RESULTS

4.1 ACQUISITION OF HIGH RESOLUTION IMAGES

To generate a high-fidelity 3D+t atlas of early mouse heart development, we imaged 52
embryos using a confocal microscopy (see section 3.3). As we aim to elaborate a highly
detailed geometrical description, we have opted for processing fixed and cleared embryos
(section 3.2, subsection 3.2.4), thus minimizing light-scattering effects and maximizing
resolution.

The acquired collection stand for nominal ages from approximately E7.75 to E8.5,
representing cardiac developmental stages ranging from the early CC until heart looping.
This period of development longs for 18 hours. With this, we estimate the average temporal
density to be of 1 specimen every 20 minutes.

The imaged embryos carried Mespl®® and R26R™™C and R26R™™ alleles, so
that all the embryonic mesoderm was labelled with membrane green fluorescent protein
(mGFP) and cytoplasmic Tomato protein, while the rest of the tissues were labelled only
with membrane Tomato variant. The Figure 4.1 shows an optical section of a specimen,
illustrating the different staining that the transgenic line induces in each tissue. In addition,
we have also labeled cell nuclei with DAPL

DAPI - Nuclei

Figure 4.1 | Transgenic line staining the tissues of interest. Optical sections showing the different
labels induced by the transgenic line (left and center). Right shows the additional DAPI staining.
HT, heart tube; RSH, right sinus horn; LSH, left sinus horn; PC, pericardial cavity; EL, endocardial
lumen; FP, foregut pocket; END, endoderm; AOR, aorta; NECT, Neuroectoderm. Scale bar 100p1m.
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Figure 4.2 | Raw image reconstruction. Confocal raw im- necessary depth to image further
age reconstruction showing the dimensions of the acquired
volumes. Mesodermal tissues show the cytoplasm in red
and cell membranes in green; the rest of the tissues show
membranes in red. Cell nuclei appear in cyan. Red arrow- of 677um when necessary (see
heads refer to an optical section, as shown in Figure 4.1.

Blue arrowheads refer to an orthogonal projection, as shown )
in Figure 4.3. of view of the lens was enough

down the dorsal aorta. We have
been able to image up to a depth

Figure 4.2). In most cases, the field

to cover the extension of the
specimens (approximately 1mm?). In cases where the size of the embryo could not be cov-

ered by a single view, multi-acquisition and stitching of 2x2 or 4x4 windows was performed.

We have used a x,y-pixel size varying from 0.38um to 0.49um. The z-step varied
from 0.49um to 2.0um. The varying ranges in resolution were adapted for optimization
of acquisition time and minimization of photobleaching with the larger specimens. The
relatively large range in the z-step did not introduce loss of accuracy in the segmentation
at the tissue level, because the segmented tissue layers are approximately 20um thick
Figure 4.3 shows different optical sections at three different depths. It can be seen that the
resolution of these images capture details at subcellular scale, which allows appreciating
tissue morphology at great detail. In addition, it can be seen that the same level of detail
prevails throughout the z-axis. This guarantees that tissue structure at deeper planes can
also be properly resolved. On the other hand, Figure 4.3b shows an orthogonal projection
of the z-stack. It can be seen that the high lateral resolution allows appreciating fine cellular
and nuclear details, almost at the same level as the xy-plane optical sections.
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Figure 4.3 | Embryo clarification and mounting system allows high resolution and large penetra-
tion depth. a, Optical sections at different penetration depths. b, Orthogonal projection, showing a
sagittal optical section. Scale bars 100um.

42 SEGMENTATION

The region of interest in the embryo is highlighted in Figure 4.4a, where we show an optical
section at the level of the inflow tract (IFT). The extension of this field covers the whole
anterior-posterior and lateral extension of the ACC. On the other hand, Figure 4.4b shows
a lateral optical cut at the level of one of the aortae. It can be seen that the region of interest
extends beyond the foregut pocket (FI’) and the AOR.

We have segmented the tissues forming the pericardial cavity (PC). We have done
so by drawing a line of approximately 10um thickness, that runs through the middle of the
tissues. Then, we segmented the foregut endoderm (FGE) (see subsection 3.6.4). Lastly, we
have segmented the incipient circulatory system (CS). For the latter, we have considered it
as two different instances: the endocardial lumen (EL) and the aortic lumen (AOL). These
structures have been segmented by filling the gap between the ECs forming their respective

lumens (see subsection 3.6.2).

When segmenting the whole mesoderm (MES) of the forming anterior celomic
cavity (ACC) (Figure 4.4c and Figure 4.4d), we started by dividing the lateral plate
mesoderm (LPM) in its two layers: splanchnic mesoderm (SPL) and somatic mesoderm
(SOM). To do so, we have used the images that labels the endoderm (END) and ectoderm
(ECT), and re-labeled the portion of the segmented MES using contact/non-contact and
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morphological criteria.

First, have identified the SPL. domain by delineating the portion of the MES that
is in contact with the END. Within this domain, we have also distinguished the differenti-
ated myocardium (MYO) from the rest of the SPL (see Figure 4.4c bottom and Figure 4.4d
bottom). We have done so by defining the portion of the SPL that is detached from the
END and encases, or overlies, endocardial cells (ECs). Second, we identified the SOM
by delineating the portion of the MES that is in contact with the ECT. Third, we have
segmented the head paraxial mesoderm (HPM). This domain of the ACC is located in the
dorsal side and is extended along the anterior-posterior axis. The HPM fuses the SPL and
SOM. We have identified the HPM as the domain of the lateral plate mesoderm that is in
contact with the paraxial mesoderm (PM) [125], located between the FGE and the ECT. The
segmentation of the AOL and the EL is based on the detection of the lumen formed by the
ECs. Regarding the AOL, we have not been able to cover its whole extension, as this would
require a much larger field of view and penetration depth. Regarding the FGE, we have
limited the segmentation on the endoderm (see Figure 4.4 top) by establishing a systematic
approach for the whole collection (see subsection 3.6.4).

These segmentations, that label in every single slice the tissues and structures of
interest, form what is known as segmentation images (SIs).

43 THREE-DIMENSIONAL REPRESENTATION OF THE DEVELOPING HEART

The aforementioned segmentation images (SIs) (see section 4.2) were then used for
elaborating a 3D reconstruction of the tissues. These are based on extruding every pixel of
the SI along its z-step size (i.e.: voxel), thus creating a voxel-grid. Prior to this, the Sls are
filtered in order to smooth out sharp corners/details or to remove noisy voxels. In addition,
a dilation filter is applied, which expands the 3D voxel-grid isotropically in every direction
by a certain distance. The latter acts as a compensation for eroding effects that take place
in subsequent steps of the processing pipeline. Further methodological details of this are
included in section 3.7.

The three-dimensional aspect of the voxel-grid of all the tissues and structures
segmented can be seen in Figure 4.5.

Although this representation is suitable for visualization purposes, is heavy, and not
appropriate for the subsequent computational steps. We have therefore represented these
structures by defining their outer surface, using a limited set of vertices, that form a
network of interconnected triangles. This, so called discrete surface, or mesh, is a sort of

representation suitable for computer graphics purposes (see Figure 1.4.1).

Thus, we have generated (see section 3.7) a mesh for the outer surface of each tis-
sue/structure, for the 52 specimens of the collection. We have limited to 10.000 the
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Figure 44 | Segmentation
of tissues and structures of
interest. a, Frontal optical sec-
tion at the level of the inflow
tract (IFT). Dotted-line box
highlights the cardiac region.
Red arrows indicate the direc-
tion of the optical cut, as rep-
resented in Figure 4.2.b Sagit-
tal optical section at the level
of one of the aortae. Blue ar-
rows indicate the direction of
the optical cut, as represented
in Figure 4.2. ¢, (Top) The
orange line shows the seg-
mented mesoderm of the an-
terior celomic cavity, includ-
ing the differentiating MYO.
FGE is represented in blue.
The FPL is represented using
a blue-dot grid. EL is shown
in pink, and AOL is shown in
green. (Bottom) The same op-
tical section showing the sub-
types of mesoderm of the PC.
MYO is in red, SPL is in blue,
SOM is in green. d, (Top)
Sames as ¢ from a lateral view.
(Bottom) Sames as ¢ from a
lateral view. Head paraxial
mesoderm is in purple. HF,
head folds. Scale bars 100pum.

number of triangles used to define each surface. This amount provides enough precision

for the right definition of the shapes and also minimizes their size. We have also made

sure, or corrected otherwise, that these are closed surfaces and of genus-0 type, i.e.:

spherical topology. The latter is important because, as will be shown in section 4.7, this is a

mandatory topological feature needed for subsequent processing steps. Figure 4.6 shows

the same structures shown in Figure 4.5 but represented as meshes.
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Figure 4.5 | Voxel-grid representation of the tissues and structures of interest. a, First column
shows all the segmented instances. The dotted box shows a detail of how the voxel-grid is built.
Second, third and fourth column show the segmented instances broke down in different ones. Last
column shows the tissues forming the PC split in different tissues. Top row shows a ventral view,
bottom row shows a dorsal view. b, Sub-types of the segmented mesoderm forming the ACC from
ventral (top) and dorsal (bottom) view. EL, endocardial lumen; AOL, aortic lumen; 1, left; r, right.

Myocardium

As can be noted in Figure 4.6b, the SPL shapes are not of genus-0, but genus-1 (toroid
topology). We have developed an approach to convert these shapes to genus 0 (see sec-
tion 3.19). The same thing happens with the morphology of the HT at stages from E8.0, as
they fold and fuse dorsally, generating a toroid topology (genus 1).

4.4 OBSERVATION OF QUALITATIVE FEATURES FOR STAGING

The Figure 4.7 shows 5 selected specimens, ordered in obvious temporal sequence. The 3Ds
show how the SPL folds to form the CC. The early CC extends bilaterally and subdivides
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Figure 4.6 | Meshes representing the tissues and structures of interest. a, The panel shows the
three-dimensional reconstruction of all tissues, described as meshes. The dotted box shows a detail
of how the mesh is built. b, Sub-types of the segmented mesoderm, represented as meshes. Dotted
line in the SPL shape, ventral view, represents the cut trajectory to achieve genus 0 topology (see
section 3.19).

Myocardium

the undifferentiated SPL into medial and distal domains. The medial domain contains
the second heart field (SHF) precursors, while the distal domain (named as juxta-cardiac
tield (JCF)) contains precursors of the epicardium and the septum transversum, and bears
myocardial differentiation capacity [146].

The examination of the collection of datasets reflected high morphological heterogeneity
of the developing anterior celomic cavity (ACC). This observation is appreciated within
groups of embryos at an apparently similar developmental stage, as judged by somite
number, HF and FP shapes. The Figure 4.8 shows the two hearts highlighted within the
dotted boxes in Figure 4.7, together with a collection of hearts at an apparently similar

stage.
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Figure 4.7 | Observation of qualitative morphometric aspects of heart tube morphogenesis.
Ventral, dorsal and lateral views of five specimens ordered according to developmental time. SPL is
represented in blue, and MYO in red. The dorsal view shows the progressive dorsal closure of the
heart tube and the medial expansion of the second heart field. Dotted boxes represent specimens
further analyzed in Figure 4.8. JCF, juxta-cardiac field; SHF, second heart field; SPL, splanchnic
mesoderm.
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Figure 4.8 | Groups of hearts of similar developmental stage show high morphological variability.
a, Group of hearts at CC stage from ventral (top row) and dorsal (bottom row) view. Purple arrows
point to inflow tracts not developed symmetrically. Blue arrows highlight the lateral extension of
the CCs. Yellow arrows point to the CC showing more advance state of development. b, Group of
hearts at HT stage from ventral (top row) and dorsal (bottom row) view. Black arrows point to the
dorsal closure region. Green arrows point to OFT that show more advance conformation features.
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According to Figure 4.8, it can be seen that morphological variability extends to
conformation features such us proportions, local morphological details and general
geometrical aspects. For instance, regarding the earliest group shown (Figure 4.8a), it can
be seen that lateral extension is highly variable (blue arrows), indicating discrepancies in
global size. In the other hand, looking at the lateral domain of the CC, the detachment
of the differentiated MYO, that builds up the right sinus horn (RSH) and left sinus horn
(LSH), seems not to happen symmetrically in some specimens. In the most medial domain,
some specimens show a more pronounced CC shape (yellow arrows). Regarding the latest
group shown (Figure 4.8b), we observe variability in the degree of dorsal closure and also
the presence of non-stereotyped bulges of different sizes at different locations. In later
specimens, where the looping is more obvious, we also observe variability in the degree of
looping.

Then, we looked into the shape of the FGE, AOL and EL, as their development is
concomitant with the transformation of the CC. We were expecting that these structures
would not be so variable in morphology during development. The 3D reconstructions
(see Figure 4.9) show the formation of the EL and the AOL. It can be seen that an
intermediate stage between the EL and the HT, the EL forms a continuous lumen that
extends laterally, within the heart. At the same time, the AOL seems to already be
forming a continuous cord, located at the dorsal face of the FP. It can also be seen
that the anterior limit of the AOL reaches the FP shoulders, and bend over them. At
later stages, the EL starts to develop along the anterior-posterior axis, hand by hand
with the forming of the OFT. The AOL, at its most anterior tip branches in two. In
parallel, the AOL become thicker. At some point the AOL enter in contact with the
EL through the first branchial arc arteries, thus forming a continuous with the rest of
the vasculature. It must be noted that the whole extension of the aortae is not show
in the 3D, being the reason that the imaged field of view did not contain the complete aortae.

As discussed previously for the heart, we have noted that the morphology of the FP
(Figure 4.9a) in embryos at an apparently similar stage differ in morphology. They do so by
the level of invagination of the FGE. We have also seen that the development of the AOL is
highly variable, and found specimens at the same stage with and without signs of onset of
AOL formation. Finally, the EL (Figure 4.9b) creates a continuous, laterally extended sealed
tube, at different stages.

We conclude from this visual analysis that subjective ordering of the heart speci-
mens is not a reliable path, and therefore a morphometric approach should be taken.
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Figure49 | Struc-
tures concomitant
with heart tube forma-
tion. a, Morphology
of the myocardium
together with the
foregut endoderm and
the circulatory system
lumen. The different
lengths of the aortae
seen in the three older
specimens are due
to variable imaging
depth. b, Gradual
development of the
circulatory system in
parallel to the foregut
endoderm invagina-
tion. The ventral view
shows the progressive
formation of the
endocardial lumen,
and the lateral view
shows the progressive
formation of the aortic
lumen along the dorsal
surface of the foregut
endoderm. VP, venous
pole; AP, arterial pole.

45 MORPHOMETRIC STAGING OF HEART TUBE FORMATION

In order to tackle the problem of staging despite the variability discussed in section 4.4, we
have calculated different morphometric features, using the morphologies we have generated.
In order to test a wide range of morphometric measures, we have first defined a wide range
of landmarks (see section 3.9) on top on every tissue (see Figure 4.10 and Figure 3.16). These
represent topological places of biological relevance, that can be followed and defined in any
shape at any stage (see section 3.9).
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Figure 4.10 | Definition of landmarks in the tissues forming the pericardial cavity. Figure shows,
from a ventral view, the set of different landmarks that have been defined for every tissue. See
Figure 3.16 for more detailed specifications.

Next, we elaborated a simplified version of surfaces by reducing its thickness to zero (see
Figure 3.17 and section 3.10).

Using the landmarks and the mid-surfaces defined above, we have drawn on each
mid-surface different curves, calculated their distances, and used this information as
staging markers. Finally, in order to provide non-dimensional parameters, we have
associated different pairs of distances, and calculate their ratio. In this manner, not only the
biological information is captured but also it is done in scale non-dependent manner.

The morphological parameters we have decided to use comes from the observa-
tion of the dataset we have elaborated. From all the possible proportions that can be
calculated from the curves, we have paid special attention to the ones that give proportions
that are expected to vary continuously during the studied period. For instance, given that
the cardiogenic area evolves from a crescent extending from left to right to a tube extending
from cranial to caudal, a general trend during the formation of the heart tube is the in-
crease of the height (cranio-caudal size) to width (left-right size) ratio of the tissues involved.

One of the metrics we have considered comes from the fact that, as the morpho-
genesis process that shapes the CC into the cardiac tube happens, it can be seen that the
limit formed between the JCF and the forming HT remains rather stable. This effect can be
better appreciated in Figure 4.11. However, the border between the medial SPL and the
forming HT undergo a drastic deformation. Indeed, this deformation, that is essential for
the generation of the outflow tract (OFT) and allows the dorsal closure, transforms the CC
into the primitive HT. This transformation is concomitant with the development of the FP.
The unbroken contact between the medial SPL and the dorsal region of the heart with the
FGE, shows an interplay between the formation of both organs.
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Figure 4.11 | Curves defining the limit between differentiated myocardium and other mesodermal
domains. Figure shows a ventral, dorsal and lateral view of a set of mid-surfaces of myocardium
shapes, highlighting the border with other mesodermal domains. The green lines shows the limit
between MYO and JCF and the blue line shows the limit between MYO and SHF.

As described in the former paragraph, we have thus considered the distance of each
one of those curves (d; and d), and calculated their ratio as 7, /d,. Figure 4.12a illustrates
the approach taken to calculate such parameter, that we have named staging parameter
1 (SP1). Figure 4.12b shows other examples of staging parameters explored, that relate
height-to-width ratio variations.
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Figure 4.12 | Geometrical parameters explored for staging. a, The panel shows the details of
the calculation of staging parameter 1. b, The panel shows some others parameters suggested for
staging. h, myocardium height; w, myocardium width; jh, juxta-cardiac field height; fl, foregut

pocket length; fw, foregut pocket width; sh, somatic height.

We have also explored the parameters shown in Figure 4.13. However, as it will be shown

later, we will restrain the analysis to the ones shown in the Figure 4.12, as they are the best

performing ones.
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Figure 4.13 | Additional staging parameters explored. Schematic representation of additional
parameters explored for the staging system.

In order to determine the staging parameter that best classifies the collection, we calcu-
lated the values of the parameters shown in Figure 4.12 and also tested several others (see
Figure 4.13). We then applied a classification algorithm, based on k-means clustering [147]
(see section 3.21). First, we selected the specific staging parameter under which to organize
the collection. Second, we set as input the desired number of groups (k). As an output
we obtained, for every specimen, a target cluster and a metric that measures how good
its resulting classification is, s. Next, we took all the s values and calculated the average
silhouette coefficient (5), which measures the goodness of the classification of the whole
collection. This process is schematized in Figure 4.14 (see section 4.5).

Figure 414 | Pipeline for testing

and validation of staging parameter. for every SP ()
Pipeline followed to classify the collec- (e8P =du/dy) N° of groups G-
tion according to every staging parame- for every Embryo \

ter. For every staging parameter, we have ( . ~\ w - [k-means classifi er‘
tested a different number of groups and dy/ds —
calculated a validation metric. SP, stag- VS

ing parameter. Validation

Figure 4.15 shows the validation results after testing different staging parameters and
different number of clusters. We can see that, as we increase k, the best performing
classification was obtained for the d1-to-d2 ratio (d;/d>) proportion (red line), d1 being the
length of the border between the MYO and JCF, and d2 between the MYO and SHF. The
maximum 5 was obtained for a k-means classification into 10 groups. For k>10, although

not shown in the graph, we could see a sudden decrease in the validation mark.
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Figure 4.15 | Validation of
different staging parameters.
Plot shows the value of the
validation metric for different
staging parameters and vary-
ing number of groups.

We obtained the highest value of 5 for the six staging parameters shown in Figure 4.12.

Figure 4.16 shows the obtained values of s for every specimen, when setting k = 10, and

using these parameters.
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Figure 4.16 | Silhouette coefficient plot for the different staging parameters explored, classified
using k-means and number of groups equal to 10. a-f, Bar graphs showing the silhouette coefficient
value (s) for each embryo in the collection classified into 10 groups, according to the different staging
parameters. The graphs also show the average value 5, which is maximal for parameter 1. Bars are
color-coded according the group.

We therefore concluded that d;/d, was the best single parameter for classifying the
collection and established these 10 groups as a reference for study (Figure 4.17). While the
establishment of groups is useful to understand the morphological evolution of the heart,
the d;/d, parameter is a continuous variable and allows the allocation of single specimens
along the heart tube developmental trajectory, independently of grouping.
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Figure 4.17 | Distribution of the specimens in the d;/d> spectrum. The plot shows how the
specimens of the collection are distributed according to their d; /d, value. The color of the dots
indicate specific cluster identities. N, number of specimens.

4.6 ANALYSIS OF THE STAGING GROUPS

In order to have a vision of how good the different classification methods are with respect
to d,/d>, we have studied its correlation with the rest of the parameters. The best correlate
to dy/d, was the height-to-width ratio (//w), which showed a high linear correlation, as
shown in Figure 4.18.
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(see section 4.10).

Figure 4.18 | Correlation between staging parameters d; /d, and /1 /w.
The plot shows the high correlation existing between both staging
parameters.

By contrast, other parameters showed a poor correlation. Such is the case that re-
lates d/d> with d; to juxta-cardiac field height (jh) (see Figure 4.19a) and also with d;
to foregut pocket width (fw). However, we found a tight, non-linear correlation relating
staging parameter 4 (d2/ fI) as shown in Figure 4.19b. This is also the case for staging
parameter 6 (Figure 4.19d). These last two points indicate that staging parameters relating
measures from different tissues and/or structures can have different staging potential,
depending on the time of the analysis.
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Figure 4.19 | Correlation between staging parameters ; /d, and /1/w. The plot shows the high
correlation existing between both staging parameters.

We have also validated the parameter o /d> as the best staging parameter by considering
the distribution of the number of specimens in each group. As it can be seen in Figure 4.20,
this parameter forms the most homogeneous distribution, creating groups with an average

of 5 members, one group with the minimum equal 2, and two groups with the maximum

equal 7.

12 — Group
2 10 =
g) - 2
w
g 6 mm| 5
S _ mm| 6
g ¢ 7
w2 mm| 8
o == 9
z 0 T I I T I T mm| 10

Param. 1 Param. 2 Param. 3 Param. 4 Param. 5 Param. 6

Figure 4.20 | Distribution of number of specimens by staging parameter. The violin plots show the
distribution of the number of specimens in each group, according to different staging parameters.

We have observed that, strikingly, the absolute width of the forming cardiac tube, which
approximately coincides with the width of the pericardial cavity, not only does not increase

during development but also shows a mild trend to reduction as development progresses
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(Figure 4.21). This aspect indicates that, despite overall embryo growth, the lateral expansion

of the pericardial cavity seems restricted. By contrast, the dorsal-ventral and cranio—caudal

dimensions of the pericardial cavity and all associated tissues, including the forming

heart tube, strongly increase during this period. This aspect correlates well with the

extensive deformation that the curve d1 undergoes, which is associated with MYO and SPL

remodeling, in contrast with d2, which mostly remains stable.
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Figure 4.21 | Heart width as function of
dy/dy. This plots shows the correlation
between the staging value d;/d> and the
width of every heart. The color related to
the identity of every group, as indicated
in the sable of Figure 4.20.

The geometries of all the tissues segmented for every specimen classified by stage are

shown from Figure A.1 to Figure A.7. Groups 1 to 4 represents different stages of CC

development, while groups 5 to 8 can be assigned to linear HT stages and groups 9 and 10

to heart looping stages.
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Figure 4.22 | Embryo collection classified by staging groups, showing a dorsal view of all tissues.
Dorsal view of all the specimens in the collection with representation of the processed surfaces 27
of the complete set of tissues and shapes as described in Figure 4.6. Specimens E51 and E52 are
outliers, left out of the stage classification.
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We also studied the occurrence of developmental events, such as dorsal closure and
looping, which are known to progress continuously in live-imaged single specimens [5, 36].
Heart tube rotation and looping, as described in [36], is appreciable in all specimens of
group 10 and most specimens of group 9 (except E42 and E46) without signs of looping in
specimens of other groups (Figure A.2 — Figure A.5).

We also measured the dorsal mesocardial gap (DMG) as a read out of dorsal clo-
sure progression (section 3.12, Figure 4.23). This gap is initially wide open in the CC
and progressively narrows until disappearing concomitantly with dorsal mesocardium
establishment and linear HT formation. While dorsal closure appeared predominantly
associated with looping and, therefore, was seen in all specimens in group 10+ and most
specimens in group 9, we also found some hearts already closed in group 8 (E41) and
group 6 (E29), while some specimens at stage 9 were clearly advanced in looping but quite
delayed in dorsal closure (E44 and E48; Figure A.2 minus Figure A.5). In agreement with
these observations, DMG correlation with d; /d> was quite noisy (Figure 4.23), indicating
that the degree of dorsal closure is not a reliable parameter for staging. This can be seen in
the linear fitting accompanying Figure 4.23, together with a relatively low goodness of fit.
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47 THREE-DIMENSIONAL ATLAS OF HEART TUBE FORMATION WITH LOCAL SHAPE
VARIABILITY

Given the variability found between specimens in the same staging groups (Figure 4.22
and Figure A.1 - Figure A.7), we next aimed to quantify and spatially map the shape
variability of the differentiated MYO within each of the 10 groups established and to define
a consensus geometry for each group (Figure 4.24).

Grodg 9
Group 8—|Y1,s--+5 Y5

Group /_
P ly

Figure 4.24 | Consensus geometry for
group 8. Illustration of the concept of

mean shape for staging group 8. Mean sha pe

For each group, we chose a reference specimen whose d;/d, was closest to the average
dy/d, of the group (Figure 4.25a, y; specimen). We then used surface map computations
[103]. This approach uses a set of landmark points to establish a vertex-to-vertex
correspondence between two shapes. By doing this, the mesh defining a reference shape is
distorted into the form of a target shape. Therefore, we established this correspondence
between the reference specimen and all shapes of the group (Figure 4.25b, Figure 3.16 and
section 3.9). This generated, for every vertex in the reference mesh (blue dot in Figure 4.25¢),
a set of equivalent vertices corresponding to the other shapes in the group (red dots in
Figure 4.25c). Next, we found the average position of each set of equivalent vertices and
constructed a mean shape for each group (MSG) (Figure 4.25¢).
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Figure 4.25 | Workflow for calculating mean shapes. a, Process of surface map computation.
The blue shape is the reference mesh of the group. The arrows represent the transfer of the mesh
from the reference mesh to all other in the staging group. b, Working principle of the surface map
computation. The landmark (Im) identify corresponding locations in the reference and target mesh.
The colored matrix drawn of top the target shape represents the deformation that the mesh from
the reference mesh undergoes. ¢, Every vertex of the reference mesh (blue dot) has a corresponding
point on the other shapes (red dots).

This generated a collection of 10 MSGs that represents the average evolution of MYO
shape during the formation of the primitive HT and initiation of looping (Figure 4.26).
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Figure 4.26 | Mean MYO shapes and morphological variability for each staging group. Calculated
MYO mean shapes for every staging group. Each side show the mean shapes from ventral (left) and
dorsal (right) views. The numbers indicate the number of group.

We then computed the per vertex variability among the specimens of each staging group
and plotted it on the MSG collection (Figure 4.26¢). In this way, we were able to identify
hot spots of variability within each of the 10 different groups (Figure 4.27). In most groups,
we found that high variability appeared in the OFT, inflow tract (IFT) and dorsal lips
of the MYO. During primitive ventricular chamber formation, we found that variability
concentrated first at the bilateral bulges that start to form the chamber and later at the
midline, possibly in relation to the variability in the degree of merging of the two initially
bilateral bulges into one. Finally, in group 9, high variability was observed in all structures
involved in the looping process. Variability was not measured in group 10, given that this
group is composed of only two specimens. This collection of MSGs provides information on
the standard shapes of different stages of primitive HT formation and the local variability
of the process.
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Figure 4.27 | Mean MYO shapes and morphological variability for each staging group. Mean
shapes color coded according to the morphological variability calculated for each vertex. The shape
in gray indicates that the low number of specimens at this stage precludes variability calculation. The
yellow dotted line and arrows represent the cut trajectory to achieve genus 0 topology in dorsally
closed hearts (see section 3.19). Arrowheads indicate the regions of higher variability in medial
ventricular regions (solid) and lateral ventricular regions (open).

We also wanted to identify the specimen whose MYO best represents its stage group,
as this would give us access to representative geometries of the other tissues as well. For
this, we identified the medoid shape for each group, that is, the geometry with the smallest
accumulated difference with respect to all others in the group (section 3.17). In this way, we
identified a concrete specimen as Representative Shape for each Group (RSG) representative
shape for each group (see Figure 4.28a). Using the RSG for each group, we also took their
accompanying tissues forming the complete ACC, thus having a complete description of
all the tissues involved (see Figure 4.28b).

Figure 4.28 | Representative specimens of each staging group. a, Ventral and dorsal view of
the representative MYO shapes. b, Ventral and dorsal views of the tissues forming the PC of the
representative embryos.

4.8 EARLY LEFT-RIGHT ASYMMETRY OF THE CARDIAC INFLOW TRACTS

Heart tube looping is considered the earliest morphogenetic expression of left-right
asymmetry in a mammalian developing organ. Here, we identified obvious signs of heart
looping in stages 9 and 10; however, we wanted to explore systematically whether less
obvious asymmetries might be present before the looping stage.

Studying both the whole specimen collection and the collection of MSGs, we de-
tected a possible recurrent difference in the angle of insertion of the IFTs. To study this

76



aspect in more detail, we defined the direction of insertion of the IFTs via polar coordinates
in a local system of orthogonal axes in which the xy plane is transversal to the embryo, and
the z axis is aligned with the embryo anterior-posterior axis (Figure 4.29 and Figure 3.21 for
further details). The direction of insertion of the IFTs is then defined by two angles: the 0
angle and the ¢ angle (Figure 4.29).

rvp Ventricle Ivp

Polar coordinate system 91 — Gr L1 — Pr

Figure 4.29 | Representative specimens of each staging group. Schemes show the calculated
principal directions of the IFT (orange lines) and the polar coordinates system with 6 and ¢ angles.

When studying the evolution of these angles, we sought for asymmetric difference
in the angle values (i.e.: 6, — 6, # 0) between both sides in correlation to the staging
parameter d; /d>. We found that the 0 angle progressively diverged between the left and
right sides (Figure 4.30a, “‘Atlas’), while the ¢ angle, on average, remained symmetric
(Figure 4.30c, "Atlas’). The 6 angle significantly deviated from symmetry starting at ; /do~
1.55 ( Figure 4.30b), which corresponds to group 6 (Figure 4.17). The asymmetry of the 6
angle further increased during the looping stages o /d>> 2 until reaching a 20° difference
(Figure 4.30a, “Atlas’). On the other hand, it can be seen (Figure 4.30d) that the difference in
the ¢ angle does not reach a significant value, although a slight change of tendency can be
appreciated from d, /d>~ 2.2 (Figure 4.30c).
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Figure 4.30 | Onset of left-right morphological asymmetry before heart looping. a, Plot showing
the evolution of the 0 angles depending on the d; /d, value. Curves represent Padé approximant of
all the points. b, Evolution of p-values as a function of d; /d, for the deviation of the 6 angle from
left-right symmetry and for the comparisons between experimental groups, as indicated. A mixed
linear model was applied to estimate the asymmetry between both sides at different stages (fixed
effects) adjusting by the angle with two-sided P value calculation and applying Sidak’s correction
for multiple tests. ¢, Equivalent to panel a, for ¢ angle. d, Equivalent to panel b, for ¢ angle.

Related to the different angle of insertion of the IFTs, we frequently observed that the
insertion of the right IFT into the ventricular region forms an acute angle, whereas the
similar position on the left side is characterized by a much smoother transition, often
even accompanied by a small bulge connecting the IFT to the ventricle (Figure 4.31).
In hearts at the looping stage, these asymmetric connections seem to favor the typical
rightward ventricular displacement during looping (see the group 9 representative in
Figure 4.31), as the right-side acute angle may act as a hinge, favoring rotation toward the
right side, while the bulge on the left side may oppose a similar rotation toward the left side.

We concluded that before heart looping is obvious, and starting at linear HT stages,

left-right morphological asymmetry builds up in the IFT region, manifested in the different
angles of insertion of the IFTs.

49 NODAL CONTROLS EARLY CARDIAC LEFT-RIGHT ASYMMETRY
To study whether early IFT asymmetry is under the control of the genetic pathway that

controls left-right specification in the mammalian embryo, we studied this feature in
Nodal mutants, which show randomized looping direction [118, 148]. For this, we studied
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Figure 4.31 | Acute angle versus smooth transition in the IFT insertion angle. Specific wild-type
hearts from different groups, highlighting the acute angle between the right IFT insertion and the
ventricle (red arrow) and the smooth transition on the opposite side (gray arrow), often characterized
by a small bulge. The black arrow illustrates the direction of looping. n, number of specimens
showing this feature over the total number of specimens in each staging group.

a collection of 3D images from Nodal mutants and their control siblings acquired in the
laboratory of a collaborator: Sigolene M. Meilhac (IMAGINE Institute, Paris) (see Figure 4.32
and section 3.4). Then, we segmented and reconstructed in 3D all the shapes. After this, we
calculated d; /d> for each of the specimens.

_~ Controls (x16)

S Mutants (x23)

—O for every control/mutant
1.

DAPI staining a

CUBIC clearing

Myocardium Myocardium
segmentation 3D reconstruction

LSM imaging

Figure 4.32 | Nodal control and mutants acquired in SMM'’s lab. Nodal specimens (16 controls
and 23 mutants), labelled with DAPI, have been imaged using LSM (step 1). After this, embryos
have been segmented and reconstructred in 3D in MT’s lab (steps 1 and 2).

First, we determined that the staging systems described here were transferable between
labs, despite the different imaging methods and genetic backgrounds (see section 4.10
for more details). With this, using the d; /4>, we could distribute the specimens along the
developmental spectrum measured by such parameter (Figure 4.33).

Gr.1 Gr.2 Gr.3 Grd Gr5 Gr.6 Gr.7 Gr8 Gr.9 Gr.10
(N=4) (N=5) (N=4) (N=5) (N=5) (N=7) (N=5) (N=5) (N=7) (N=2)
LY (1] ' 2 g o oo .‘c rF -‘c ® e o o0
o Atlas
.NOdaI mUtants L} - | -m " EEm - n | am | .- .
A Nodal controls| ~ , s a4 YR R A A A a a

I I I I I I I I I T I l T T T I | I ]
0.7 0.8 09 1.0 11 12 13 14 15 16 1.7 18 1.9 20 21 22 23 24 25 26

dy/ds

Figure 4.33 | Mapping of the d;/d; values measured in SMM’s control specimen collection.
The Nodal controls are distributed quite uniformly between d;/d, € [1.0 — 2.8]. and mutants are
distributed along values d; /d, € [0.98 — 2.52].
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We next calculated the 6 and ¢ angles of the Nodal control and mutant collection (see
Figure 3.21). Regarding the 6 angle, we found progressive asymmetry similar to that
observed in the original collection (Figure 4.34a, green dots and curve). Regarding the ¢
angle, we found the same symmetric behavior (Figure 4.34c), green dots and curve). We also
checked that the difference in 8 and ¢ angle between the Atlas and Nodal control collections
was not significant, thus confirming the same natural tendency in both cases (Figure 4.34b,
Figure 4.34d and blue lines).
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Figure 4.34 | Left-right asymmetry including Nodal controls. a, Green curve shows the evolution of
6 angle adjusted by Padé approximants. b, Blue curve refers to the difference on 8 when comparing
Atlas and Nodal controls specimens. ¢, Equivalent to panel a, for ¢ angle. d, Equivalent to panel b,
for ¢ angle.

Examining the independent evolution of the left and right 6 angles in both control embryo
collections showed that both tend to diminish with time (Figure 4.30a), but the right one
does it at a higher pace than the left one, which produces the progressive asymmetry
(Figure 4.30b).
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Figure 4.35 | IFT angles for Atlas and Nodal collection. a, Separated values of 6; and 6, for the
two groups of control specimens. Analysis of covariance has been applied to test whether slopes
are significantly different calculating two-tailed P values. b, Separated values of 6; and 6, for the
Nodal mutant specimens. b, Schematic representation of the different evolution of 6; and 6, angles in
wild-type embryos. s, slope.

We then studied conditional Nodal mutants (Hoxblcm/ + Nodalﬂox/N“l) using similar
procedures. Hoxb1°" introduces the Nodal mutation specifically in the cardiac precursor
cells of the IFTs and surrounding paraxial mesoderm (PPM) [118]. Nodal mutants also
showed IFT 6 angle-specific progressive asymmetry; however, the direction of the
asymmetry was reversed with respect to that in control groups (Figure 4.36a). While in
controls, the left-right 8 angle evolves from zero toward positive values, in Nodal mutants,

the values evolve from zero toward negative values.

Regarding the 6 angle, Figure 4.36b shows that the evolution of this angle for the
Atlas and the Nodal mutants becomes significantly different from a given value of d; /d>
(green curve). The same occurs when comparing Nodal controls and Nodal mutants (orange
curve). Both these events take place at 7, /d,~ 1.55. Regarding the ¢ angle, we found no
significant difference in all the aforementioned comparissons.
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Figure 4.36 | Left-right asymmetry including Nodal mutants. a, Purple curve shows the evolution
of 6 angle adjusted by Padé approximants. b, Green curve refers to the difference on 6 when
comparing Atlas and Nodal mutant specimens. Orange curve refers to the difference on 8 when
comparing Nodal control and Nodal mutant specimens. ¢, Equivalent to panel a, for ¢ angle. d,
Equivalent to panel b, for ¢ angle.

When looking at the separate values of the 6 angles, we observeb no faster reduction of
the 6 right angle compared to the left one, but rather a non-significant tendency of the left
6 angle to reduce at a higher pace than on the right 6 in the mutants (Figure 4.37b).
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Figure 4.37 | IFT angles for Atlas and Nodal collection. a, Separated values of ¢; and 6, for the
two groups of control specimens. Analysis of covariance has been applied to test whether slopes
are significantly different calculating two-tailed P values. b, Separated values of 6; and 6, for the
Nodal mutant specimens. b, Schematic representation of the different evolution of 6; and 8, angles in
wild-type embryos.

Our results show that early IFT asymmetry is related to heart looping, both in normal

development and in mutants, affecting left-right specification.
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4.10 APPLICATION OF THE STAGING METHOD BETWEEN DIFFERENT LABORATORIES

In order to study the applicability of the proposed staging system across different labs,
we correlated the values obtained for the /1/w parameter. Although our best performing
staging parameters was d;/d, (Figure 4.16), we decided to use /1/w because it is easier
to measure, and it is necessary to only label the embryos with DAPI. Besides, we found
a very high correlation between both of them (Figure 4.18), thus making them perfectly
interchangeable for staging purposes.

To do so, we analyzed the relation between the measures obtained in Sigolene M.
Meilhac’s lab (SMM) and ours. We obtained a high correlation, indicating that different our
observations lead to similar measurements from differently treated images (Figure 4.38).
Therefore, we could assign SMM'’s specimens to a staging group with confidence
(Figure 4.33).
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In addition, we validated the stages estimated for the SMM embryos. We were able
to prove that /1/w, although a simple parameter, performs as well as using direct
morphological comparisons for staging, i.e.: assigning a staging group to a SMM specimen

by looking for its closest into the atlas.

In order to do this, we first calculated d;/d> (results are in Figure 4.33) for each
of the Nodal control specimens (x; shape in Figure 4.39, part 1). We called this the
measured dy/d> value ((d,/d>)’, Figure 4.39a, part 1 and x-axis in Figure 4.39b). Then,
we took the MSG which d;/d, value was closest to d;/d,’, plus the two earlier and
later MSGs in the temporal sequence and computed surface maps from x; to them
(Figure 4.39a, part 2). We used the latter to calculate the morphological distance, (D,
more detailes in section 3.17) between x; and the others. The representation of the
inverse of these distances (dependent variable) as function of the d;/d, values of the
MSGs (independent variable) were fitted to a gaussian curve (Figure 4.39a, part 2).
The d,/d, value corresponding to the peak of the bell (red dot in Figure 4.3%a, part 2)
is identified as the predicted d, /d, value (d,/d>)*, for the x; specimen (y-axis in Figure 4.39b).
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In this way, we compared for each specimen of the control SMM collection the di-
rectly measured ; /d, parameter (Figure 4.39a, part 1) to the d;/d, parameter estimated
from the matching of the specimen morphology along the MSG sequence. This comparison
resulted in a very high linear correlation between the measured (Figure 4.39a, part 1), and
the predicted d/d> values: (Figure 4.39b, part 2). This shows that the d; /d> parameter and
its close surrogate /1/w can be used to stage collections of embryos of different genetic
backgrounds and imaged/measured by different methods and laboratories. We didn’t
include the Nodal mutants in this study because heart morphology is altered, and therefore

this validation, based on morpholigical similarity, would lead to wrong conclusions.
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Figure 4.39 | Validation of staging system using morphological criteria. a, Procedure for the
morphological mapping of the SMM’s control specimen collection to the atlas MSG collection. b,
Correlation between the measured d;/d>: (d/d>)” parameter, and the predicted d;/d>: (d1/d2)*,
obtained from the morphological mapping of the SMM'’s control specimen collection to the atlas
MSG collection.

411 EARLY LEFT-RIGHT ASYMMETRY AFFECTS PERICARDIAL TISSUES

To investigate whether and how the left-right asymmetries detected in the heart tube affect
the pericardial tissues, we extended our study to the pericardial mesoderm (PMes) and
the endoderm (END). To perform this study, we first defined the shape of the PMes by
subtracting the MYO shape from the PC shape (see Figure 4.40a). Then, we estimated the
mid-sagittal plane of the embryo (see Figure 4.40b and section 3.13). We used this to cut
the PM in two halves and then flipping one onto the other and doing a rigid registration
(see Figure 4.40c). With this, we performed a surface map between both halves, and used
this to quantify the local deformation required for a perfect match of the geometries,
thus determining the morphological asymmetry between both sides (this deformation is
color-coded on top of the shapes shown in Figure 4.40b).

This study identified asymmetry of the lateral-posterior extensions of the pericar-

dial cavity in which the IFTs are encased. A visualization of the fitting between the
right side of the pericardial mesoderm and the flipped left side in the RSG collection
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suggested a systematic positioning of the left side closer to the midline plane in groups
6+ (Figure 4.40c). This was confirmed in a morphometric analysis of the whole specimen
collection (Figure 4.40d). This left-right deviation coincides with the direction of the
progressive asymmetry of the 6 angle detected in the IFTs.
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Figure 4.40 | Signs of early asymmetry in the pericardial mesoderm. a, Reconstruction of the
pericardial mesoderm. b, Maps of local deformation distribution resulting from mapping left
and right sides of the pericardial mesoderm to each other. Specimens shown are the RSGs from
ventral and dorsal views. Dotted magenta line indicates the midplane intersection. The color coding
corresponds to the relative levels of morphological variation within each specimen. ¢, Ventral view
of the pericardial mesoderm of RSGs (orange), including the view of the left side flipped with
respect to the midplane onto the right side. d, Plot shows the characterization of the misalignment
between the two sides of the pericardial mesoderm. A mixed linear model was applied to estimate
the asymmetry between both sides at different stages (fixed effects) adjusted by the | distance
with two-sided p-value calculation. Black curves represent Padé approximant of all the points. The
schemes on the right show how the | distance was determined.

In the END, we observed a deformation of the ventral FGE in correlation with the
displacement of the SPL layer during dorsal closure (Figure 4.41a). In early specimens, this
deformation has the form of two bilateral ridges that coalesce into one, as the two SPL
sides reach the midline (Figure 4.41b). From RSG7+, this ridge shows a deviation from
the midline such that its anterior side displaces rightward, and its posterior side displaces
leftward. This displacement is concomitant with a similar tilting of the closing borders of
the splanchnic mesoderm, which produces an asymmetric mesocardium, as previously
described [149]. The observations are compatible with the deformation of the endoderm

due to the movement of the splanchnic mesoderm over its ventral surface.
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Figure 4.41 | Early asymmetry in the foregut pocket endoderm. a, Ventral view of the foregut
pocket endoderm in the RSGs. b, A similar representation of the foreguts in a, indicating the

midplane intersection (pink dotted lines), the ridges detected, first bilateral and later fused medially
(blue), and the d1 line, at the border between the MYO and the SPL (red).

412 A DYNAMIC ATLAS OF EMBRYONIC HEART

To simulate temporal evolution through the stages characterized, we used the 10 MSG
shapes generated plus specimen 51 (Figure 4.26 and Figure A.4) and the method described
in [103] to generate a smooth temporal transformation between stages (Figure 4.42). To
achieve this, we propagated a common mesh connectivity, identifying equivalent vertices
from the first to the last shape (section 3.18).

Once the same mesh connectivity is set on all the MSGs, they were rigidly aligned to
the first mesh (#1). In addition, in order to provide a more accurate alignment, a second
alignment step was taken using the landmarks to register equivalent regions across stages.
We then applied an interpolation technique (section 3.18) to estimate the positions of each
vertex between consecutive MSG so that transitions between positions take place smoothly
(Figure 4.42c) and inserted 30 interpolated shapes between each MSG.

This approach generated a dense temporal sequence of 3D meshes of heart tube
morphogenesis (Supplementary Video 1 in [17]). The model generated does not represent
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the evolution of a concrete specimen, but a most probable trajectory of the morphology
of the forming heart tube based on averaging the shapes of several hearts at each

developmental time.

This approach did not allow us to include the models of the rest of tissues associ-
ated with the forming heart tube because mismatches are generated at the limits between
the MSGs of the different tissues. To generate a dynamic model that includes all the tissues,
we then used the collection of 10 RSGs (Figure 4.42b and Supplementary Videos 2-7 in
[17]). Given that these are specific specimens, their matching to the surrounding tissues is
improved. This model represents a possible evolution of the morphology of the heart tube
and its associated tissues based on different specimens that represent consecutive stages of
heart development. Examples of the interpolated tissues are provided in Figure 4.42b.
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Figure 4.42 | Dynamic meshes defining the full spatio-temporal domain of heart tube morphogen-
esis. a, Elaboration of a continuous sequence using the MSG shapes. The process starts by mapping
the mesh connectivity from the first time point to the next shape. This process is repeated until the
connectivity of the first mesh is propagated until the final mesh at t10. This process can also be
applied using the RSG shapes. b, Concept of shape interpolation applied to the three first time points
of the RSG shapes. Each row shows the result for the different tissues forming the pericardial cavity.
The dots depicted on top of the myocardium shape illustrate the position of a single vertex traveling
through the shapes as morphogenesis progresses. ¢, The plot illustrates the estimated trajectory
of the vertex highlighted in b. Rounded points represent the actual position of the same vertex in
every timepoint. Square symbols represent the dynamic position of the vertex at intermediate points,
resulting from the non-lineaer interpolation. MYO, myocardium; SPL, splanchnic mesoderm; SOM,
somatic mesoderm; HPM, head paraxial mesoderm.

Finally, we correlated previously described stages of heart tube development and several
morphological and functional landmarks of cardiac development to the evolution of 4 /d>
(Figure 4.43) and incorporated this information to the videos of the four-dimensional
models (Supplementary Videos 2-7 in [17]).
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were obtained from in vitro live-imaging videos [5]; HT, heart tube; RV, right ventricle.
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DISCUSSION

In this thesis, we have generated a comprehensive, dynamic and realistic representation
of cardiac tissues during primitive heart tube formation in the mammalian embryo. We
have elaborated a dataset! of confocal images that we have used to segment tissue-scale
morphological aspects. These images, at subcellular resolution, show clearly distinguishable
membrane and nuclei morphology. This opens the door to explore cellular aspects during
heart morphogenesis such as proliferation, anisotropy or orientation. These properties
could be represented in the atlas of this thesis and used for classification purposes in order
to distinguish new cellular groups during heart development. Besides, features such as cell
size, shape, number and position are affected by mechanical forces during development
[150]. This opens the door to investigate mechanical aspects that could help to elucidate the
forces that shape the heart. This analysis can be enriched by addition of external data from
different labs.

In the process of generating a unified dynamic model using information from a
collection of specimens, we faced the problem of morphological variability during early
cardiogenesis, which represented limitations to describing ‘normal” development. We thus
developed strategies to describe ‘most likely” geometries for each developmental stage. To
achieve this, we first developed a morphometric staging method independent of subjective
appreciation of specimens, thereby improving the current state of the art in the field [5, 146,
149]. Unsupervised clustering and assessment of parameters that measure the quality of
classifications identified a simple ratio d;/d, as the best staging parameter. While we used
this parameter to group specimens in relation to their developmental progression, and this
was essential to map variability and generation of the 3D+t model, the great advantage
of using d;/d, is that it allows for the assignment of specimens along a continuum of
heart tube morphogenesis. We think this staging method will be of utility in the precise
definition of cardiac developmental timing when comparing 3D data between different
laboratories. Furthermore, we identified simpler measurements, like the height-to-width
ratio (/1/w), as very highly correlated with d;/d, and accessible to all labs and 2D-3D
imaging approaches.

Ten groups were established according to the variation of d;/d>, which allowed
for the statistical analysis of morphology within groups. The use of a recently developed
method [103] for computing surface maps allowed the definition of mean shapes and
the application of statistical analyses to each vertex, thereby generating maps of local
variability. We propose that this approach is of high value when describing mammalian
organogenesis because it simultaneously provides information about the ‘average’ geometry

1 https://doi.org/10.17867/10000174
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of a developing organ and about the regions that are more likely to vary from specimen to

specimen.

Within the context of the shape analysis performed in this thesis, we initially used
solid spherical harmonic (SSH) [151] as a shape descriptor for our heart morphologies (see
Figure A.8). This approach converts a shape into a finite number of coefficients (up to some
degree of detail, see Figure A.8c), which are an abstract representation of the shape. With
this, we tackled the problem of inferring the intermediate shapes that transform a shape
into another. We did this by linearly interpolating the coefficients between both shapes,
and used them to reconstruct intermediate forms. However, we found that this approach
was not valid for heart tube morphogenesis. This is so because the interpretation of the
coincident morphological phenomena (growth, folding and deformation) transforming
the early heart, have non-trivial interpretation in the coefficient space. Therefore, linear
interpolation leads to unrealistic intermediate shapes, lacking continuity and crammed of
artifacts.

In [152], the authors have applied this approach to create a continuous atlas for
limb development (from E10 to E12.5). However, the adequate intermediate reconstructions
may be explained by that fact that the limb represents a very amenable subject for this
approach: it has a rather simple shape, and its development can be mainly characterized by
growth along one single direction (radial), with minor or null folding and/or deformation
events. Therefore, linear interpolation of SSH coefficients can manage better under such
circumstances. However, the authors showed in the same work the application of the
same approach to mouse embryonic hearts (from 10 to 29 somites), aiming to describe
the external surface, excluding inner details. They obtained a continuous representation
of heart development in which, although general growth is good captured, transitions
between shapes do not depict the process well. Therefore, throughout the development of
this thesis we have learned that SSH, when applied to this problem, must be considered
with caution. For this reason, we opted for methodologies that have an actual notion

of the surface of the shapes [103], which guarantees smooth and continuous transformations.

Failures in early steps of cardiac development can lead to misalignment of the
chambers and great vessels or to different types to left-right cardiac mispatterning. In
particular, we identified strong variability at the dorsal borders of the myocardium. These
dorsal borders, initially placed laterally, end up fusing at the midline, forming the dorsal
mesocardium, which later disappears during looping. Important mechanical roles have
been proposed for the mesocardium during looping [149], and the mesocardial myocardium
later localizes to the inner curvature of the looping heart, which plays essential roles in the
alignment of the cardiac chambers and the great arteries (reviewed in [153]). The finding of
high variability in this region, therefore, could be related to the onset of malformations
associated with the mesocardial/inner curvature morphogenesis. Other regions of high
variability were the IFTs, which correlate with the highly dynamic and transient nature of
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these structures. Finally, apical regions of the future left ventricle also show high variability,
possibly associated with asynchrony of the ballooning process [154] between specimens.

Our approach also allowed us to study the left-right symmetry of the forming
heart tube. Heart tube looping is considered as the earliest morphological evidence of
organ left-right patterning in the embryo. In particular, cardiac left-right patterning
defects are commonly associated with impairing congenital heart disease, also in humans.
Here, we describe an aspect of left-right asymmetry in the forming heart affecting IFTs
and preceding heart looping. The influence of the IFT region in heart looping has been
previously proposed, mainly through the exertion of asymmetric forces from the left
and right sides of the venous pole, provoked by differences in cytoskeletal contraction,
cell migration and/or proliferation [155-157]. We therefore identified the earliest signs
of morphological asymmetry in the mouse embryo localized to the IFTs of the forming
heart. This asymmetry precedes looping and is likely to affect this process, as any active
or reactive force exerted by/on structures oriented in different angles is predicted to
produce asymmetric forces. In agreement with this view, Nodal mutants, which show a
high incidence of heart looping defects, show reversed asymmetry of the IFT insertion
angles. Nonetheless, there is no strict relationship between IFT insertion angles and the
looping direction; only 50% of Nodal mutants show reversed direction of looping [118,
148] while some WT specimens show negative left-right 6 angles during normal looping.
We therefore propose that left-right bias in the orientation of the IFTs depends on the
general left-right patterning mechanisms of the embryo and imposes an architectural
bias to the forces that determine heart looping direction in interaction with additional
determinants. Interestingly, we also found left-right alteration of the pericardial cavity and
endoderm, suggesting that the process of heart looping involves a wider asymmetry also
affecting the peripheral tissues. Our observations on the relationship between splanchnic
mesoderm movements and ventral foregut deformation strongly suggest that the splanchnic
mesoderm has an active role in generating left-right asymmetries in the pericardial
cavity. In this respect, the described transient expression of Nodal in the left splanchnic
mesoderm and its influence on cell proliferation and matrix remodeling [118] might rep-
resent an important factor in the generation of left-right asymmetry in the pericardial cavity.

The dynamic models generated here represent a highly detailed atlas of the differ-
ent tissues involved in primitive cardiac tube formation. This atlas will be useful for the
combination of relevant biological information produced from different experiments or
labs into a unique spatial representation. This opens the door for establishing a common
space where scientists can share analyses on quantitative aspects representable in the
spatio-temporal domain, for example, gene expression patterns. Furthermore, the atlas
generated is embedded in a statistical framework that accounts for natural variability,
which can be used as a reference for analysis of mutant embryos, either at global or local
scales.
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Deep understanding of morphogenesis involves identification of the sources and
the temporal and spatial distribution of forces that shape developing tissues. Predictive
modeling is ultimately required to fully acquire this knowledge [118, 158]; however, it
critically relies on access to realistic dynamic models of the geometry of the tissues/organs
under study [32]. The dynamic model developed here will be useful for the development of
finite-element studies that explain the forces that drive cardiac tube formation, one of the
most complex morphogenetic processes in the mammalian embryo, which underlies the

high incidence of cardiac malformation in newborns.
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CONCLUSIONS

1 We have elaborated a high-resolution dataset of 52 E7.5-E8.5 mouse specimens at sub-
cellular resolution, that cover the whole cardiogenic area.

N

We have precisely segmented the forming heart, and all the tissues forming the anterior

celomic cavity.

O8]

We have segmented the morphology of the forming circulatory system (aortic lumen and
endocardial lumen) and the shape of the foregut endoderm.

4 We have elaborated a novel staging system based on morphometry for the early mouse
embryo (E7.5-E8.5), and we have proven that it is widely applicable by different labs.

5 We have tackled the morphological variability inherent to the process of heart tube
formation and defined the regions that present highest levels of variability.

6 We have created a continuous, 3D+t, atlas of the "most likely" tissue morphogenesis
process forming the heart tube, by integrating the information from the whole dataset.

7 From the heart tube continuous atlas, we have found specific specimens of the collection
that best recapitulate each stage group defined, and used this to define a 3D+t
description of all the tissues forming the anterior celomic cavity.

8 We have found a new, and the earliest so far described, left-right asymmetry in heart

development.
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Figure A.1 | Embryo collection classified by staging groups, showing a ventral view of all tissues.
Ventral view of all the specimens in the collection representing the tissues and shapes described in
Figure 4.5. Specimens E51 and E52 are outliers, left out of the stage classification.
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Figure A.2 | Embryo collection classified by staging groups, showing a dorsal view of SPL and
MYO. Dorsal view of all the specimens in the collection representing the surfaces of the SPL and
MYO. Specimens E51 and E52 are outliers, left out of the stage classification.
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Figure A.3 | Embryo collection classified by staging groups, showing a ventral view of SPL and
MYO. Ventral view of all the specimens in the collection representing the surfaces of the SPL and
MYO. Specimens E51 and E52 are outliers, left out of the 48 stage classification.
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Figure A.4 | Embryo collection classified by staging groups, showing a dorsal view of the MYO.
Dorsal view of all the specimens in the collection representing the surfaces of the differentiated
MYO. Specimens E51 and E52 are outliers, left out of the stage classification.
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Figure A.5 | Embryo collection classified by staging groups, showing a ventral view of the MYO.
Ventral view of all the specimens in the collection representing the surfaces of the differentiated
MYO. Specimens E51 and E52 are outliers, left out of the stage classification.
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Figure A.6 | Embryo collection classified by staging groups, showing a dorsal view of the
circulatory system. Dorsal view of all the specimens in the collection representing the surfaces of
the circulatory system, split in two parts: endocardial lumen and aortic lumen. Specimens E51 and
E52 are outliers, left out of the stage classification.
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Figure A.7 | Embryo collection classified by staging groups, showing a ventral view of the
circulatory system. Ventral view of all the specimens in the collection representing the surfaces of
the circulatory system, split in two parts: endocardial lumen and aortic lumen. Specimens E51 and
E52 are outliers, left out of the stage classification.
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Figure A.8 | Solid spherical approximation for shape parametric description. a, Shapes are
parametrized using SSH by first defining spheres of varying radius, from » = 0 to r equal to the
minimum value that contians the shape within the sphere. b, Then, the intersection between the
spheres of different radius and the shape is calculated. Shapes at the right show a superposition
of the sampling of the original shape(s) at different radius. ¢, The shapes, as sampled in b, are
approaximated by using SSH expansions up to different degree of definition.

113






APPENDIX B: SOFTWARE AND LIBRARIES

Hereafter, we enumerate and define the usage of every software and/or library that has
been utilized in the present thesis.

SURFACEMAPCOMPUTATION This software!

(section 3.14)

was used to compute surface maps [103]

VIEWMAP This software (available in the link as SurfaceMapComputation) was used to
visualize the surface mapping performed between two shapes, that allows a fine
adjustment of the landmarks used (section 3.14)

LEICA LAS X We have used Leica LAS X 3.5.2.18963 to stitch the tile-scans of the images
we have acquired in the confocal (subsection 3.3.1)

HUYGENS Huygens Professional version 19.10% has been used for image deconvolution
(section 3.5)

ITK-SNAP This software [122] has been used to segment all the tissues forming the ACC
(subsection 3.6.1) and the EL (subsection 3.6.2), as well as for manual segmentation

IMAGE] We have used this software [159] for basic image processing operations such
as rotations, median filters and image format conversions (section 3.5, section 3.6,
subsection 3.6.3)

MASK R-CNN We have used this library [126] to automatically segment the AOL and the
FP lumen (subsection 3.6.3)

sciry Within this library (version 1.5.3) [128], we have used the package ndimage to perform
median filter operations on the Sls (subsection 3.6.5). We have also used SciPY to
dilate images, as we have done for FGE segmentation (subsection 3.6.4) and for the
Sls obtained (subsection 3.6.5)

NIBABEL This library (version 3.1.1) [127] was used to save in NIFTI format (.nii) the
detection of the AOL and FGE, thus creating their corresponding SIs (subsection 3.6.3)

pYMCUBES This library® (version 0.1.2) has been used to access its implementation of the
marching cube algorithm [129], that we have used to generate the meshes of all the
SIs (section 3.7)

TRIMESH We have used this library* (version 3.9.19) for handling the meshes generated
from the segmentation images. More specifically, we used this library to apply mesh
smoothing filters (Taubin [130] and Laplace [160]) (section 3.7), and other functionali-
ties to check whether a mesh is defined by a closed surface and to know its topology
(section 3.7). We have also this library to perform registration of the point clouds, by
using a Procrustes’ shape analysis (section 3.15

1 https://zenodo.org/record/6390818
2 https://svi.nl/HomePage

3 https://github.com/pmneila/PyMCubes
4 https://github.com/mikedh/trimesh
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orEN3D We have used this library (version 0.7.0) [132] to access its implementation of the
Quadric Error Metric Decimation, that we have used to set the number of faces of all the
meshes to 10.000 (section 3.7)

MESHLAB This software (version 2020.12) [133] was used to visualize the meshes we
have generated. It was also used for different step of the mid-surface extraction
(section 3.10)

MANIFOLD APPROXIMATION OF 3D MEDIAL AXIs This software® has been used to ex-
tract the skeleton of the meshes, which is one of the steps needed to compute the
mid-surfaces (section 3.10)

POINT-CLOUD-UTILS This library® was used because it contains an implementation of
the Poisson disc sampling algorithm, needed for the mid-surface computations (sec-
tion 3.10)

BALL PIVOTING ALGORITHM We used this algorithm [137] for point cloud reconstruction
purposes, as a part of the mid-surface calculation workflow (section 3.10)

5 http://www2.riken.jp/brict/Yoshizawa/Research/Skeleton.html
6 https://github.com/fwilliams/point-cloud-utils
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Figure B.1 | Image processing steps. The figure shows all the steps taken to prepare the embryo
datasets for segmentation and further analysis. The format of every file is specified within each
of ronded-corner black box. The software used for every step is speficied under every directional
arrow.
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Figure B.2 | Processing steps before and after segmentation. The figure shows all the steps taken
to process the embryo’s dataset before and after segmentation. The format of every file is specified
within each of ronded-corner black box. The software used for every step is speficied.
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Figure B.3 | Processing steps for the mesh representation of the segmented tissues and structures.
The figure shows all the steps taken to transform the segmentation images in meshes, the smoothing
process and final preparation steps. The format of every file is specified within each of ronded-corner
black box. The software used for every step is speficied for every step under the directional arrows,
within parenthesis.
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