4—figure supplement 2B–C). In addition, only a limited number of Prx1-derived

cells gave rise to Tcf4-positive fibroblasts in the trapezius muscles, but they contributed more exten-

sively to the fibroblast population in scapular muscles (Figure 4F–F’’, white arrowheads, Figure 4—

figure supplement 2D–D”). Notably, b-gal expression for this lineage was not detected in trapezius

myofibres thereby confirming the results obtained at E12.5 (Figure 4B–F”, Figure 4—figure supple-

ments 1–2).

Therefore, these observations reveal a dual NCC/LPM origin of trapezius connective tissue, with a

decrease of NCC contribution at posterior attachment sites. Moreover, our analysis shows that the

postcranial LPM does not give rise to cucullaris myofibres in contrast to what was suggested previ-

ously (Theis et al., 2010), thus providing further evidence for a branchiomeric origin of the

cucullaris.

Divergent functions of Tbx1 and Pax3 in neck development
Given the key role for Tbx1 and Pax3 genes in the specification of the CPM and somites respectively,

we analyzed the effect of inactivation of these genes on neck muscle formation, compared to the

muscle phenotypes observed at cranial and trunk levels.

Analysis has been performed by immunostainings on sections and 3D reconstructions of the neck

and pectoral girdle using high-resolution micro-computed tomographic (mCT) scans of control,

Tbx1-/- and Pax3-/- fetuses (Figures 5–6).

In the early embryo, Tbx1 is expressed in pharyngeal mesoderm and is required for proper bran-

chiomeric muscle formation (Grifone et al., 2008; Kelly et al., 2004). While Tbx1 is expressed in

other cranial populations including the pharyngeal ectoderm and endoderm (Arnold et al., 2006;

Huynh et al., 2007), the gene is known to be required cell autonomously during CPM myogenesis

(Kong et al., 2014; Zhang et al., 2006). Analysis of Tbx1 mutants revealed unexpected features in

cucullaris and hypaxial neck muscle formation. As previously described (Gopalakrishnan et al.,

2015; Kelly et al., 2004), anterior branchiomeric muscles (digastric and mylohyoid) showed pheno-

typic variations, whereas posterior branchiomeric muscles (esophagus and intrinsic laryngeal

muscles) and the acromiotrapezius were severely affected or undetectable (Figure 5B,E,H;
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Figure 6B) (Table 2). However, detailed examination of the cucullaris-derived muscles revealed a

heterogeneous dependence on Tbx1 function that was not reported previously (Lescroart et al.,

2015; Theis et al., 2010). Unexpectedly, the sternocleidomastoid muscle was present bilaterally but

smaller (Figure 6B); the different portions (cleido-occipitalis, cleidomastoid and sternomastoid) were

unilaterally or bilaterally affected in a stochastic manner. Moreover, while the epaxial neck and scap-

ular muscles were unaffected (Figure 5E, Figure 6E–H), the hypaxial neck muscles derived from

anterior somites were altered. Indeed, the tongue and longus capitis were reduced and the infra-

hyoid and longus colli muscles were severely affected or undetectable (Figure 5B,H, Figure 6E,H;

see interactive 3D PDFs in Supplementary file 1–2).

Analysis of Pax3 mutants showed that the neck and pectoral muscles were differentially affected.

As expected, branchiomeric and epaxial muscles developed normally but displayed morphological

differences adapted to malformations noted in some skeletal components (Figure 5C,F; Figure 6C,

I). However, whereas hypaxial trunk/limb muscles were severely affected or undetectable in Pax3

mutants (Figure 5F,I; Figure 6F,I) (Tajbakhsh et al., 1997; Tremblay et al., 1998), surprisingly the

majority of hypaxial neck muscles derived from both Mesp1 and Pax3 lineages were present. Tongue

muscles were reduced in size but patterned, the infrahyoid were hypoplastic, whereas the longus

Figure 5. Neck muscle phenotypes in Tbx1 and Pax3 mutants. (A–I) Immunostainings for Tnnt3 on coronal

cryosections of control, Tbx1-null and Pax3-null fetuses at E18.5 (n = 3 each condition). Yellow asterisks indicate

missing muscles. Note absence of branchiomeric laryngeal (ilm), esophagus (esm) and trapezius (atp) muscles and

severe alteration of somitic infrahyoid muscles (ifh) in Tbx1 mutants. Scapular (scp) and pectoral (ptm) muscles are

missing in Pax3 mutants. ac, arytenoid cartilage; atp, acromiotrapezius; cc, cricoid cartilage; cl, clavicle; epm,

epaxial musculature; esm, esophagus striated muscle; ifh, infrahyoid muscles; ilm, intrinsic laryngeal muscles; lcp,

longus capitis; ptm, pectoralis muscles; sc, scapula; scp, scapular muscles; st, sternum; tc, thyroid cartilage; tg,

tongue. Scale bars: in A for A-I 500 mm.

DOI: https://doi.org/10.7554/eLife.40179.018
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capitis and longus colli were unaffected (Figure 5C; Figure 6F,I; see interactive 3D PDF in

Supplementary file 3). The phenotypes of the different muscle groups observed in Tbx1 and Pax3

mutants are summarized in Table 2 (see also Figure 7—figure supplement 1).

Taken together, these observations revealed that hypaxial muscles in the neck were less affected

in Pax3 mutants than more posterior hypaxial muscles, pointing to distinct requirements for Pax3

function during neck and trunk muscle formation. In addition, Tbx1 mutants exhibited more severe

phenotypes in hypaxial neck muscles, thus highlighting distinct roles for this gene in branchiomeric

and hypaxial neck myogenesis.

Figure 6. 3D reconstructions of neck musculoskeletal system in Tbx1 and Pax3 mutants. See interactive 3D PDFs in

Supplementary file 1–3; control n = 1; mutants n = 2. (A–C) Branchiomeric and cucullaris-derived muscles marked

by Mef2c-AHF/Islet1/Mesp1 lineages are indicated in pink. (D–F) Anterior somitic muscles (Mesp1, Pax3 lineages),

in red. (G–I) Scapular muscles from more posterior somites (Pax3 lineage), in violet. atp, acromiotrapezius; cc,

cricoid cartilage; dg, digastric muscles; epm, epaxial musculature; ifh, infrahyoid muscles; ilm, intrinsic laryngeal

muscles; lcl, longus colli; lcp, longus capitis; myh, mylohyoid; sc, scapula; scp, scapular muscles; stm,

sternocleidomastoid; tc, thyroid cartilage; tg, tongue.

DOI: https://doi.org/10.7554/eLife.40179.019
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Discussion
The embryological origins of neck muscles and connective tissues at the head-trunk interface have

been poorly defined largely due to their localization at a transition zone that involves multiple

embryonic populations. Using a combination of complementary genetically modified mice and 3D

analysis that identifies muscles in the context of their bone attachments, we provide a detailed map

of neck tissue morphogenesis and reveal some unexpected features regarding the muscle and con-

nective tissue network.

Branchiomeric origin of cucullaris-derived muscles
The mammalian neck consists of somitic epaxial/hypaxial muscles, branchiomeric muscles and cucul-

laris-derived muscles (Table 1). The latter constitute a major innovation in vertebrate history, con-

necting the head to the pectoral girdle in gnathostomes and allowing head mobility in tetrapods

(Ericsson et al., 2013). Recent studies in different organisms including shark, lungfish and amphib-

ians suggest that the cucullaris develops in series with posterior branchial muscles and that its devel-

opmental origin and innervation is conserved among gnathostomes (Diogo, 2010; Ericsson et al.,

2013; Naumann et al., 2017; Noda et al., 2017; Sefton et al., 2016; Tada and Kuratani, 2015;

Ziermann et al., 2018a; Ziermann et al., 2017). However, multiple embryological origins including

CPM, LPM and somites have been reported for the cucullaris, underscoring the difficulty in decipher-

ing the morphogenesis of this and other muscles in the head-trunk transition zone (Huang et al.,

2000; Nagashima et al., 2016; Sefton et al., 2016; Theis et al., 2010).

Our study shows that the cucullaris anlage is innervated by the accessory nerve XI and develops

contiguously with the mesodermal core of posterior arches and anterior-most somites 1–3. Our line-

age analysis reveals that cucullaris development depends on a branchiomeric myogenic program

involving Mef2c-AHF, Islet1 and Mesp1 lineages in keeping with previous results (Table 1)

(Lescroart et al., 2015; Sefton et al., 2016; Theis et al., 2010). However, our detailed functional

analysis and 3D reconstructions lead us to modify the view of the genetic requirements of cucullaris-

derived muscles (Lescroart et al., 2015; Theis et al., 2010). Notably, these muscles are differentially

affected in Tbx1-null fetuses; the acromiotrapezius does not form while the sternocleidomastoid is

present but reduced. Therefore, Tbx1 is differentially required for sternocleidomastoid and trapezius

formation, suggesting that distinct subprograms regulate cucullaris development.

We also demonstrate that the cucullaris anlage is excluded from the postcranial Prx1-derived

expression domain, which delineates the trunk LPM field (Figure 4). The Prx1 lineage instead gives

rise to connective tissue, thereby excluding a contribution from LPM to cucullaris-derived myofibres.

Thus, our results, combined with innervation studies, retrospective clonal analyses and grafting

experiments in chick and axolotl (Lescroart et al., 2015; Nagashima et al., 2016; Sefton et al.,

Table 2. Summary of the neck muscle phenotype observed in Tbx1- and Pax3-null fetuses.

Tbx1-null Pax3-null

Branchiomeric muscles (Mef2c-AHF/Islet1/Mesp1 lineage)
Mylohyoid
Digastric muscles
Intrinsic laryngeal muscles
Esophagus striated muscle
Sternocleidomastoid
Acromiotrapezius

+/-
+/-
�

�

+/-
�

++
++
+
++
+
+

Anterior-most somite muscles (Mesp1/Pax3 lineage)
Epaxial musculature
Longus capitis
Longus colli
Infrahyoid muscles
Tongue muscles*

++
+/-
�

�

+

+
++
++
+/-
+

More posterior somite muscles (Pax3 lineage)
Scapular muscles
Pectoralis

++
++

�

�

++,normal; +, altered morphology; +/-, affected; -, severely affected or undetectable

*Including intrinsic and extrinsic tongue muscles of somitic origin

DOI: https://doi.org/10.7554/eLife.40179.020
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2016; Tada and Kuratani, 2015), suggest that the postcranial extension of the CPM lateral to the

first three somites in tetrapod embryos is a source of cucullaris myogenic cells (Figure 7A). The dis-

cordance with previous studies regarding the origin of the cucullaris is likely due to its proximity to

both anterior somites and LPM (Figure 7A–B), and consequently, to potential contamination of

embryonic sources in grafting experiments (Couly et al., 1993; Huang et al., 1997; Huang et al.,

2000; Noden, 1983; Piekarski and Olsson, 2007; Theis et al., 2010).

A unique genetic program for somite-derived neck muscles
Our study also points to a unique Mesp1/Pax3 genetic program in anterior somites for epaxial/

hypaxial neck muscle formation (Table 1). While it was shown that the Mesp1 lineage gives rise to

tongue muscles (Harel et al., 2009), we demonstrate that it also contributes to all neck muscles. In

Figure 7. Model for musculoskeletal and connective tissue relationships during murine neck development. See

also Figure 7—figure supplement 1. (A, C) CPM (pink), anterior somites (red) and more posterior somites (violet)

muscles are defined by three distinct myogenic programs. (B) Note that the cucullaris develops in a NC domain

(blue dots), but is excluded from the postcranial LPM (yellow dots). (C) Dual NC/LPM origin of trapezius connective

tissue is indicated in (a). NC contribution to connective tissue extends to tongue and anterior infrahyoid

musculature (b). (D) Mixed origins of muscle connective tissues at the head-trunk-limb interface. Example of

representative muscles: (a) masseter, (b) spinalis dorsi, (c) deltoid. atp, acromiotrapezius; ccl, cucullaris; CPM,

cardiopharyngeal mesoderm; epm, epaxial neck musculature; hpm, hypaxial neck musculature; hy, hyoid bone;

LPM, postcranial lateral plate mesoderm; NC, neural crest; PA1-2, pharyngeal arches 1–2; PM, paraxial mesoderm;

stm, sternocleidomastoid; stp, spinotrapezius; tc, thyroid cartilage.

DOI: https://doi.org/10.7554/eLife.40179.021

The following figure supplement is available for figure 7:

Figure supplement 1. Muscles affected in Tbx1 and Pax3 mutants.

DOI: https://doi.org/10.7554/eLife.40179.022
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chordates, Mesp genes appear to play a conserved role in cardiogenesis and axis segmentation. In

mouse, Mesp1 inactivation causes early embryonic death from abnormal heart development, and

Mesp1/Mesp2 double-knockout embryos lack non-axial mesoderm (Moreno et al., 2008;

Saga, 1998; Saga et al., 2000; Satou et al., 2004; Sawada et al., 2000). During early murine devel-

opment, Mesp1 shows two waves of activation; initially in the nascent mesoderm destined for extra-

embryonic, cranial and cardiac mesoderm at the onset of gastrulation; later during somitogenesis,

transient Mesp1 expression is limited to anterior presomitic mesoderm (Saga, 1998; Saga et al.,

1996; Saga et al., 2000; Saga et al., 1999). Our lineage analysis shows that Mesp1 extensively

labels the anterior mesoderm, including the CPM and anterior somites 1–6, while contribution

decreases in more posterior somites (Figure 1) (Loebel et al., 2012; Saga et al., 2000; Saga et al.,

1999). Previous fate mapping experiments have shown that the mesoderm of late-streak stage

embryos contributes to both CPM and anterior somites (Parameswaran and Tam, 1995). It appears

that the first wave of Mesp1 expression defines not only the CPM field but also includes the meso-

derm destined for anterior somites. In contrast, the Mesp1-labeled cells observed in more posterior

somites using the sensitive Pax7GPL reporter may result from the transient wave of Mesp1 expression

in the presomitic mesoderm during axis segmentation. Furthermore, we show that Mesp1-derived

anterior somites give rise to all epaxial/hypaxial neck muscles in contrast to trunk/limb muscles origi-

nating from more posterior somites marked by Pax3. The boundary of Mesp1 lineage contribution

to muscles corresponds to the neck/pectoral interface. Our findings indicate that the anterior somitic

mesoderm employs a specific transition program for neck muscle formation involving both Mesp1

and Pax3 genes implicated in CPM and somitic myogenesis, respectively (Figure 7A–C).

Whereas little is known about the function of Mesp genes in chordates, there is evidence that

Mesp1 might be differentially required during anterior versus posterior somitic formation. In mouse,

different Mesp1 enhancer activities have been observed between CPM/anterior somites and poste-

rior somites indicating that the regulation of Mesp1 expression might differ in the two embryonic

compartments (Haraguchi et al., 2001). In zebrafish, quadruple mutants of Mesp genes (Mesp-aa/-

ab/-ba/-bb) lack anterior somite segmentation while the positioning of posterior somite boundaries

is unaffected, suggesting distinct requirements for Mesp genes in anterior and posterior somites

(Yabe et al., 2016). Interestingly, during early ascidian development, Mesp is expressed in B7.5

founder cells that give rise to both CPM and anterior tail muscles (ATM) (Satou et al., 2004). In

Ciona, the CPM precursors at the origin of heart and atrial siphon (pharyngeal) muscles depend on

the ascidian homologs of Mesp1, Islet1 and Tbx1 (reviewed in [Diogo et al., 2015]), indicating that a

conserved genetic network promotes chordate myogenesis in the anterior embryonic domain.

Our lineage analysis also reveals an unexpected contribution of Islet1-derived cells to the forma-

tion of cutaneous maximus and latissimus dorsi muscle progenitors (Table 1) (Prunotto et al., 2004;

Tremblay et al., 1998). Islet1 is activated in a subset of CPM progenitors giving rise to branchio-

meric muscles and second heart field myocardium (Cai et al., 2003; Harel et al., 2009;

Nathan et al., 2008). At the trunk level, while Islet1 is widely expressed in the nervous system and in

the LPM forming the hindlimb bud (Cai et al., 2003; Yang et al., 2006), to our knowledge its

expression in somitic myogenic cells has not been reported. The cutaneous maximus and latissimus

dorsi muscles are missing in both Pax3 and Met mutants (Prunotto et al., 2004; Tajbakhsh et al.,

1997; Tremblay et al., 1998). Therefore, the formation of the latissimus dorsi and cutaneous maxi-

mus muscles depends on a specific developmental program implicating Pax3, Islet1 and Met genes.

Given that the latissimus dorsi and cutaneous maximus participated in the gain in mobility of the

forelimbs towards the shoulder girdle in tetrapods, our findings provide insights into their genetic

and evolutionary origins.

Our detailed analysis of Tbx1- and Pax3-null mice on sections and in 3D reconstructions now pro-

vides a clarified view of neck muscle morphogenesis (Table 2). In both Tbx1 and Pax3 mutants,

whereas the epaxial neck musculature is unaffected, the hypaxial muscles originating from anterior

somites are perturbed with a more severe phenotype observed in Tbx1 mutants (Table 2). Whereas

no Tbx1 expression has been reported in early myotomes in somites, Tbx1 transcripts appear in

hypaxial limb and tongue precursors after myogenic specification (Grifone et al., 2008; Kelly et al.,

2004; Zoupa et al., 2006). Tbx1-null embryos show normal myotomal and limb muscle morphology

while the hypoglossal cord is hypoplastic, resulting in reduced tongue musculature (Table 2)

(Grifone et al., 2008; Kelly et al., 2004). Therefore, we cannot exclude the possibility that Tbx1 is

activated and plays a role after specification of neck hypaxial muscles (Okano et al., 2008;
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Zoupa et al., 2006). The hypaxial muscle defects might also be secondary to a failure of caudal pha-

ryngeal outgrowth (Kelly et al., 2004). While Tbx1 acts cell autonomously in mesodermal progeni-

tors (Kong et al., 2014; Zhang et al., 2006), its expression in pharyngeal endoderm might imply an

indirect role in CPM myogenesis (Arnold et al., 2006). Defects in signaling from pharyngeal endo-

derm may explain the hypoglossal cord deficiency and the potential non-autonomous role for Tbx1

in neck hypaxial myogenesis. Detailed analysis of muscle formation in conditional Tbx1 mutants is

needed to resolve the relative roles of Tbx1 in neck myogenesis.

It has been shown that hypaxial muscles are perturbed to a greater extent than epaxial muscles in

Pax3 mutants (Tajbakhsh et al., 1997; Tremblay et al., 1998), suggesting a different requirement

for Pax3 in these muscle groups, possibly through differential gene regulation (Brown et al., 2005).

An unexpected outcome of our analysis was that hypaxial neck muscles (derived from Mesp1 and

Pax3 lineages) are less perturbed in Pax3-null mutants than hypaxial trunk/limb muscles (Pax3 line-

age only) that are severely altered or undetectable (Table 2). Our results indicate that Pax3 is not

essential for the formation of neck muscles derived from anterior somites in contrast to hypaxial

muscles originating from more posterior somites. These observations support our model that a dis-

tinct genetic program governs somitic neck muscles compared to more posterior trunk muscles.

Connectivity network of the neck and shoulders
Assessing the non-muscle contribution to the neck region is a major challenge due to the extensive

participation of diverse cell types from different embryological origins. Previous studies in amphib-

ians, chick and mouse reported that branchiomeric and hypobranchial connective tissue originates

from NCCs (Hanken and Gross, 2005; Köntges and Lumsden, 1996; Matsuoka et al., 2005;

Noden, 1983; Olsson et al., 2001; Ziermann et al., 2018b). It has been shown that the neural crest

provides connective tissue for muscles that link the head and shoulders, whereas mesodermal cells

give rise to connective tissue for muscles connecting the trunk and limbs (Matsuoka et al., 2005).

Our findings demonstrate that not all branchiomeric muscles are composed of neural crest-

derived connective tissue, thereby redefining a new limit for NCC contribution to the neck and

shoulders. Unexpectedly, we noted that the contribution of the neural crest lineage is limited in

infrahyoid and posterior branchiomeric muscles that connect skeletal components of mesodermal

origin. Indeed, it appears that the connective tissue of muscles that link exclusively mesodermal skel-

etal derivatives is of mesodermal origin. In contrast, the connective tissue of cucullaris-derived

muscles is of a mixed origin, first developing in a cranial NCC domain at early stages, then expand-

ing to incorporate connective tissue from both neural crest and LPM populations (Figure 7B). While

NCCs are present in the anterior acromiotrapezius, sternocleidomastoid and infrahyoid muscles,

contribution gradually decreases at posterior attachment sites and is undetectable at scapular level.

In parallel, the LPM gives rise to shoulder skeletal components and to connective tissue at the

attachment sites of associated musculature including trapezius muscles (Figure 7C). Therefore, the

dual NCC/LPM origin of the trapezius connective tissue correlates with the embryonic origin of skel-

etal components to which it is connected.

Wnt1Cre and Sox10Cre NCC reporter mice were used to show that endochondral cells connecting

the cucullaris-derived muscles on the scapula, clavicle and sternum share a common NCC origin with

the connective tissue (Matsuoka et al., 2005). However, NCCs are not found in pectoral compo-

nents of fish, axolotl and chick, while contribution to neurocranium is conserved, suggesting that

NCC involvement in shoulder formation would be specific to mammals (Epperlein et al., 2012;

Kague et al., 2012; Piekarski et al., 2014; Ponomartsev et al., 2017). In contrast to this view, our

lineage analysis reveals that the neural crest lineage shows limited contribution to cucullaris connec-

tive tissue and does not form endochondral cells at the posterior attachment sites (Figure 7C). Dif-

ferences in genetic lineage tracers and reagents might explain these discordant results

(Matsuoka et al., 2005).

Taken together, our findings indicate that the gradient of neural crest and mesodermal contribu-

tions to neck connective tissue depends on the embryonic source of attachment sites. Therefore, it

reveals that connective tissue composition in the neck region correlates with the cellular origin of

associated skeletal components, independently of the myogenic source or ossification mode, form-

ing a strong link between muscles and bones of the head, trunk and limb fields (Figure 7D).
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Evolutionary and clinical perspectives
Our findings demonstrate that the hybrid origin of the skeletal, connective tissue and muscle compo-

nents of the neck is defined during early embryogenesis. The close proximity of neural crest, CPM,

LPM and somitic populations is unique along the body plan and underscores the difficulty in defining

their relative contributions to structures in the neck (Figure 7A–B). Our results refine the relative

contributions of the neural crest and mesodermal derivatives in mouse, thereby providing a coherent

view of embryonic components at the head-trunk interface in gnathostomes. Our study highlights

the limited NCC contribution to posterior branchiomeric and infrahyoid muscle connective tissue,

that is instead of mesodermal origin. This reinforces recent notions suggesting that the cranial NCCs

and the postcranial rearrangement of mesodermal populations at the head-trunk interface had been

central for the establishment of the neck during gnathostome evolution (Adachi et al., 2018;

Kuratani et al., 2018; Lours-Calet et al., 2014; Nagashima et al., 2016; Sefton et al., 2016). The

contribution of anterior mesoderm in the origin of the neck needs to be elucidated in future studies

of gnathostomes.

Our study reveals that neck muscles develop in a complex domain that is distinct from the head

and trunk (Figure 7A–D), and that might be a contributing factor to pathologies that affect subsets

of neck muscles in specific myopathies (Emery, 2002; Randolph and Pavlath, 2015). In human,

TBX1 has been identified as a major candidate gene for 22q11.2 deletion syndrome (Papangeli and

Scambler, 2013). Laryngeal malformations, esophageal dysmotility and shortened neck are frequent

in patients. Moreover, the neck deficiencies might not be exclusively due to cervical spine abnormali-

ties but also to neck muscle defects (Hamidi et al., 2014; Leopold et al., 2012; Marom et al.,

2012). Therefore, our analysis of Tbx1-null mutants provides a better understanding of the etiology

of the 22q11.2 deletion syndrome and has direct implications in establishing clinical diagnosis in

cases where patients present failure in neck-associated functions.

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Strain, strain
background
(Mus musculus)

B6D2F1/JRj Janvier

Genetic
reagent
(M. musculus)

Mef2c-AHFCre PMID:16188249 MGI:3639735 Dr. Brian L Black
(Cardiovascular Research
Institute, University of
California, USA)

Genetic
reagent
(M. musculus)

Islet1Cre PMID:11299042 MGI:2447758 Dr. Thomas M Jessell
(Howard Hughes Medical
Institute, Columbia
University, USA)

Genetic
reagent
(M. musculus)

Mesp1Cre PMID:10393122 MGI:2176467 Pr. Yumiko Saga
(National Institute of
Genetics, Japan)

Genetic
reagent
(M. musculus)

Pax3Cre PMID:22394517 MGI:3573783 Dr. Jonathan A. Epstein
(Perelman Shool of Medicine,
University of Pennsylvania, USA)

Genetic
reagent
(M. musculus)

Myf5Cre PMID:17418413 MGI:3710099 Dr. Mario R Capecchi
(Institute of Human
Genetics, University
of Utah, USA)

Genetic
reagent
(M. musculus)

Wnt1Cre PMID:9843687 MGI:J:69326 Pr. Andrew P. McMahon
(Keck School of Medicine
of the University of
Southern California, USA)

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Genetic
reagent
(M. musculus)

Prx1Cre PMID:12112875 MGI: J:77872 Dr. Clifford J Tabin
(Department of genetics,
Harvard Medical School, USA)

Genetic
reagent
(M. musculus)

Pax7GPL PMID:19531352 MGI:3850147 Dr. Shahragim Tajbakhsh
(Department of Developmental
and Stem Cell Biology,
Institut Pasteur, France)

Genetic
reagent
(M. musculus)

Rosa26R-lacZ PMID:9916792 MGI:1861932 Pr. Philippe Soriano
(Icahn School of Medicine
at Mt. Sinai, USA)

Genetic
reagent
(M. musculus)

R26mTmG PMID:17868096 MGI:3716464 Pr. Philippe Soriano
(Icahn School of Medicine
at Mt. Sinai, USA)

Genetic
reagent
(M. musculus)

R26tdTomato PMID:20023653 MGI:3809524 Dr. Hongkui Zeng
(Allen Institute for Brain
Science, USA)

Genetic
reagent
(M. musculus)

Myf5nlacZ/+ PMID:8918877 MGI:1857973 Dr. Shahragim Tajbakhsh
(Department of Developmental
and Stem Cell Biology,
Institut Pasteur, France)

Genetic
reagent
(M. musculus)

Tbx1-null PMID:11242110 MGI:2179190 Dr. Virginia Papaioannou
(Department of Genetics
and Development,
Columbia University
Medical Center, USA)

Antibody Chicken polyclonal
anti-b-gal

Abcam Cat. #: ab9361 IF (1:1000)

Antibody Rabbit polyclonal
anti-b-gal

MP Biomedicals Cat. #: MP 559761 IF (1:750)

Antibody Chicken polyclonal
anti-GFP

Aves Labs Cat. #: 1020 IF (1:500)

Antibody Chicken polyclonal
anti-GFP

Abcam Cat. #: 13970 IF (1:1000)

Antibody Mouse monoclonal
IgG1 anti-Islet1

DSHB Cat. #: 40.2D6 IF (1:1000)

Antibody Mouse monoclonal
IgG1 anti-My32

Sigma Cat. #: M4276 IF (1:400)

Antibody Mouse monoclonal
IgG1 anti-Myod

Dako Cat. #: M3512 IF (1:100)

Antibody Mouse monoclonal
IgG1 anti-Pax7

DSHB Cat. #: AB_528428 IF (1:20)

Antibody Rabbit polyclonal
anti-Tcf4

Cell Signalling Cat. #: C48H11 IF (1:150)

Antibody Mouse monoclonal
IgG1 anti-Tnnt3

Sigma Cat. #: T6277 IF (1:200)

Antibody Rabbit polyclonal
anti-Tomato

Clontech Cat. #: 632496 IF (1:500)

Antibody Mouse monoclonal
IgG2a anti-Pax7

Ozyme Cat. #: BLE801202 IF (1:1000)

Software,
algorithm

GE phoenix
datos|x 2.0

GE Sensing and
Inspection Technologies
GmbH

Software,
algorithm

3D PDF maker SolidWorks
Corporation

Software,
algorithm

Zen Zeiss

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Chemical
compound, drug

X-gal Fisher Cat. #: 10554973

Chemical
compound, drug

paraformaldehyde Electron Microscopy
Sciences

Cat. #: 15710

Chemical
compound, drug

Triton X-100 Sigma Cat. #: T8787

Chemical
compound, drug

Tween 20 Sigma Cat. #: P1379

Chemical
compound, drug

Histoclear II National Diagnostics Cat. #: HS-202

Animals
Animals were handled as per European Community guidelines and the ethics committee of the Insti-

tut Pasteur (CTEA) approved protocols (APAFIS#6354–20160809 l2028839). Males carrying the Cre

driver gene, Mef2c-AHFCre (Verzi et al., 2005), Islet1Cre (Srinivas et al., 2001), Mesp1Cre

(Saga et al., 1999), Pax3Cre (Engleka et al., 2005), Myf5Cre (Haldar et al., 2007), Wnt1Cre

(Danielian et al., 1998), Prx1Cre (Logan et al., 2002), were crossed to reporter females from previ-

ously described lines including Pax7GPL (Sambasivan et al., 2013), Rosa26R-lacZ (R26R) (Sor-

iano, 1999), R26mTmG (Muzumdar et al., 2007) and R26tdTomato (Madisen et al., 2010). Myf5nlacZ/+

KI mice and mice carrying the Tbx1tm1pa allele (referred to as Tbx1-null) were previously described

(Jerome and Papaioannou, 2001; Kelly et al., 2004; Tajbakhsh et al., 1996). To generate experi-

mental Pax3-null fetuses, Pax3WT/Cre males and females were intercrossed (Engleka et al., 2005)

(n = 5 Tbx1 and Pax3 mutants analysed including n = 2 by mCT scanning). Mice were crossed and

maintained on a B6D2F1/JRj background and genotyped by PCR. Mouse embryos and fetuses were

collected between E9.5 and E18.5, with noon on the day of the vaginal plug considered as E0.5.

X-gal and immunofluorescence stainings
Whole-mount samples were analysed for beta-galactosidase activity with X-gal (0.6 mg/ml) in 1X

PBS buffer (D1408, Sigma, St. Louis, MO) containing 4 mM potassium ferricyanide, 4 mM potassium

ferrocyanide, 0.02% NP-40 and 2 mM MgCl2 as previously described (Comai et al., 2014). For

immunostaining on cryosections, foetuses were fixed 3 hr in 4% paraformaldehyde (PFA) (15710,

Electron Microscopy Sciences, Hatfield, PA) 0.5% Triton X-100 (T8787, Sigma) at 4˚C, washed over-

night at 4˚C in PBS 0.1% Tween 20 (P1379, Sigma), cryopreserved in 30% sucrose in PBS and

embedded in OCT for 12–16 mm sectioning with a Leica cryostat (CM3050 S, Leica, Wetzlar, Ger-

many). Cryosections were dried for 30 min and washed in PBS. For immunostaining on paraffin sec-

tions, samples were fixed overnight in 4% PFA, dehydrated in graded ethanol series and penetrated

with Histoclear II (HS-202, National Diagnostics, Atlanta, GA), embedded in paraffin and oriented in

blocks. Paraffin blocks were sectioned at 10–12 mm using a Leica microtome (Reichert-Jung 2035).

Sections were then deparaffinized and rehydrated by successive immersions in Histoclear, ethanol

and PBS. Samples were then subjected to antigen retrieval with 10 mM Citrate buffer (pH 6.0) using

a 2100 Retriever (Aptum Biologics, Rownhams, UK).

Rehydrated sections were blocked for 1 hr in 10% normal goat serum, 3% BSA, 0.5% Triton X-100

in PBS. Primary antibodies were diluted in blocking solution and incubated overnight at 4˚C. Primary

antibodies included the following: b-gal (1/1000, chicken polyclonal, ab9361, Abcam, Cambridge,

UK; 1/750, rabbit polyclonal, MP 559761, MP Biomedicals, Illkirch, France), GFP (1/500, chick poly-

clonal, 1020, Aves Labs, Tigard, OR; 1/1000, chick polyclonal, 13970, Abcam), Islet1 (1/1000, mouse

monoclonal IgG1, 40.2D6, DSHB), My32 (1/400, mouse monoclonal IgG1, M4276, Sigma), Myod (1/

100, mouse monoclonal IgG1, M3512, Dako, Santa Clara, CA), Pax7 (1/20, mouse monoclonal IgG1,

AB_528428), Tcf4 (1/150, rabbit polyclonal, C48H11, Cell Signalling, Leiden, Netherlands), Tnnt3 (1/

200, monoclonal mouse IgG1, T6277, Sigma), Tomato (1/500, rabbit polyclonal, 632496, Clontech,

Shiga, Japan; 1/250, chick polyclonal, 600-901-379, Rockland, Pottstown, PA) and Tuj1 (1/1000,

monoclonal mouse IgG2a, BLE801202, Ozyme, Montigny-le-Bretonneux, France). After 3 rounds of

Heude et al. eLife 2018;7:e40179. DOI: https://doi.org/10.7554/eLife.40179 19 of 26

Research article Developmental Biology

https://doi.org/10.7554/eLife.40179


15 min washes in PBS 0.1% Tween 20, secondary antibodies were incubated in blocking solution 2 hr

at RT together with 1 mg/ml Hoechst 33342 to visualize nuclei. Secondary antibodies consisted of

Alexa 488, 555 or 633 goat anti-rabbit, anti-chicken or anti-mouse isotype specific (1/500, Jackson

Immunoresearch, Cambridgeshire, UK). After 3 rounds of 15 min washes in PBS 0.1% Tween 20,

slides were mounted in 70% glycerol for analysis.

For whole-mount immunofluorescence staining, embryos were dissected in PBS, fixed in 4% PFA,

washed in PBS and stored at �20˚C in 100% methanol. After rehydration in PBS, whole mount immu-

nostainings were performed incubating the primary and secondary antibodies for 3 days each. Sam-

ples were cleared using benzyl alcohol/benzyl benzoate (BABB) clarification method

(Yokomizo et al., 2012).

mCT scan analysis
For mCT scan analysis, the fetuses were treated with the phosphotungstic acid (PTA) contrast agent

to well reveal skeletal and muscle structures. After dissection of the cervical region (including the

mandible and scapular components, see Figure 2—figure supplement 1), the fetuses were fixed in

4% PFA for 24 hr at 4˚C. Samples were then additionally fixed and dehydrated by exchanging the

fixative and washing solutions to incrementally increasing ethanol concentrations (30%, 50%, 70%)

with 2 days in each concentration to minimize the shrinkage of tissues. To start the contrasting pro-

cedure, the embryos were firstly incubated in ethanol-methanol-water mixture (4:4:3) for 1 hr and

then transferred for 1 hr into 80% and 90% methanol solution. The staining procedure was then per-

formed for 10 days in 90% methanol 1.5% PTA solution (changed every day with fresh solution) to

ensure optimal penetration of the contrast agent. Staining was followed by rehydration of the sam-

ples in methanol-grade series (90%, 80%, 70%, 50% and 30%) and stored in sterile distilled water.

The samples were placed in polypropylene tubes and embedded in 1% agarose gel to avoid move-

ment artefacts during measurements. mCT scanning was performed using laboratory system GE

Phoenix v|tome|x L 240 (GE Sensing and Inspection Technologies GmbH, Hamburg, Germany),

equipped with a nanofocus X-ray tube with maximum power of 180 kV/15 W and a flat panel detec-

tor DXR250 with 2048 � 2048 pixel2, 200 � 200 mm2 pixel size. The mCT scan was carried out at 60

kV acceleration voltage and 200 mA tube current with voxel size of 5.7 mm for all samples. The beam

was filtered by a 0.2 mm aluminium filter. The 2200 projections were taken over 360˚ with exposure

time of 900 ms. The tomographic reconstructions were done using the software GE phoenix datos|x

2.0 (GE Sensing and Inspection Technologies GmbH) and data segmentations and visualizations

were performed by combination of software VG Studio MAX 2.2 (Volume GraphicsGmbH, Heidel-

berg, Germany) and Avizo 7.1 (Thermo Fisher Scientific, Waltham, MA) according to

(Tesařová et al., 2016). The interactive 3D PDFs were set up using 3D PDF maker software.

Imaging
Images were acquired using the following systems: a Zeiss Axio-plan equipped with an Apotome, a

Zeiss stereo zoom microscope V16 or a Zeiss LSM 700 laser-scanning confocal microscope with ZEN

software (Carl Zeiss, Oberkochen, Germany). For whole-mount rendering, acquired Z-stacks were 3D

reconstructed using Imaris software. All images were assembled in Adobe Photoshop (Adobe Sys-

tems, San Jose, CA).
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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.
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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.

Kaucka et al. eLife 2017;6:e25902. DOI: 10.7554/eLife.25902 2 of 37

Research article Developmental Biology and Stem Cells

http://dx.doi.org/10.7554/eLife.25902


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

Kaucka et al. eLife 2017;6:e25902. DOI: 10.7554/eLife.25902 3 of 37

Research article Developmental Biology and Stem Cells

http://dx.doi.org/10.7554/eLife.25902


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.
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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.
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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.
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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.
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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.
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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.
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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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reveals origin and dynamics of lymph node follicular dendritic cells. The Journal of Experimental Medicine 211:
1109–1122. doi: 10.1084/jem.20132409, PMID: 24863064

Kaucka M, Ivashkin E, Gyllborg D, Zikmund T, Tesarova M, Kaiser J, Xie M, Petersen J, Pachnis V, Nicolis SK, Yu
T, Sharpe P, Arenas E, Brismar H, Blom H, Clevers H, Suter U, Chagin AS, Fried K, Hellander A, et al. 2016.
Analysis of neural crest-derived clones reveals novel aspects of facial development. Science Advances 2:
e1600060. doi: 10.1126/sciadv.1600060, PMID: 27493992

Kennaway R, Coen E, Green A, Bangham A. 2011. Generation of diverse biological forms through combinatorial
interactions between tissue polarity and growth. PLoS Computational Biology 7:e1002071. doi: 10.1371/
journal.pcbi.1002071, PMID: 21698124

Kerney RR, Brittain AL, Hall BK, Buchholz DR. 2012. Cartilage on the move: cartilage lineage tracing during
tadpole metamorphosis. Development, Growth & Differentiation 54:739–752. doi: 10.1111/dgd.12002,
PMID: 23036161

Kettunen P, Nie X, Kvinnsland IH, Luukko K. 2006. Histological development and dynamic expression of Bmp2-6
mRNAs in the embryonic and postnatal mouse cranial base. The Anatomical Record. Part A, Discoveries in
Molecular, Cellular, and Evolutionary Biology 288:1250–1258. doi: 10.1002/ar.a.20402, PMID: 17066377

Kobayashi S, Takebe T, Zheng YW, Mizuno M, Yabuki Y, Maegawa J, Taniguchi H. 2011. Presence of cartilage
stem/progenitor cells in adult mice auricular perichondrium. PLoS One 6:e26393. doi: 10.1371/journal.pone.
0026393, PMID: 22039478

Kronenberg HM. 2003. Developmental regulation of the growth plate. Nature 423:332–336. doi: 10.1038/
nature01657, PMID: 12748651

Kuchen EE, Fox S, de Reuille PB, Kennaway R, Bensmihen S, Avondo J, Calder GM, Southam P, Robinson S,
Bangham A, Coen E. 2012. Generation of leaf shape through early patterns of growth and tissue polarity.
Science 335:1092–1096. doi: 10.1126/science.1214678, PMID: 22383846

Laranjeira C, Sandgren K, Kessaris N, Richardson W, Potocnik A, Vanden Berghe P, Pachnis V. 2011. Glial cells in
the mouse enteric nervous system can undergo neurogenesis in response to injury. Journal of Clinical
Investigation 121:3412–3424. doi: 10.1172/JCI58200, PMID: 21865647

Laurita J, Koyama E, Chin B, Taylor JA, Lakin GE, Hankenson KD, Bartlett SP, Nah HD. 2011. The Muenke
syndrome mutation (FgfR3P244R) causes cranial base shortening associated with growth plate dysfunction and
premature perichondrial ossification in murine basicranial synchondroses. Developmental Dynamics 240:2584–
2596. doi: 10.1002/dvdy.22752, PMID: 22016144

Leone DP, Genoud S, Atanasoski S, Grausenburger R, Berger P, Metzger D, Macklin WB, Chambon P, Suter U.
2003. Tamoxifen-inducible glia-specific cre mice for somatic mutagenesis in oligodendrocytes and schwann
cells. Molecular and Cellular Neuroscience 22:430–440. doi: 10.1016/S1044-7431(03)00029-0, PMID: 12727441

Li L, Newton PT, Bouderlique T, Sejnohova M, Zikmund T, Kozhemyakina E, Xie M, Krivanek J, Kaiser J, Qian H,
Dyachuk V, Lassar AB, Warman ML, Barenius B, Adameyko I, Chagin AS. 2017. Superficial cells are self-
renewing chondrocyte progenitors, which form the articular cartilage in juvenile mice. The FASEB Journal 31:
1067–1084. doi: 10.1096/fj.201600918R

Ma W, Lozanoff S. 1999. Spatial and temporal distribution of cellular proliferation in the cranial base of normal
and midfacially retrusive mice. Clinical Anatomy 12:315–325. doi: 10.1002/(SICI)1098-2353(1999)12:5<315::
AID-CA2>3.0.CO;2-2, PMID: 10462729

Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams M. 2008. Endochondral ossification: how cartilage is
converted into bone in the developing skeleton. The International Journal of Biochemistry & Cell Biology 40:
46–62. doi: 10.1016/j.biocel.2007.06.009, PMID: 17659995

Maes C, Kobayashi T, Selig MK, Torrekens S, Roth SI, Mackem S, Carmeliet G, Kronenberg HM. 2010. Osteoblast
precursors, but not mature osteoblasts, move into developing and fractured bones along with invading blood
vessels. Developmental Cell 19:329–344. doi: 10.1016/j.devcel.2010.07.010, PMID: 20708594
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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.
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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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Analysis of neural crest–derived clones reveals
novel aspects of facial development
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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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