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Abstract

During the development of an organism, chemokine signaling provides long range
guidance for migrating cells and tissues. Using an intricate system of promiscu-
ous receptor-ligand interactions, the embryo coordinates the robust positioning of
its future organs in space and time. Cells both sense and actively shape a highly
dynamical and diverse signaling environment, thus making it challenging to system-

atically study cell signaling regulation and function in vivo.

To approach this problem, I combined novel methods from the fields of microscopy,
cell biology and image analysis. Specifically, this includes multiple-view light sheet
microscopy for imaging developmental processes simultaneously at the cell and or-
ganism scales and tandem fluorescent lifetime reporters as an emerging tool to visual-
ize signaling receptor turnover in vivo. To quantitatively compare three dimensional
embryo acquisitions across genetic conditions and multiplex fluorescent readouts, I
used nonlinear image registration to perform spatial normalization. Further, the so
obtained sample deformation maps were exploited to perform morphometric phe-
notype analysis. Together, these tools led to the development of a computational
analysis framework enabling quantification of chemokine signaling activity and func-

tion during embryonic development.

This framework was then applied to search for novel interactions between the
chemokine scavenger CXCR7 (or ACKR3) and the signaling receptor CXCRA4 in the
early zebrafish embryo. In recent years, the competition of these receptors for their

shared ligands has been shown to be implicated in several developmental processes



as well as tumor progression. In my analysis, loss of the scavenger was revealed
to exert a strong activating effect on CXCR4 expressing tissues across the entire
embryo. The remarkable up-regulation of signaling activity in the absence of the
scavenger was however found to be aphenotypic in many target tissues. Therefore, I
proceeded to investigate at which level the phenotypic impact of this genetic pertur-
bation is compensated for and found receptor desensitization to likely be dispensable

in this context.

In conclusion, this work provides an example of how spatial normalization and mul-
tiplexing of in toto light sheet images can be used to investigate the general logic
and functional output of chemokine-scavenger interactions during embryonic devel-

opment.
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Zusammenfassung

Wiéhrend der Entwicklung eines Organismus dienen Chemokine als weitreichende
Signale fiir die Migration von Zellen und Zellverbanden. Unter Verwendung eines
komplexen Systems verworrener Rezeptor-Liganden Interaktionen koordiniert der
Embryo die Bildung seiner Organe in Raum und Zeit. Dass Zellen ihre dynamische
und vielfaltige Signalumgebung nicht nur wahrnehmen sondern gleichzeitig aktiv
mitgestalten macht die systematische Untersuchung von Regulation und Funktion

interzellularer Signaltransduktion in vivo zu einem schwierigen Unterfangen.

Der in dieser Arbeit verfolgte Ansatz vereint neuartige Methoden der Mikroskopie,
Zellbiologie und Bildanalyse um dieses Problem anzugehen. Dies beinhaltet die
in toto Lichtblattmikroskopie um entwicklungsbiologische Prozesse gleichzeitig auf
zelluldren und embryonalen Skalen zu untersuchen, sowie den Einsatz von Tan-
dem Fluorescent Lifetime Reporters zur in vivo Visualisierung von Signalrezeptor-
dynamik. Um dreidimensionale Embryoaufnahmen quantitativ tiber verschiedene
genetische Hintergriinde hinweg zu vergleichen und multiplexen setze ich nichtlin-
eare Bildregistrierung zur raumlichen Normalisierung ein. Die dadurch erhaltenen
Verformungsfelder werden zudem zur morphometrischen Phanotypanalyse verwen-
det. Zusammen fiithrten diese Methoden zur Entwicklung eines computergestiitzten
Verfahrens zur Quantifizierung von Chemokinaktivitdt und -funktion wéhrend der

Embryonalentwicklung.

Dieses Verfahren wurde dann fiir die Suche neuer Interaktionen zwischen dem als

Signalsenke fungierenden Chemokinrezeptor CXCR7 (neuerdings ACKR3) und dem
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Signalrezeptor CXCR4 im frithen Zebrafischembryo eingesetzt. Zuletzt wurde dem
Ringen beider Rezeptoren um gemeinsame Liganden eine wichtige Rolle in diversen
entwicklungsbiologischen Prozessen und der Tumorprogression zugeschrieben. In
meiner Untersuchung fiihrte das Fehlen der Signalsenke zu einer starken Aktivierung
CXCR4 exprimierender Gewebe tiber den gesamten Embryo hinweg. Diese be-
merkenswerte Heraufregulierung der Signalaktivitiat in Abwesenheit von CXCR7
fithrte jedoch in den meisten Geweben zu keiner phanotypischen Auswirkung. Da-
her untersuchte ich auf welcher Ebene der Effekt dieses genetischen Eingriffs kom-
pensiert wird und kam zu dem Schluss, dass Rezeptordesensibilisierung in diesem

Zusammenhang wahrscheinlich keine Rolle spielt.

Schlussendlich stellt diese Arbeit ein Beispiel dafir dar, wie die raumliche Normal-
isierung von in toto Lichtblattmikroskopiebildern zur Untersuchung der allgemeinen
Logik und Funktionsweise als Signalsenken agierender Chemokinrezeptoren verwen-

det werden kann.
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1 Introduction

The driving processes of embryonic development - such as cell proliferation, dif-
ferentiation and migration - are tightly coupled to each other to orchestrate the
transformation of the zygote into a multicellular organism. The developmental path
of every cell is determined through interactions with other cells and the extracellu-
lar environment. Many of these interactions can extend from the cell to the tissue
and organismal scale, mediated via long range signaling, tissue mechanics and cell
movements. A process that integrates all of these aspects is collective cell migration
(CCM), where cohesive groups of cells migrate to form organs of complex morpho-

logical shapes.

The study of complex cellular processes in vivo demands the development of new
technologies. In recent years the advent of new imaging techniques, such as light
sheet microscopy, also known as Single-Plane Illumination Microscopy (SPIM) has
increased the capability to study developmental processes within their physiological
spatial contexts. Multi-view light sheet microscopy enables embryo imaging at the
cellular and organism scales simultaneously at isotropic resolution. While this has
generally been used for high-data capture of small numbers of specimens, nonlinear
image registration methods open up the possibility to 'multiplex’ light-sheet mi-
croscopy and allow the integration of different types of data (e.g. gene and protein
expression, activity reporters) across embryos and genetic conditions. Combining
this emerging imaging modality with new fluorescent reporters will potentially allow

the unprecedented mapping of processes such as cell signaling across whole embryos.
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Chapter 1 Introduction

The focus of this thesis lies on combining and further developing aspects of these
state-of-the-art methodologies to study how chemokine signaling, a key driver of cell
migration, functions to guide CCM during embryonic development. This chapter
introduces the concepts and methods required to then formulate this aim more

precisely.

Tissue migration and chemokine signaling during

development

Collective cell migration

Cell migration plays an important role in many processes such as the formation of
complex organs during development, the defense against pathogens or cancer in-
vasion. In multicellular organisms cells can migrate individually, e.g. in the case
of leukocytes [120] or primordial germ cells [147], or collectively. Collective cell
migration (CCM) refers to the ability of groups of cells to move together and simul-
taneously affect the behavior of each other [133] (for example over cell-cell junctions
[108, 150]), which can orchestrate complex morphogenetic events. Some examples
of CCM are depicted in fig. 1.1 and can exhibit different modes of migration in-
cluding migration as epithelial sheets, in a stream, via sprouting and branching and
more [87]. Importantly, CCM can be distinguished from other types of multicellular
translocations such as invagination, intercalation or expansive growth among others,

which do not rely on active migration [45].

Whether as individual cells or in the group, cell migration relies on the exertion
of force onto the cellular substrate typically mediated by coordinated rearrange-
ments of the cytoskeleton [86, 129]. Predominantly, dynamical cell shape changes

are regulated by actin dynamics and involve the formation of cell protrusions or thin
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Figure 1.1 — Examples of collective cell migration during development: a) Epithelial
sheet migration during dorsal closure in the drosophila embryo, b) sprouting and
branching in the tracheal system, c) neural precursor migration in the rodent brain,
d) drosophila border cells and e) the zebrafish lateral line primordium. Illustration
taken from [88].

filopodia. While single cell migration is relatively well understood in many specific
contexts, CCM is a much more complex process integrating interactions at the cell
and tissue scale. One general principle underlying CCM is the subdivision of the
collective into leader and follower cells, that can be distinguished by different molec-
ular and morphological features [104]. While leader cells are generally responsible
for responding to guidance cues and organizing the directed migration of followers
via intercellular contacts, the concerted action of the entire collective is known to

contribute to the migration process.

Chemotaxis in response to extracellular gradients

While in some cases cell migration is random or guided by intrinsic directionality
[118], both individual and collective cell migration is typically directed by an extra-
cellular guidance cue. These cues can take the form of light (phototaxis), electrical
fields (galvanotaxis), in terms of substrate stiffness (durotaxis) [44, 110, 72] or, most

relevant to this thesis, extracellular diffusible chemicals (chemotaxis) [172].
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Chemotaxis is defined as the process by which a cells directional movement is deter-
mined by gradients of chemoattractants, In order for cells or tissues to successfully
perform chemotaxis, they must sense and react to an extracellular signal which
are sensed by membrane proteins such as G-protein-coupled receptors or receptor

tyrosine kinases [62, 2.

The presence of an extracellular gradient can induce the polarized activation of
downstream signaling pathways that results in differential responses at leading and
trailing edges of the cell that are required for directed migration Interestingly, such
polarized responses to chemoattractant can be strongly influenced by intrinsic polar-
ities of the migrating cell or tissue itself, a prominent example for a collective being
the lateral line primordium in the zebrafish embryo, which is further described in
section 1.1.4 [167, 118, 40]. Therefore, the interaction between migrating cells and
extracellular gradients is highly complex. Typically, chemotaxis is thought to oc-
cur along prepatterned extracellular gradients, however evidence is increasing that
especially the intrinsic properties of migrating collectives play an important role in

directing migration [132, 40].

The establishment of chemotactic gradients has been proposed to function by lo-
cal production and subsequent diffusion in the extracellular space, such as in the
case of morphogens in pattern formation [37, 30]. However, many geometrical and
functional effects including hindered diffusion, binding, and many other regulatory
interactions can influence the diffusion of molecules within the embryo, determin-
ing how gradients are established [30, 71]. In particular, concentration dependent
degradation and sinks have been found to play in important role in establishing sta-
ble gradients [114, 6], presumably by ensuring that molecules diffusing in restricted
spaces do not reach saturation. In addition, chemoattractants can be dynamically
produced by tissues that are moving or changing in size, which adds another layer of
complexity to understanding gradient formation. Unfortunately, low concentrations

of diffusible molecules are difficult to visualize directly using microscopy, therefore
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examining the role of gradients in vivo requires different approaches (see section

1.2.2).

Chemokine signaling during development

Chemokine signaling overview

A well-studied class of chemoattractants are chemokines. They form a family of
structurally related, small cytokines or signaling proteins (8-10 kDa in size), which
had been originally discovered for their role in the immune system where they induce
chemotaxis in leukocytes [116]. However, in recent years chemokine signaling has
also been shown to play an important role during embryonic development, where
chemokines guide neuronal, neural crest and germ cell migration, regulate the pat-
terning and remodeling of the vascular system and are involved in muscle formation,
amongst other processes[16, 23, 21, 128, 105, 90, 28]. Chemokines are secreted by
producing cells and exert their function by binding to their counterpart chemokine
receptors, seven-transmembrane domain G-protein coupled receptors which by con-
formational change upon binding activate downstream signaling effectors [79]. Inter-
estingly, chemokine receptors are often able to bind to more than one chemokine lig-
and and vice versa. Also, prolonged exposure to ligand typically leads to a decrease

of receptor responsiveness, which is a feedback mechanism termed desensitization

[67).

CXCR4 / CXCL12 signaling

The most evolutionarily conserved chemokine is CXCL12 (also known as stromal
derived factor 1 or SDF1), which binds to the well studied and medically relevant
CXCR4 [43]. A mutated form of CXCR4 leads to WHIM syndrome, a disease char-
acterised by the effects of impaired leukocyte migration [9]. Also, increased levels of

CXCRA4 are associated to increased cancer progression [109]. During development,
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CXCR4/CXCL12 signaling is involved in most of the above mentioned processes
including guiding the migration of the posterior lateral line primordium in the ze-

brafish embryo [52].

Importantly, upon binding of its ligand, CXCR4 is rapidly phosphorylated and un-
dergoes internalization mediated by endocytosis [143, 54], a process termed desen-
sitization. The interaction activates both G-protein-dependent and independent
(Jak/STAT and [-arrestin) downstream signaling pathways [19]. After internal-
ization, the receptor is either degraded [99, 14] or recycled back to the membrane
[83], and the route of intracellular trafficking can be regulated by post-translational
modifications of amino acids in the receptor’s C-terminal tail. Indeed, mutations in
the C-terminal domain of the receptor can lead to defects in receptor desensitization

which results in defects in the migration of neutrophils in WHIM-syndrome patients

[9]-

Interactions with the atypical chemokine receptor CXCRT7

In addition to canonical chemokine receptors, there is an additional structurally
related class - termed atypical chemokine receptors - that can bind to chemokines

but are however unable to activate G-protein mediated downstream signaling [48].

CXCR7/ACKRA3 is an atypical receptor that binds CXCL12 ligand with high affinity
[8]. CXCRT exerts its function in several ways, including both CXCR4 dependent
and independent mechanisms (see fig. 1.2 for a schematic) [124, 8]. CXCR7 can het-
erodimerize with CXCR4, modulating its signaling activity and chemotactic function

in a seemingly chemokine level dependent manner [89, 35, 141].

More prevalently, CXCR7 can also modulate CXCR4 signaling activity and function
in cell non-autonomous fashion by sequestration of the CXCL12 ligand. CXCR7 can
successfully compete with CXCRA4 for CXCL12 because of its higher affinity and re-
cycling rate [18]. This sinking activity has an important function in vivo, namely the

establishment of chemokine gradients due to CXCRY sinking activity. For example,
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Figure 1.2 — The function of CXCR7 relative to CXCR4: Internalization of
CXCL12 leads to reduced ligand levels and CXCR4 signaling. Alternatively,
CXCRT can signal G-protein independently or receptors can heterodimerize, lead-
ing to a modulation of CXCRA4 signaling. Illustration taken from [39].

PGC migration during zebrafish development requires CXCR7 mediated receptor
internalization by somatic cells [17] to stabilize its chemokine gradient. Another
very clear unraveling of the scavenging function of CXCR7 in modulating CXCR4
activity by shaping the extracellular ligand distribution has been shown for the
pLLP migration in zebrafish, which will be discussed in the next section. Other
examples of functional CXCR7 sinking activity include neuronal migration in vivo

in zebrafish [91, 31] and mouse [138, 106].

However, it has not been demonstrated that CXCRT7’s scavenger activity alone is
sufficient to fulfill its function in every context where this receptor is known to
be required. Since the three mentioned interaction mechanisms are not mutually
exclusive, their relative contribution remains open in many contexts. Also, the
function of CXCR7 mediated modulation of CXCR4 signaling might vary, since
a clearance of the ligand has been proposed to, rather than decreasing CXCR4

signaling, ensure continued signaling by preventing excessive CXCR4 internalization

[1].
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Studying chemokine signaling in the zebrafish embryo

The zebrafish embryo represents a popular model system for studying cell migration
and chemokine signaling in vivo. This is due to the fact that cell migration stud-
ies are typically advanced by the ability to perform live microscopy, for which the
transparent and easy to handle zebrafish embryo is optimally suited. The zebrafish
also represents a genetically readily accessible vertebrate model system. Interest-
ingly, due to gene duplication events (most probably during teleost evolution), many
chemokine ligands and receptors are represented by more than one gene in zebrafish.
So is the case for all of CXCL12, CXCR4 and CXCRY7, which can be found in du-
plicates (nomenclature: CXCL12a and CXCL12b). CXCR4a is reported to bind to
CXCL12b [15] while CXCR4b and CXCR7b can bind to both ligands, potentially
creating a highly promiscuous interplay of this signaling axis in zebrafish. Interest-
ingly though, CXCL12a and CXCL12b show different binding affinities to receptors
[15] and CXCR4a and CXCR4b differ largely in their expression domains during
development [27]. However despite their split nature both CXCR4 receptors are
highly expressed in the zebrafish embryo.

Self-generated chemokine gradients

An intriguing and well studied example of a collectively migrating tissue in which all
three CXCR4 / CXCL12 / CXCRT receptors play an important role for collective cell
migration is the posterior lateral line primordium (pLLP) in the zebrafish embryo.
The pLLP is a group of approx. 100 that migrates along the lateral line of the

embryo, depositing neuromasts on its way.

This migration is guided by a narrow ‘stripe’ of CXCL12 expressing cells, which the
primordium detects via the expression of the receptor CXCR4b [53]. However, in
the absence of the primordium the chemokine is present in constant concentrations

along the lateral line. Dona et al. and Venkiteswaran et al. have shown that
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CXCR4b CXCR4b

Figure 1.3 — By selectively expressing the scavenging CXCRT7b in its rear, the
migrating pLLP self-generates its CXCL12a gradient which is interpreted by
CXCR4b (adapted from [20] and [39]).

nevertheless CXCR4b responds to a chemokine gradient during migration. This
gradient is established by a polarized expression of CXCR7b located in the rear

part of the migrating tissue, which selectively internalizes the chemokine [40][160].

While CXCRT7 has been involved in the formation and stabilization of chemotactic
gradients in other contexts, this is the first demonstration that this mechanism
can enable a migrating tissue to form its own chemotactic gradient and therefore
determine its own directionality. This mechanism has been predicted to play a role
in more developmental contexts, which so far however remain open. Also, self-
generated gradients could potentially be employed by migrating tumors, a context

in which CXCRT7 has been heavily involved.

Importantly, the findings of Dona et al. has been made possible by establishing
tandem fluorescent timers as a novel fluorescent readout for the visualization of

chemokine receptor signaling activity, which will be introduced in section 1.2.2.
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Visualizing cell signaling in vivo

Organisms employ highly dynamical intercellular signaling to orchestrate interac-
tions between cells and tissues, which need to effectively respond to an ever changing
environment in a tightly regulated manner. Although information about signaling
networks is increasingly abundant, an understanding of the spatial and temporal
regulation of these interactions has lagged behind [70]. In other words, biologi-
cal function is only determined from precisely how organisms employ the diverse
signaling pathways at their disposal. Therefore, these can only be studied in the na-
tive context of living cells, where signaling networks together with their regulatory

mechanisms are retained in their spatiotemporal organization.

Fluorescent readouts of signaling activity

Advances in both microscopy technology and the design of novel fluorescent probes
has in recent years led to the development of many diverse signaling biosensors.
These can report on the activity of a variety of signaling molecules including kinases,
phosphatases, GTPases and many more (for reviews see [11, 113] or [136]). While
the targeted observation of molecules of interest started with immunofluorescence
in the early twentieth century [29] and the first important calcium signaling activity
readout Fura-2 [50] was achieved using chemical dyes, genetically encoded fluorescent
reporters now enable the minimally invasive observation of signaling events in living

organisms.

Central to the functioning of a biosensor is its targeted member of the signaling
pathway it reports on, which is fused to a fluorescent reporter consisting of one
or more fluorophores. In its simplest form, a normal fluorophore such as GFP
fused to a protein with a functional binding domain can serve as a biosensor (for
a schematic see fig. 1.4). In this case, the relocation of the protein over time, for

example from the cytoplasm into the nucleus or to the membrane can function as

10
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an activity readout. Using this general principle, the formation of protein clusters
during phase separation has recently been exploited to reveal signaling oscillations in
the activity of G-protein coupled receptors [171]. Another category of biosensors is
characterised by the exploitation of the photo-physical properties of a chromophore,
in which a target induced switch can lead to a change in its fluorescent intensity.
A very prominent example for such a sensor is the calcium sensor GCaMP [112],
which in recent years has been used to record the brain-wide neural activity of living
animals [125]. Also, new biosensors of small GTPases could be used to characterize
cell dynamics in vivo [73]. The most prominent and diverse category of biosensors
relies on Forster Resonance Energy Transfer (FRET), which refers to the transfer
of energy between two fluorophores, a donor and an acceptor, depending on their
relative distance or orientation. To create a biosensor, a target protein is fused
to a donor and an acceptor. When the relevant signaling event occurs, the target
undergoes a switch which leads to a change in the FRET efficiency between the two
fluorophores [85]. The advantage of these biosensors lies in their modular design
which can be adapted to many contexts, which has led e.g. to the ability to measure
membrane tension in living cells [49]. However, a disadvantage of FRET sensors is

their relatively low signal to noise ratio.

In many signaling pathways, such as in the case of G-protein mediated signaling
[79] or Epidermal Growth Factor (EGF) [142], protein stability and intracellular
trafficking is tightly linked to signaling events and can act as a proxy thereof. When
proteins are trafficked or degraded in response to signaling, a fluorescent reporter
which changes its fluorescent output either after an intervention or over time can
be used to gain insights into these dynamics. Thus, photo-switchable fluorophores
can be used to perform pulse-chase experiments: After permanently changing the
fluorescence attached to a target protein, its behavior or that of the pool of labelled
proteins can be monitored and contrasted with a model of the underlying process.
Using this principle, protein dynamics could be visualized with subdiffraction reso-

lution in living cells [46]. A disadvantage of this approach consists in the necessity to

11
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Figure 1.4 — Different strategies to visualize signaling in vivo. a) Over monitoring
the relocation of the fluorescent labeling of a binding domain, b) modulation of flu-
orescence by induced conformational changes ¢) FRET sensitivity to changes in the
spatial proximity of nearby components, d) modeling the outcome of microscopy-
based pulse-chase experiments or e) inferring protein age using (tandem) fluores-
cent timers. Illustrations adapted from [136] and [78].

perform measurements over time. This can be avoided using fluorescent reporters
which change their color over time. These so called fluorescent timers have first
been used to study promotor transcriptional activity [149, 107]. The suitability of a
given timer for studying protein dynamics in a certain context is strongly influenced
by the timescales involved in its fluorescent change. Therefore, the development of
different variants with different kinetics has enabled the study of a broader range
of processes [146]. More recently, fluorescent timers composing of two proteins have
emerged [69], which bring many advantages to fluorescent lifetime imaging and will

be discussed in the next section.

Finally, it is important to note that the choice of a biosensor to study a given
signaling pathway is constrained, since its applicability depends on many factors.

Ultimately, a fluorescent contrast needs to reflect a change in the signaling state,

12
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which strongly depends on the dynamic properties of the fluorescent reporter in
interplay with its targeted process. The dynamic range of a FRET sensor is strongly
determined by the proximity change between acceptor and donor induced by the
signaling event, and the FRET efficiency of the chromophores. Similarly, in the case
of a fluorescent timer the involved timescale determines its applicability to studying

a given process.

Tandem fluorescent protein timers to study receptor dynam-

ics

In recent years, a new category of fluorescent timers, the tandem fluorescent pro-
tein timer (tFT), has emerged in which the fluorescent reporter is composed of two
fluorescent proteins fused to the target, instead of a single one [69]. The change
of fluorescence over time is achieved by the fact that fluorescent proteins in dif-
ferent colors fold with different maturation rates after translation. Therefore, only
after a characteristic time will the fluorophore contribute to the fluorescence cap-
tured by the microscope. When observing this stochastic process in a population
of receptors in a living cell, the ratio between the intensities of the slow and fast
maturing fluorophores will be indicative of the time that has passed since protein
translation, i.e. protein age (see fig. 1.5 for a schematic). While in a previous ap-
proach two separate fluorophores were produced using bicistronic expression [25], if
both proteins are fused to the target even subcellular distributions of protein ages
can be measured [69]. This approach has several advantages over monomeric flu-
orescent timers, including that standard fluorophores that are optimized regarding
brightness, phototoxicity and photobleaching can be used, such as GFP, mCherry,
tagRFP, etc. In addition to better imaging properties, the possibility to modularly
exchange the fluorophores allows custom engineering of the timescales at which the

resulting fluorescent timer operates.

13
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Figure 1.5 — Tandem fluorescent protein timers. A) The target protein is fused to
two fluorophores folding at different maturation rates (ms >> my). These kinetics
can be modeled to measure protein degradation rate (see text). B) Modeled inten-
sities over time from a protein population. Different combinations of fluorophores
with different maturation rates lead to different curves. C) The resulting fluores-
cent ratios are indicative of protein half life (or the degradation rate). Illustrations
taken from [13].

The fluorophore kinetics of tFTs can be mathematically modeled as depicted in fig.
1.5 assuming a one step maturation process. For each of the fluorophores, this leads

to the set of equations:

N? = p—(k +m;) N (t)

where N? and N; are the molecular populations of the immature and mature fluores-
cent protein with maturation rate m; and p and k are the production and degradation
rates of the fusion protein (i € {0,1} for FP1 and FP2). While these equations have
a time dependent solution, very interesting is the steady state solution for the visible
population N;:
. pm;

lim N;(t) = ————

t—00 i(?) k(k +m;)
As the production rate appears as a simple factor, the ratio between the two popu-

lations does not depend on it and, assuming known maturation rates, can therefore

be used to infer the degradation rate of the fusion protein. This is very useful

14



1.2 Visualizing cell signaling in vivo

for in vivo studies, as production rates are typically unknown. However, it has to
be noted that, just as timer sensitivity in general, the time reaching steady state
strongly depends on the slow maturation rate and can exceed its maturation time
[13]. Alternatively, timer readout can be measured over time, which allows the es-
timation of full protein dynamics over time, which however has to be performed

before significant photobleaching.

Thanks to their versatility and properties, tFTs have been successfully used to study
protein dynamics in vivo. Examples include a proteomic screen for studying protein
glycosylation in yeast [22] and its use for discriminating between different models of

bicoid gradient formation during early drosophila development [22].

Most importantly for this work and as mentioned before, tFT have recently been
established as a tool to study chemokine signaling in the developing zebrafish embryo
[40]. Specifically, tFTs have been used to show that the pLLP can self-generate a
chemokine gradient as it migrates along the lateral line (refer to section 1.1.4 for
details). To do so, Dona et al. targeted the signaling receptor of the primordium,
CXCR4b, and attached to it a tFT consisting of sfGFP and tagRFP fluorescent
proteins. As CXCRA4 is internalized and degraded upon ligand binding, degradation
was indicative of receptor-ligand binding and signaling rates (see fig. 1.6a). And
as previously described, degradation could be measured using the steady state tF'T
readout. Therefore, the tFT could be used to compare chemokine availability and
receptor signaling along the direction of migration of the primordium, revealing a
gradient from the trailing to the leading edge (see 1.6¢). Importantly, despite the
attachment of two fluorescent proteins, the CXCR4b receptor which was expressed
using a bacterial artificial chromosome (BAC) could guide primordium migration in
the absence of endogenous CXCR4b, indicating a fully functional receptor. Further,
as the primordium represents a tissue with a clear polarity and elongated shape,
measurements could be normalised and compared between wild type and different
mutant backgrounds: this showed that the clear gradient exhibited in the wild type
vanished in czer7b~/~ mutants (fig. 1.6b). This provided important evidence that
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the expression of CXCRT can shape extracellular chemokine cues in vivo and for
the first time showed the ability of a collectively migrating tissue to perform this

autonomously.

In summary, tandem fluorescent lifetime reporters have emerged as a powerful tool
to study protein dynamics in vivo and can visualize and quantify chemokine receptor
activity in the zebrafish embryo. The thus revealed mechanisms have been proposed

to potentially be employed by other developmental processes as well [40, 159, 155].
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Figure 1.6 — Tandem fluorescent protein timers to study CXCR4 receptor turnover
in the pLLP.
A) tFT ratios as a readout for CXCR4 degradation and ligand binding.
B,C) This allows studying signaling gradients along the primordium (see text).
[lustrations adapted from [40].
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1.2 Visualizing cell signaling in vivo

Spatial and temporal multiplexing of fluorescent readouts

The previously described fluorescent readouts allow studying signaling events and
dynamics in relevant in vivo systems. However, signaling networks often comprise
the interactions between many signaling components which cannot be studied si-
multaneously using microscopy approaches. Typically, not more than three or four
fluorophores can be spectrally resolved without risking significant overlap of the
involved excitation and emission ranges. This is especially critical when using fluo-
rescent readouts comprised of more than one color such as FRET sensors or tandem
fluorescent timers, which require precise quantifications occupying a large part of

the available spectrum.
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Figure 1.7 — Spatiotemporal multiplexing to study signaling networks in vivo. II-
lustration taken from [165]

A possible solution to this problem consists in the so-called 'multiplexing’, which
here refers to the spatial and/or temporal normalization of microscopy data. An
area of research where this approach has been popular is the study of components
near the cell membrane such as GTPases, their function and interactions during cell
migration, polarity establishment and protrusive behavior [96, 165]. Here, the gen-

eral principle consists in imaging two readouts in different colors at the same time,
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to then extract temporal correlations between the two measured signals (see fig. 1.7
for a schematic). From these correlations conclusions about the regulatory relation-
ships between the two components are drawn and then integrated into a larger signal
network model in a pairwise manner. Using this method data from completely or-
thogonal experiments can be integrated, including the comparison between different

genetic backgrounds and optogenetic perturbation scenarios [139].

Atlas frameworks

While in the above described approach signaling relationships between dynamic
intracellular components are inferred, relationships between components on the or-
ganism scale have been addressed using spatial normalization. As an example, in
the embryonic nervous system, the previously mentioned GCaMP biosensor can be
used to perform calcium imaging to record neuronal activity at cellular resolution
across the entire brain. However, this is difficult when interested in the neuronal
activity of freely behaving embryos, in which case reporters exist to visualize on
past neuronal activity within a given time window [166, 12]. To make sense of the
activation of these reporters, their signals need to be correlated between separate
experiments and ideally neuronal activity can be mapped onto an anatomical ref-
erence. This can be achieved using nonlinear image registration of brain recordings
[125], which maps samples acquired in different experiments into the same spatial
coordinate system (see fig. 1.8). Sometimes this approach to integrate information

from separate samples into a spatially normalized mapping is referred to as an ’atlas’.

Computational algorithms for the spatial normalization of 3D images originate from
the neuroimaging and medical fields, being optimized for PET or MRI images (for an
extensive overview see [115]). The core challenge in placing samples into a common
coordinate system lies in the pairwise mapping of samples onto each other or be-
tween a sample and a template image. Whether this is successful or not depends on

both the transformations searched for and the variability exhibited by the samples
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1.2 Visualizing cell signaling in vivo

to be registered. Some of the earliest adaptations of nonlinear image registration to
fluorescence images in developmental biology have been applied to organisms and
tissues exhibiting relatively stereotypic development such as the drosophila brain
and annelid worms [26, 117, 152|, for which linear transformations or parameter-
izations with few degrees of freedom could be assumed as transformation models.
More sophisticated transformation models were then applied to register the mor-
phologically more variable vertebrate zebrafish brain [131, 125, 100]. Recently, the
adoption of state-of-the-art image registration methods performing diffeomorphic
symmetric normalization [5] has enabled another jump in the registration quality of
live zebrafish brain recordings [101, 51, 84]. Nevertheless, it is important to note
that nonlinear image registration of biological samples remains a difficult and rather
poorly defined task [98], as often it is difficult to properly assess the quality of its
outcome due to the lack of ground truth. However, the currently achieved regis-
tration quality provided by freely available tools on some fluorescent datasets [5]
has been shown to be sufficient to perform automated and statistically significant
phenotyping (for further details refer to section 2.2.4) on some fluorescence zebrafish
brain datasets [51] and interestingly also in toto X-ray recordings in the embryo [38]

and even adult zebrafish [164].

Finally, spatial normalization for creating atlas frameworks can be a useful tool in
developmental biology to integrate and visualize spatial information about targets
of interest obtained from separate experiments. So far, an interesting use case
of atlases in the zebrafish embryo has been the development of publicly available
databases for comparing and mapping the expression of a plethora of markers in the
embryo [131, 125, 101, 84]. Mining data integrated by these tools might lead to new

discoveries based on already existing data.
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a Confocal volume b Apply the registration to
registration the anatomical label
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Figure 1.8 — Spatial normalization and multiplexing of fluorescent labels in the
zebrafish brain (or: the creation of a brain ’atlas’). a) Nonlinear image registration
of a reference label is used to map samples onto each other. b) The obtained
sample transformations are applied to other channels recorded in parallel. c)
Many expression profiles can be mapped onto the atlas. Illustration adapted from
[127].
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1.3.1

1.3 In toto multi-view light sheet microscopy

In toto multi-view light sheet microscopy

As perhaps the most widespread tool in biology, the light microscope provides a
magnified view on the processes of life. In modern molecular biology, fluorescence
microscopy in combination with genetically encoded reporters, GFP and its spectral
variants, enables the observation of protein localization patterns in living organisms
[24]. Optical sectioning allows attributing a fluorescent signal to precise locations
within the sample and is typically obtained by using laser scanning microscopy
(LSM) with confocal detection through a pinhole [61] or by exploiting nonlinear op-
tical properties of the fluorophores using multi-photon [36]. Although LSM achieves
high spatial resolutions, its limitations are given by a limited penetration depth into
scattering samples and an axial resolution being 3-4 times lower than the lateral res-
olution. These effects together limit the usability of LSM when intending to study
large specimens such as developing embryos in detail. A solution to both of these
problems consists in acquiring images from multiple imaging angles and positions,
thereby optically penetrating the sample from different views and varying the lateral
and axial directions relative to the sample [81]. A microscopy technique especially
suitable for use in a multiple view setting is light sheet microscopy, which enables
special sample mounting and fast image acquisition speeds [60]. In recent years, the
ability of multi-view light sheet microscopy to reconstruct embryonic development in
high spatial and temporal resolution in toto has had a big impact on developmental

biology.

Principles of light sheet microscopy

While in point scanning LSM both the illumination and detection of the fluorophores
to be visualized occurs using the same optical axis, the defining property of light
sheet microscopy consists in orienting illumination and detection at a right angle. In

this configuration, a given plane orthogonal to the detection axis is illuminated by a
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thin sheet of light, which coincides with the focal plane of the detection objective (see
fig. 1.9). Alternatively, light sheet microscopy is termed Selective Plane [llumination
Microscopy (SPIM), illustrating the plane-wise excitation of fluorophores which is
then coupled to an epifluorescent detection using a digital camera. For obtaining
three dimensional images, the sample is translated in the axial direction to relocate

under the focal plane in several positions.

Because SPIM acquires three dimensional images by tiling 2D planes acquired on
a pixel-array detector, imaging speeds are strongly increased compared to standard
point scanning confocal microscopy or even spinning disk approaches [97]. Another
benefit of optical sectioning using light sheets is the more efficient light deposition on
the sample, which is illustrated in fig. 1.9. While in point scanners out-of-focus light
is constantly illuminating the sample, a light sheet setup ideally only illuminates
those regions of the sample containing the fluorophores which are currently read
out. This leads to strongly reduced phototoxicity and fluorophore bleaching, which

enables the highly resolved long term imaging of light sensitive developing embryos.

Confocal microscopy Light-sheet microscopy
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N . Widefield detection with a CCD camera
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Figure 1.9 — Schematic illustrating the principle of light sheet microscopy: By
optimising optical sectioning, phototoxicity and bleaching are reduced and im-
age acquisition speed is increased compared to confocal microscopy. Illustrations
adapted from [161] and [59].
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1.3 In toto multi-view light sheet microscopy

Also, optical sectioning using thin light sheets can yield superior axial resolution
compared to confocal microscopy. This is because the effective point spread func-
tion (PSF) of the microscope can be regarded as the multiplication of an illumination
and detection PSF, with the former having lower extensions in the axial detection
direction. However, optically the length and thickness of gaussian beams are cou-
pled, leading to a limit of the available extent of thin light sheet, effectively forcing
a compromise between the field of view and spatial resolution. Also, for this rea-
son the optical resolution in SPIM can vary significantly within a given imaging
plane. In the direction orthogonal to both illumination and detection in contrast,
light sheets can extend indefinitely by digitally scanning the gaussian beam in this
direction [66].

To enlarge the field of view and increase the spatial resolution achieved with light
sheet microscopy, many variants of light sheet microscopes exist and both the il-
lumination and detections paths are optimized in ongoing research [65]. In light
sheet engineering, the limits of optical penetration imposed by light scattering
and aberrations due to refractive index heterogeneities are addressed by employ-
ing multi-photon light sheets [154] or alternative, self reconstructing beam modes
[41]. Alternatively, the detection path can be synchronized with modulations of the
illumination for discarding out-of-focus light with confocal principles [144, 34] or by

application of structured illumination patterns [65].

Multi-view reconstruction

For imaging large embryos such as the zebrafish or drosophila embryo, the arguably
most important variant of light sheet microscopy is its extension to multi-view imag-
ing [60]. Thanks to the narrowing of the PSF due to the uncoupled illumination
and detection arms, SPIM works well with low numerical aperture objectives, which
can have large working distances and therefore leave sufficient space for sample ma-

nipulation. Thus, large samples can be rotated in order to be imaged from different
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angles (typically around a vertical rotation axis to minimize distortion effects). An-
other reason for the suitability of light sheet microscopy for multi-view imaging is

the fast imaging speed, which is critical when imaging a living sample several times.

Typical multi-view setups allow long range translations of the sample to acquire
image stacks at multiple positions, which can be important for in toto imaging
of elongated examples such as the zebrafish embryo. However, for two important
reasons imaging embryonic development inherently benefits from sample rotation

(illustrated in fig. 1.10):

1. Superior sample coverage: By sequentially imaging large samples from different

angles, full surface coverage and optimized sample penetration can be achieved.

2. Improved axial resolution: The inferior axial resolution can be compensated
for by sampling at different angles, thus acquiring complementary images re-

garding their resolutions in the different directions.

Both of these points depend on the computational reconstruction of a single, high
quality image stack from several multi-view acquisitions. As a first step this involves
multi-view registration, referring to the establishment of correspondences between
image locations in the different views. This is typically achieved using fiducial
markers [80, 123, 82] in the form of fluorescent beads to guide the alignment process.
These are either embedded into the sample or acquired independently of the original
sample in a second acquisition using identical microscope settings. Optionally, a
subsequent content based image registration step is performed. To account for most
distortions between different acquisitions, a linear affine transformation is typically
used [80]. For more details on multi-view registration see section 2.1.1, where an

optimization of the multi-view registration workflow is presented.

While the registered views could simply be averaged to create a final output stack,
more sophisticated methods are required to exploit the advantages of multi-view
imaging and create an ideally isotropic high quality output stack. To account for

different sample coverage in different views, stitching [82] or content based weighting
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1.3 In toto multi-view light sheet microscopy

[123] can be used. Here, the idea is to fill each region of the output stack with av-
eraged information from the view or views exhibiting highest image quality. These
approaches however do not significantly improve axial resolution. A powerful ap-
proach for improving axial resolution is multi-view deconvolution [80, 121], which
in an iterative process attempts to recover the fluorophore distributions present in
the sample before being distorted by the microscope’s PSF. The latter is assumed
to be known, which represents the main difficulty of this approach as the PSF can
significantly vary across the field of view and within the sample. In practice, the
PSFs are either determined theoretically or measured using fluorescent beads [148].
However, the PSF degrades within the sample and is difficult to estimate, which
is why multi-view deconvolution is limited for large scattering samples. To address
this issue, in section 2.1.2 we propose to combine content based weighting with
multi-view deconvolution to only let regions of least PSF degradation contribute to

the final multi-view reconstruction.
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Figure 1.10 — Benefits of sample rotation for multi-view reconstruction. A) A
given region of the embryo needs to be accessible by both illumination (blue)
and detection (green) to be acquired with good image quality, typically yielding
a configuration of sample quadrants. Due to the limited sample penetration of
both optical arms, rotation optimizes sample coverage. Multiple view acquisitions
are subsequently registered and fused, yielding a high quality output stack. The
images on the right exemplify the in toto multi-view reconstruction of a zebrafish
embryo. B) Axial resolution also benefits from sample rotation: by sampling from
different directions, the large axial extent of the single-view PSF is improved upon
after multi-view reconstruction by incorporating complementary lateral informa-
tion. Illustrations adapted from [58] and [81].



1.4

1.4 Aim

Aim

The overall aim of this thesis is to gain a systems level understanding of chemokine
signaling activity and function during development. This broad aim can be subdi-
vided into a biological and a methodological aim. The concrete biological question
underlying this work addresses the interactions between chemokine receptors and
the impact these interactions have at the tissue and organismal scale. Recently, tis-
sues have been identified in which the expression of the scavenger CXCRT is critical
to ensuring CXCRA4 driven functions during collective cell migration by shaping the
extracellular ligand distribution. This defies the view that chemokine activity and
function is governed by prepatterned extracellular gradients. Instead, the dynamic
remodeling of the signaling environment might play an important role in many pro-
cesses. How prevalent is this role and in which ways do receptor interactions guide

cell and tissue behavior during embryonic development?

Addressing this explorative question is supported by a methodological objective:
The construction of an analysis framework to study chemokine signaling interactions
in a systematic way (see fig. 1.11 for a schematic representation). On one hand
advances in optical microscopy allow the visualisation of embryonic development
bridging cellular and organismal scales, while on the other cell biological studies use
novel fluorescent readouts to perform detailed studies of protein dynamics in cells
and tissues of interest. My methodological aim is to combine multi-view light sheet
microscopy, tandem fluorescent lifetime reporters and nonlinear image registration
to create a computational framework that integrates and maps information about
the expression and signaling activity of chemokine signaling components in different
genetic backgrounds. Using automated morphometry, these maps can further be
complemented by an analysis of morphological phenotypes providing insight into
cellular function. This framework will be applied to study the impact of chemokine

scavenging on the zebrafish embryo and could perspectively serve as a basis for
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addressing other questions benefitting from integrated maps of cellular activity and

function.
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Figure 1.11 — Schematic of the methodological aim: A spatial normalization frame-
work to quantify chemokine activity and function
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2.1.1

2 Method development for in toto

image quantification

In order to probe chemokine signaling in an in toto context, multi-view panoramic
fluorescent data from zebrafish embryos was acquired and analyzed. This section
describes the development of image processing and analysis methods enabling the
high throughput analysis of many large specimens. Sections 2.1.1 and 2.1.2 describe
preprocessing pipelines for the efficient use of image data obtained from multi-view
SPIM microscopes. Building up on this, sections 2.2.1 to 2.2.4 describe the devel-
opment of an atlas framework which allows for the combined analysis of many in
toto samples, representing different biological replicates and genetic perturbations,

by placing these into a common reference space.

Multi-view image reconstruction

Robust content based multi-view image registration

The reconstruction of a high quality image stack after acquiring data from a multi-
view light sheet microscope starts with the registration of the different imaging
views onto each other. This means to find the affine transform that establishes the
correspondence between the physical coordinates in different views. Generally, this

is achieved with the help of fiducial markers [123, 148, 82], that are embedded into
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Chapter 2 Method development for in toto image quantification

the imaging medium and acquired together with the sample. The markers are then
segmented and the affine parameters are obtained as the solution of a point set

registration problem.

This approach has several disadvantages. Special sample preparation is required and
the fields of view comprise of at least a four times increase in sample volume to be
imaged (see Fig. 2.1). This increases acquisition times and data storage demands
considerably. To speed up and optimize this process, here a robust image processing
pipeline was developed to perform multi-view registration independently of fiducial

markers, while at the same time achieving high quality registrations.

Optimising multi-view acquisition and registration

a) using fiducial markers b) using sample as reference
- additional sample preparation step - no additional preparation step
- need for redundant fields of view - compact field of view
- massive image data - faster acquisition
____________________ - more reliable
. .

- reduced amount of data

Figure 2.1 — Multi-view registration and fusion of light sheet microscopy data.
Multi-view light sheet microscopy is used to obtain a panoramic recording of the
full zebrafish embryo. The sample is imaged at four orthogonal views, which
are then registered to be combined (fused) into a single isotropic output stack.
Typically, fiducial markers need to be acquired for guiding the image registra-
tion process which creates the need for acquiring large fields of view for ensuring
sufficient fiducial overlap and correspondences. The presented method eliminates
the need for fiducial markers by performing a robust registration directly on the
sample data. This allows a tight adjustment of the fields of view to the sample,
significantly reducing imaging time and data sizes (both by a factor of approx. 4).

To bring all views associated to a dataset into a common physical space, first a
pairwise view registration is performed. Adapting to the chosen multi-view con-
figurations, a set of registration pairs is manually defined to optimize the overlap

between the stacks to be registered. The final transformation parameters are calcu-
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2.1 Multi-view image reconstruction

lated by concatenating pairwise transformation parameters along the shortest paths
between a given view and a global reference view. The transformation of a given

pair of views is then modeled as an affine transformation:

ry = Mx, + ¢ (2.1)

where z, and x;, are corresponding physical coordinates of images A and B, M e R3*3
and ¢eR3. For obtaining M and ¢, two consecutive registration steps (see Fig.
2.2) are performed. First, M is approximated by a rotation matrix given by the
difference angle between the views as reported by the microscope metadata. Then,
the translational shift ¢ is obtained as the maximal peak of the cross correlation

calculated as:

= argmax

FFT1< FFT(A) « FFT(B)* )H

[FFT(A) < FFT(B)| (22)

Cz

where FFT and FFT~' denote the Discrete Fourier Transform and its inverse.

As a second step, the obtained parameters are used as initial values for a set of
pairwise iterative content based image registrations. These optimizations use the
normalized cross correlation as an image similarity metric (or objective function),
and are performed with increasing degrees of freedom (using translation, rigid and
affine transforms), working on successive pyramidal downsamplings of the image

with the factors 8, 4, 2, 1, to typically arrive at a final spacing of 1um.

To place all views into the same reference coordinate system based on the pairwise
registrations, the successions of transformations connecting one reference view with

all others are concatenated. Finally, a last groupwise image registration step is
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Chapter 2 Method development for in toto image quantification

performed. This time, an objective function comparing all views simultaneously is
minimized, given as the pixel variance along the first dimension of an N + 1 dimen-
sional image stack composed by allN dimensional view images transformed into the
reference view. The groupwise registration optimizes a transformation composed of
one linear subtransformation for each view. Again, the optimization process is per-
formed with increasing degrees of freedom: The linear subtransformations are first
parametrized as a rigid, then as an affine transform and pyramidal downsamplings
are used. Both optimization based registration steps were implemented using the

open-source software toolkits , elastix [77], SimpleElastix [102] and SimpleITK [93].

Importantly, obtaining an initial translation from the cross correlation makes the
content based registration significantly more robust compared to the case when
another initialization method such as using the center of gravity is used (data not
shown). This is most likely due to the strong effects of view dependent image
deterioration on the iterative optimization schemes. Finally, the last group-wise
registration step achieves a registration quality suitable for performing multi-view

image deconvolution as described in the next section.
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Figure 2.2 — Registration of a pair of views. a) Shows the initial overlap after a
rotation transform based on the microscope metadata. b) The translational shift
between the views is obtained as the maximal peak of the cross correlation between

the images. ¢) As a second step, an iterative content based image
performed to obtain a final affine transformation.

registration is
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Image quality weighted multi-view image reconstruction

Once the different views are registered they can be fused into a single high quality
image stack. Ideally, the anisotropy of single views due to the typical z-extended
point spread function can be compensated for by complementary views using multi-
view deconvolution[80, 121]. However, in the case of the large zebrafish embryo,
despite its optical transparency in the visible spectrum, image quality is deteriorated
relatively quickly when moving away from the surface of the embryo. Fig. 2.3
and Fig. 2.4 illustrate this showing four orthogonal views of raw multi-view light
sheet data. In principle, multi-view deconvolution could deal with PSFs that vary
throughout the sample [148]. However, the variation of the PSF within the zebrafish
embryo is very difficult to measure or model, and performing deconvolution with

strongly errant PSFs increases the risks of introducing artifacts.

Addressing this problem, here a multi-view deconvolution approach dealing with
sample scattering is presented. The approach consists of combining the Richardson-
Lucy multi-view deconvolution (as put forward by [80]) with the use of image weigh-
ing based on local image quality. Specifically, the updating scheme of the iterative

calculation of the final fused image was modified, which is typically given by:

I
U, = v P* 2.3
RiapP® (23)
1

Here, P represents the psf, I, the noisy image of a given view transformed into the
target coordinate system and R; the result image at iteration i. Notably, eq. 2.4

considers the update factors U, of all views in equal parts, including those image
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2.1 Multi-view image reconstruction

100um

Figure 2.3 — Multi-view raw data from four orthogonal angles in a y-slice through
the head of the zebrafish embryo. Image quality clearly deteriorates when moving
deeper into the sample and the different views contain complementary informa-
tion. Marker is the tandem fluorescent reporter displayed with a perceptually
uniform LUT. Red and green arrows indicate illumination and detection direc-
tions respectively. Raw data was recorded with a spacing of (Ax,Ay,Az) =
(0.65um, 0.65um, 3um,).

regions with very extended and unknown PSFs. To increase the contributions of
high quality image regions and to reduce those of their low quality counterparts, a
multiplication of the update fields U, with local image quality based weights was
introduced in this step. This leads to the following modification of eq. 2.4:

R/,:Jrl = RZ . Zwv : UU (25)

where the weights are normalized (}°, w, = 1). Accordingly, as an initial image the

weighted average fusion of the input views >, w, I, was chosen. Multiple approaches
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can be followed to derive suitable weights w,, including geometrical considerations
and content based image quality metrics. The Normalized Shannon Entropy [135]
proved to represent a robust choice for multi-view light sheet acquisitions of the

zebrafish embryo. It is calculated as:

DCT. _ | DCT(Ixy.z)ny.:
norMa,y 2 Ly(DCT(Ixy.z))

(2.6)

myxyz = — Z DCTnormz,y,ZZOQQ (DCTnormzyyyz) (27)

DCTnormig, s >0
Here, DC'T represents the Discrete Cosine Transform and L, the euclidean norm.
w, xyz indicates the calculation of the image quality metric on image blocks centered
around the coordinates (X, Y, 7). To determine a weight value for each pixel within
the fused stack, the values obtained for each block are interpolated to the entire
stack using nearest neighbor interpolation. To smoothen the transitions between
pixels associated to different blocks, gaussian smoothing is applied to the image

metric before normalisation:

My = Myays = SMOOTH(INTERP(my xv7)ay2) (2.8)
My
120 ml

As the calculation of the weights does not rely on any sample specific assumption,
this approach should generalize well to other samples. Fig.2.5 illustrates the weight
values as resulting for four orthogonal views of the zebrafish embryo. As expected

and intended, the values approx. decrease with the sample depth and increase
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2.1 Multi-view image reconstruction

towards regions associated to shorter optical paths of the illumination and detection

through the sample. Also, the obtained values correlate with the visually perceived

distribution of focus around the axis due to scattering.

Figure 2.5 — Image quality weights obtained for the different views using the Nor-
malized DCT Shannon Entropy: For a given view, high values (yellow) transition-
ing to low values (blue) reflect the visibly deteriorating image quality deep in the
embryo.
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Figure 2.4 — Multi-view raw data from four orthogonal angles in a log intensity
profile plot. Taking a xz cross section of the zebrafish embryo, the intensity profile
along an (elliptic) line surrounding the embryo quantifies and illustrates the effect
of light scattering on the images as recorded by the different views: When following
the periphery of the sample, high intensities and high frequencies are shown by the
corresponding views of most adequate detection direction. At the right, the signal
along the blue and yellow crosshair is extracted (placed on top of the cross section
of a nerve), illustrating complementary views in a scattering sample: Overall, the
left view shows the highest intensities, followed by the top view as expected based
on the location within the embryo. In the vertical plot, the left view shows the best
signal to noise ratio (sharp peak), followed by the top view. In comparison, the
horizontal plot shows a narrower peak of the left view, while along this direction
the top and bottom views exhibit slightly sharper peaks.
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Evaluation of improved multi-view fusion results

For a comparison and to get an overview over the achieved image quality in the multi-
view fusion process, the presented modified multi-view deconvolution and other
common fusion methods were applied to the zebrafish embryo data forming part of
this study. Fig. 2.6 shows a zz cross section through the embryo and Fig. 2.7 a xy

projection, both comparing the following fusion approaches:
o min and max intensity view fusions
o simple and DCT-weighted averaging of the raw views

o best view fusion (for every region, take the best view as determined by the

DCT measure)
o DCT-weighted averaging of single-view deconvolutions
o multi-view deconvolution
o multi-view deconvolution with DCT weighted updating

From the figures it becomes clear that for our sample, the incorporation of the DCT-
based image metric into the fusion process improves fusion quality. Additionally,
the multi-view deconvolution approaches improve on the signal to noise exhibited
by the averages and best view fusion, in particular yielding better results than the

averaging of single-view deconvolutions. For further details see the figure captions.

To quantify the signal from the different fusion methods, Fig. 2.8 plots intensity
values along a line surrounding the embryo and a crosshair on a sharply defined nerve
structure. In the periphery of the embryo, the considered DCT-based methods
succeed in resembling the signal provided by the local best view, which overall
should exhibit the least pronounced scattering effects. When observing the nerve
located slightly deeper within the embryo, it can be appreciated that the signal in
axial direction is significantly improved by the weighted multi-view deconvolution

compared to averaging or simple multi-view deconvolution (see figure caption).
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This illustrates that in a highly scattering context, multi-view deconvolution in
practice benefits from prior knowledge about the relative quality of the considered
image views. Importantly, the resulting image intensity levels closely resemble those
of the view with least PSF degradation, which is especially important when aiming

for signal quantifications.

Within the scope of this study, typically four orthogonal views were imaged with a
spacing of (Az, Ay, Az) = (0.65um, 0.65um, 3um) and data was fused into isotropic
output stacks of spacing Axyz = lum. For the DCT-based multi-view decon-
volution the effect of the PSF was approximated by a gaussian filter with sigmas
(Asg, Asy, As,) = (0.5um, 0.5um, 4um) and the iterations were stopped either when
the relative intensity change between consecutive images resulted below 1e™® or the
maximum of N,,., = 20 iterations was reached. In terms of computational efficiency,
the computation of each output stack required approx. 15 min on a machine with

24 cores.
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Figure 2.6 — Comparison of multi-view fusion methods (XZ section)

After registration, the multiple views can be fused using different methods. Here a
range of such methods is compared, including pixel-wise maximum and minimum,
simple and weighted averaging, single view RL deconvolution before averaging and
multi-view deconvolution. Finally, these established approaches are compared to
the presented method extending the update step of RL multi-view deconvolu-
tion: By introducing a view and sample location specific image quality dependent
weighting factor, the effective deconvolution concentrates on information from high
quality views exhibiting little psf degradation. Visually, this content aware decon-
volution improves the image quality of the fusion output in case of the highly
scattering early zebrafish embryo (see the resolution of the two nerve structures or
the boundary definition of the branchial arches as indicated by the white arrows).
More specifically, structures are less stretched in radial direction (into the sample) 41
while at the same time preserving the contrast of the corresponding best view.
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Figure 2.7 — Comparison of multi-view fusion methods (z - max. projection)

To observe the effect of the different fusion methods on the lateral resolution
of the embryo, this figure shows a z projection of half of the bilateral embryo.
Much of the blur present in the max, min and averages is improved upon in
the (locally) best view and deconvolution fusions. The visually best contrast is
achieved by the presented RL-DCT multi-view deconvolution, which additionally
shows signal intensities very close to the best view fusion (see for example the
diagonally running dorsal nerves or the branchial arches as indicated by the white
arrows).
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Figure 2.8 — Comparison of multi-view fusion methods (log intensity profile plot)
On the same line profile as in Fig. 2.4 the intensities obtained from a subset of the
most important fusion methods are compared. Around the embryo, the signal in-
tensity of all methods is enclosed between the best and second best view intensities
(as determined by the DCT quality measure). Along the embryo periphery, due
to little scattering effects the image quality of the raw views is high. Therefore,
in contrast to simple multi-view deconvolution, all DCT based methods perform
well in capturing high and low signals. The blue and yellow crosshair measures
intensities deeper within the embryo. Here, RL-DCT exhibits the best signal to
noise ratio in the lateral and axial directions.
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A tool for multi-view deconvolution of very large datasets

While being fundamental for producing the atlas framework (sec. 2.2) and to study
chemokine signaling in toto (sec. 3), the above described framework for multi-
view deconvolution is of general applicability to multi-view light sheet microscopy

datasets. Especially its
« robust automated view registration independent of fiducial markers and
« image quality weighted multi-view deconvolution scheme

improve on features of existing frameworks, making it a potentially valuable re-
source for use in combination with a variety of multi-view imaging purposes and

configurations.

In order to support the processing
» of very large datasets
e on both laptops and computational cluster environments
e on any operating system

we implemented the multi-view fusion framework using platform independent open
source software building upon and contributing to the growing scientific python com-
munity [157][64][158], including elastiz for content-based image registration [77][103]
and (Simple-)ITK for efficient image manipulations [168][93]. For working on almost
arbitrarily sized images, we implemented the multi-view fusion to produce the final
reconstructed image in a block-wise manner with the purpose of both parallelizing
processing and reducing the memory requirements. This functionality has been im-
plemented using dask [130][33], which additionally allows the entire workflow to be
executed on either laptops or large HPC clusters with minimal configuration. The

resulting software package is available here!. Finally, fig. 2.10 and 2.9 illustrate

the results of applying the image quality weighted multi-view reconstruction to two

further datasets acquired with a Z1 microscope.

For print: https://github.com/m-albert/MVRegFus
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Figure 2.9 — An example of a strongly scattering dataset: in toto zebrafish embryo
at 15hpf expressing a nuclear marker.
A total of 8 views (shown are stacks with left and right illuminations fused) ac-
quired at 90°, were reconstructed into an output of isotropic spacing A = 0.5um.
The fusion is shown as a projection along the rotation axis to illustrate the benefit
of multi-view reconstruction. Raw data was acquired and kindly provided by Max
Brambach.
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Figure 2.10 — An example of a large dataset: in toto zebrafish embryo at 5dpf.
A total of 40 views (top) including left and right illuminations of different positions
at 90° angular steps along the AP axis (individual stack size 300 — 600 x 1912 x
1912) were reconstructed into an output of isotropic spacing A = 0.5um and size

1500 x 7500 x 1300 (bottom, x and z projections). Raw data was acquired and
kindly provided by Max Brambach.
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2.2.1

2.2.1.1

2.2 Atlas framework

Atlas framework

Spatial normalization of embryo stacks

Pairwise nonlinear image registration

At the basis of establishing a common coordinate system for comparing different
embryos lies the image registration of a given sample onto another. This inter-
sample registration, as opposed to the previously described registrations, needs to
account for additional sources of variability. While for multi-view registration a lin-
ear transformation of the coordinates would map one view onto another, nonlinear
transformations are required for normalising different samples and account for in-
herent biological variability, labelling differences and the phenotypic effect of genetic

perturbations.

To this aim a two step process was applied consisting of an initial affine transfor-
mation and a subsequent diffeomorphic mapping. In order to specifically account
for image intensity biases due to differences in labelling, prior to registration the
images were normalized using Contrast Limited Adaptive Histrogram Equalization
(CLAHE)[158]. An example of applying this normalisation to a Cxcr4b::GFP im-
age is shown in Fig. 2.11a. Existing 2D implementations of CLAHE were adapted
to 3D?, which significantly improved the robustness of the initial affine registra-
tion, for which the same procedure as in the case of the multiple view registration
was used (see section 2.1.1). Fig. 2.11b shows the registration outcome for the
first step, which roughly aligns the embryos. One source of large-scale variability
that the linear transformation cannot account for is given by the varying degrees
of “head straightening” embryos exhibit during this phase of development despite

careful staging.

2An existing 2D implementation of CLAHE was extended to arbitrary dimensions and made
available to the research community via the python image processing module scikit-image
(https://github.com/scikit-image/scikit-image /pull /2761)
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Original 3D CLAHE
fused image radius 10um
®
/¢

(a) 3D CLAHE (b) After affine registration

Figure 2.11 — Image normalisation using CLAHE significantly improves the ro-
bustness of linear registration, which roughly aligns the tissues and serves as the
starting point for nonlinear registration

For the second nonlinear registration step the symmetric diffeomorphic normali-
sation toolbox SyN [4] was used, a framework that is widely utilized for image
alignment in the context of MRI studies [76]. Its implicit regularization strategy of
obtaining deformation fields composed by the integration of smooth velocity fields
leads to both accurate and biologically plausible transformations. Another impor-
tant criteria for choosing this method was the fact that its resulting deformations
are guaranteed to be invertible, which is important for establishing bijective trans-
formations between samples for its use within the groupwise registration approach
described below (section 2.2.1.2). The performance of the registration method was
optimized for our samples by adapting it in two ways. First, the dependence of the
regularizing smoothing kernel on the resolution level to high initial and low final
values was optimized, being applied on many resolution levels. Secondly, for the

initial coarse resolution levels, 3D CLAHE processed images of varying radii were
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used instead of the raw fused images, while the latter was used for the subsequent

fine registration.

Due to the fact that nonlinear registration is computationally expensive, stacks
downsampled to an isotropic voxel spacing of s,, . = 3um, were used, retaining
approx. cellular resolution. For all registrations the expression of Cxcrdb in the
GFP and optionally the RFP channel was used as a common reference label. In
addition to Cxcrdb expression, autofluorescence present in regions such as the yolk
provided additional references to guide the registration process. Favourably, the
use of panoramic multi-view images constrains the registration process in regions of
degrading image quality deep inside the sample, as these regions are fully surrounded

by high image quality regions closer to the embryo surface.

Finally, a given pair of images was registered using four registration runs with the
optimized parameters summarized in Table 2.1. The output of a given run consists
of a deformation field which maps the so-called 'moving’ image stack onto the "fixed’
image stack. Specifically, it consists of a vector field, or deformation field, Dy, :
R?® — R®, which relates the coordinates in the fixed image z; € R? to those in the

moving image x,,€ R>:

ITm :IL‘f+Dfm(If) (2.10)

The affine registration is considered as an initial coordinate transformation for the
first diffeomorphic registration run and its parameters Mye R3*3, ¢ye R? are subse-
quently composed with the obtained deformation field D?m, yielding a Dy,,, contain-

ing both the linear and non-linear transformations:

Dyw(s) = Dy, (Mo + co) (2.11)
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Similarly, after a given run the obtained deformation field is composed with the
field from the previous run, transforming the moving image as the input for
the subsequent run if applicable. The reason for dividing the registration into
several runs was that available frameworks allowed only one setting for the up-
date field smoothing kernel for a given registration process (this also applies to
github.com/nipy/dipy used here and the original SyN software registration collec-
tion under github.com/ANTsX/ANTS). In principle, a single registration would be

better as it avoids the interpolations during the intermediate transformations.

| Run 1 [ 2 ElE
Scaling factor s 1.2¢ | L5’ 1 |1
Image smoothing kernel o; (um) L5% (s, — 1)
Update field smoothing kernel op (um) | 12 % s 6 * s 3 1.5
CLAHE kernel size ¢; (um) {20 Z >=9 0 0 0
10 <9
Iterations 4 {0,...,17} {0,1,2,3} | {0} | {0}

Table 2.1 — SyN diffeomorphic image registration parameters. Cross correlation was
used as the image similarity metric. For all runs the convergence criteria consisted
of the tolerance ¢ = 10~7 and a maximum iteration number of Ny,qz = 1000. The
registration was performed using the SyN implementation of the dipy framework.
The careful adaptation of parameters to the Cxcr4b labelled zebrafish embryo were
crucial for obtaining high quality registration results.

Fig. 2.12a shows the results of diffeomorphic registration for two wild type embryos.
The superposition of structures is significantly improved compared to the result after
linear registration. Qualitatively, tissues overlap well and most sample variation is
eliminated. This also holds true for the registration between a wild type embryo and
a Cxcr7b-/- mutant shown in Fig. 2.12b. In this case, the above introduced modi-
fications and adaptations of the SyN registration method proved especially useful.
The local contrast enhancement preprocessing step significantly improved registra-
tions in which the image contrast strongly differed between samples. This was the

case for the cxcrdb:GFP labelled arrested primordium in cxer7b-/- mutants, which
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gives rise to an extended intensity gradient due to scattering effects, misleading the
unmodified registration process in the neighborhood of the organ. Local contrast
enhancement could also improve registration performance near fluorescent beads
and imaging artefacts close to the sample surface, and non ubiquitous fluorescent

labelling in general.

One clear limitation of the above described registration approach is reached when
samples are tried to be normalized which exhibit too strongly differing tissues. This
can be the case when a sample region does not contain the same tissues or, generally
speaking, when the tissue contexts to be compared arose from developmental tra-
jectories which cannot be approximated by a static deformation field. An example
for this is the region where the arrested and elongated lateral line primordium in
the mutant occupies the space held by the chain cells and deposited sensory organs
in the wild type. This represents a large morphological variation which cannot be
accounted for by the registration. Still, due to local contrast filtering, the close neigh-
bourhood of this unilaterally appearing tissue appear faithfully overlapped, while at
the same time the resulting transformations contain clear evidence for a phenotypic
variation that can be quantitatively captured using the method described in section

2.2.4.
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(a) Two wild type embryos

Registration without 3D
local contrast enhancement
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(b) Wild type and Cxcr7b-/-

Figure 2.12 — Representative registration result after pairwise diffeomorphic regis-
tration. The overlay shows a highly accurate superposition of tissues for registra-
tions between two wild type samples (a). This also holds true for mapping wild
type onto mutant samples (b) when applying local contrast enhancement prior
to registration. Without contrast enhancement, strong artefacts appear in the
neighbourhood of the lateral line primordium.
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2.2 Atlas framework

2.2.1.2 Establishing a common reference coordinate system

Thus we established robust pairwise image registration that serves as the basis for
placing multiple samples into the same common coordinate system (CCS). Existing
atlases that focus on the zebrafish brain achieve this by mapping new samples onto a
given template [131, 126, 84]. This template sample is usually chosen to be either a
single representative sample or an averaged sample calculated from a subset of avail-
able samples. In the first case, the common space is biased by the particular choice
of the template sample and in the second case, relying on a registration between
a sample and a sample average is problematic, as misregistrations during template

creation will influence the registration quality of newly incorporated samples.

Reference Dataset (n=8)

ne » &
W //"'7 N\
\ Y/ eee \
image registration CORION
coordinate
system

'R

sample '\ ;8
i, —> ‘;3

lf average ‘ ,
transformation X

Figure 2.13 — Each new sample was placed into the common coordinate system
by registering it to each sample of the reference dataset consisting of N = 10
wild type samples. The inverse of the average deformation field of these pairwise
registrations then transformed the sample into the CCS.

To address both of these problems, the following groupwise registration strategy
for defining a CCS was chosen. A reference subset {If'} of N = 10 wild type
samples is defined as the reference dataset. For incorporating a new sample I, [ was
registered against each It resulting in the deformation maps Dy, 17 (see Fig. 2.13
for a schematic). In the case of a sample in the reference dataset, the deformation

mapping it to itself was set to unity (zero displacement vector field). Then the
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average of {D; ;r} was calculated and inverted to result in the transformation Dy,

transforming [ into the CCS:

Dito) = (X 0ppto)) 2.12)

This groupwise registration scheme can be iterated to further improve registration
quality. To do so, a new CCS was defined by applying the same procedure to the
samples transformed into the CCS of the previous iteration. For avoiding multiple
interpolations, the resulting deformation maps were composed and only then used to
transform the input sample data. To limit computational resources, two iterations

were chosen for this application, exhibiting a good convergence behavior.

To align the principal axes of the CCS to those of the sample, an orientation trans-
form was incorporated into the deformation maps of the first iteration. For this, the
plane defining the biletaral symmetry of the zebrafish embryo was found by regis-
tering the mean of the reference samples in the CCS against its laterally inverted
image. Tissue coordinates were extracted performing a basic tissue segmentation
using Otsu thresholding. The correspondence between bilaterally symmetrical coor-
dinates obtained from the registration then defined the embryo midplane, to which
a linear plane was fitted. Finally, a basis change was performed choosing the normal
vector of the fitted plane as the new x-axis. The new y-axis was chosen to align
with the first axis of a Principal Component Analysis of the segmented tissue co-
ordinates, representing the Anterior-Posterior axis of the embryo. The new z-axis
then resulted as the cross product of the x and y-axes, defining the dorso-ventral

axis of the CCS.

Importantly, by registering each sample to a set of reference samples a bias towards
a single sample is avoided and potential pairwise misregistrations are averaged out.
Another advantage of this approach is its linear scalability, since new samples can be

readily incorporated into an existing CCS if the reference dataset is kept constant.
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’ Name ‘ Description Max dist. (um) Mean dist. (um)
AN_L Left anterior habenular nerve 4.25 2.74
AN_R Right anterior habenular nerve 2.37 1.72
OB_L Left olfactory bulb nerve base 6.72 3.86
OB_R Right olfactory bulb nerve base 9.31 4.45
VB_L Central blood vessel bifurcation right 5.25 3.54
VB_R Central blood vessel bifurcation left 7.38 6.09
NC_L Left lateral and facial motor nerve crossing 2.53 1.44
NC_R Right lateral and facial motor nerve crossing 3.07 2.31
BA_L Posterior branchial arch extension left 6.96 4.65
BA_R Posterior branchial arch extension right 8.33 4.06

Table 2.2 — List of landmark definitions used for registration validation (see Fig.
2.14. Landmarks were chosen to represent morphologically distinct features
present in all considered samples including wild type and Cxcr7b-/- genotypes.

Fig. 2.14a shows the average intensities of the transformed reference samples in
the final CCS. As can be observed, tissues appear well defined due to good sample
overlap, the average reference embryo being almost indistinguishable from a sin-
gle sample stack. In order to quantitatively determine the achieved registration
quality of the presented registration framework, the distances between manually
defined landmarks were measured. These were annotated for two wild type and
two Cxcr7b-/- mutant sets of six embryos each, recorded on different experimental
days, including samples of the reference dataset. The landmarks were positioned at

ten morphologically distinct locations within the embryo, which are summarized in

Table 2.2.

The landmark coordinates were then transformed into the CCS using the corre-
sponding deformation maps of each sample. The distances were measured between
a given landmark and the geometrical center of landmarks belonging to the reference
samples. Fig. 2.14b shows the maximum and mean distances for the different exper-
imental days and genotypes, which were found to vary between 9um < dnq. < 13um

and 3um < dppean < Dum respectively. On the datasets used for validation, the vari-
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ability in registration precision of the experimental replicates was comparable to
those of a different genetic condition. Finally, considering an average cell diameter
of roughly d =~ 10um, these values indicate that the registration framework achieves

approx. cellular resolution for the vertebrate zebrafish embryo.
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average
reference
dataset

100um

(a) Landmarks placed on the averaged refer-
ence dataset

Registration validation:
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(b) Landmark distances for different datasets

Figure 2.14 — Registration validation using landmark annotations reveals that the
achieved resolution is within the spatial range of an average cell. Landmarks were
chosen to represent morphologically distinct points in the sample. The distances
are measured for the samples of the reference dataset and indicated with respect
to the geometric center of all instances of a given landmark. Final landmark
distances with maximal values of approx. dpmq: ~ 13pum and mean values of less
than < d >= 5um indicate cellular resolution under the assumption of a typical
cell diameter of d = 10um.
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Definition of tissue patches using segmentation and clustering

After placing samples into the common reference system, the analysis was focussed
on the tissues of interest by performing a segmentation of the Cxcr4b expressing cells.
Besides being the biological focus of the study, this is necessary as the above de-
scribed registration accuracy does not strictly hold for parts of the embryo which do
not express the reference marker or significant autofluorescence signal. For obtaining
a tissue segmentation, both the GFP and RFP channels of all embryos contained in
the reference dataset I¢ were used. For each channel the average I¢ = % > If was
calculated and an intensity threshold 7" was obtained by applying an Otsu threshold

in two iterations:

Ty = Otsu({I°(x,y,2)})
T¢ = Otsu({1°(x,y, 2)|I°(x,y, 2) < Tg})

To further refine the segmentation, an llastik ([145]) classifier was manually trained
on two samples using the GFP channel and applied to the full reference dataset

obtaining the segmentations s;. The tissue segmentation S was then obtained as:

S= {l@y.2) | min IF"(2,y,2) > T}
A {(e,9,2) | min I8P (z,y, 2) > T7PP)
N{(z,y,z2) | min si(x,y,z) > 0}

TGFP

2

TRFP

U{(z,y,2) | 19" (2,y,2) >

}
}

U{(z,y,2) | I""(z,y,2) >
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Here, N and U represent the intersection and union and are applied sequentially start-
ing from the first thresholded set. To remove single pixels and small disconnected
structures, the segmentation mask was morphologically eroded and subsequently
dilated, both in a single iteration. Finally, a size filter was applied to exclude seg-
mented objects occupying a volume smaller than 1000pum?® (equivalent approx. to
the volume of a single cell). Fig. 2.15 a) shows a rendering of the segmentation

overlaid onto the average reference embryo.

Segmentation of
Cxcrdb expressing tissues

o

@3

a) b) Tissue patches for quantification

Mixed spatial and
feature-based
3D clustering

z position

GFP intensities dataset 2

GFP intensities dataset 1

Figure 2.15 — Tissue segmentation and clustering: To focus the analysis on tissues
expressing Cxcrdb, the relevant tissues are segmented in 3D (a). The segmentation
is then further clustered into tissue patches (b), which align with the intensity
patterns of the expressing tissues and where chosen to have an average diameter
of d = 10um approx. equivalent to the registration accuracy. The tissue patches
are then the units from which image features are extracted and compared between
samples.

The main aim behind placing many samples into the same coordinate system con-
sisted in directly comparing image features between the samples. Using the same

resolution as for the nonlinear image registration of 3um, the segmented volume
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occupies approx. 90000 pixels, each representing a location from which image fea-
tures such as fluorescence intensities can be extracted. To significantly reduce this
number, the segmented volume was subdivided into larger comparison regions, ac-

counting for residual registration inaccuracies and easing data handling.

Subdivision was performed using hierarchical agglomerative clustering of the seg-
mented voxels, i.e. by recursively merging pairs of clusters based on a distance
criterion. The final amount of clusters N.,s = % ~ 3000 was chosen such that the
obtained regions would average a diameter of d = 10um (i.e. a volume of 1000um?),
which is again equivalent to a cell’s dimension and the length scale of registration
accuracy. First, each pixel within the segmented volume was assigned a feature
vector which consisted of its three spatial coordinates and the mean intensity of the

CLAHE filtered reference samples in the common coordinate system:

T

Y

z

AXCLAHE(I(2,y, 7))

f(x7 y?’z) =

Further, the last dimension of the feature vector was weighted by a factor determined
as twice the distance between maximally distant voxels within a cube of edge length
d = 10pm, giving the contrast based feature component roughly the same variance
as the spatial coordinate components. As a distance criterion Ward’s method was
chosen, which considers the error sum of squares of all voxels contained in a given
pair of clusters. The connectivity of the pixels was calculated solely based on the
spatial coordinates, constraining which voxels were available for merging and thereby

creating only spatially connected clusters.

The dimensionality reduction consisting of dividing the segmented volume into tis-

sue patches therefore accounts for residual misalignment in the reference coordinate
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system and at the same time eases data handling when comparing image features
between samples. A rendering of the tissue patches is shown in Fig. 2.15 b), il-
lustrating a homogeneous distribution of roughly equally sized clusters. To use the
tissue patches for quantifications, the mean pixel intensity of a given image feature
such as GFP or RFP intensity, lifetime ratio or volume change (as described in the
next section) can be extracted for every patch and embryo. These observables can
then be compared to each other, such as exemplified in a scatter plot showing the

GFP intensities of two wild type embryos in Fig. 2.15 b).

Division into Division into
Raw intensities cubes tissue patches

GFP
intensities
3000

2500

2000

1500

1000
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Figure 2.16 — The effect of mixed spatial and contrast based clustering. The left
image shows the mean maximum z-projected GFP intensities of the reference
dataset within the segmented volume. The other two images result from replacing
single pixel intensities by the mean intensities using two different methods for
subdivision, simple cubic pixel pooling and the presented clustering approach.
Due to clustering operating both on coordinates and contrast, the latter conserves
many more structures compared to the first.

Importantly, having included an image contrast based feature into the feature vector
has the effect that cluster borders align with transitions between tissues of differing
relative Cxcrdb expression, preserving relevant image detail. This effect is illustrated

in Fig. 2.16, which compares the raw image intensities with images reconstructed
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from patches obtained using two different methods, simple binning and the presented

clustering (see the figure caption).

Experimental setup and statistical analysis

In addition to the technical considerations, an important biological challenge that
arises when studying the full sample in an unbiased way is consistent staging. Dur-
ing the pharyngula period, the migration progression of the lateral line primordium
is the standard reference marker for staging [75]. However, primordium migration
is impaired in czer7b-/- mutants and could therefore not be used here directly. In-
stead, samples of any of the genetic conditions of interest were paired with a wild
type control group and raised side-by-side in equal conditions until reaching 36hpf
as determined in the wild type. As image acquisition was performed on live samples,
these continued to age during a given experiment. Therefore the total amount of
samples imaged during a given experimental session was limited to approx. N = 20,
amounting to an absolute age divergence of maximally 3-4h (equivalent to ~ 10% of
the absolute age post fertilization) between the youngest and oldest acquired sam-
ple. In order to control for possible data variability between different experimental
sessions, during every session both the dataset containing the genetic condition of
interest plus and a wild type control dataset were acquired. The resulting datasets

each contained 6 < N < 10 valid in toto samples.

After multi-view processing and incorporation of the samples into the common co-
ordinate system, an important analysis to be performed consisted in the statistical
testing for differences within a given observable (GFP, RFP, etc...) between different
conditions (mutants, perturbations, etc...) and samples. To do so, first the mean
value of the observable was extracted for each patch and sample. Hypothesis testing

was then implemented by means of data simulation:

1. Data was grouped by experimental day and control or condition.
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2. The test statistic 7 and null hypothesis Hy were defined (e.g. the absolute
difference of mean GFP values between control and condition and “there is no

difference in these values between control and condition”).

3. The experimental test statistic 7y was calculated by taking the weighted av-
erage of the test statistic obtained for each experimental day based on the

respective sample number.

4. Data to calculate the test statistic under H, was simulated by randomly shuf-
fling all embryos in the control and condition datasets within a given experi-

mental day, giving 7; for each permutation.

5. A p-value was approximated by counting the fraction of times the comparison

between 7y and 7; contradicts Hy.

Using this procedure, statistical significance could be estimated in a non parametric
way. Importantly, working on observables defined for each tissue patch rather than
each voxel within the image helped making the statistical analysis computationally

more tractable.

Morphometric quantification of tissue phenotypes

So far, the aim of placing samples into the same coordinate system had been the
comparison of fluorescence intensities and protein lifetime ratios. In addition, from
the spatial normalisation process information on the morphology of the Cxcrdb
expressing tissues can be extracted, complementing the intensity measurements and
potentially providing a means to quantify tissue phenotypes. Namely, as a result
of placing samples into the CCS, a nonlinear displacement field is obtained which
assigns each location x in the CCS with a corresponding location in the original

coordinate system of the sample .
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Volume changes as a readout for morphological phenotypes

This displacement field is a vector field D : R® — R?® y = x + D(z), which provides
dense information about the deformations applied by the image transformation and
therefore contains any captured differences in sample morphology. In order to anal-
yse these vector fields with the goal of extracting morphological phenotypes, the
determinant of the jacobian tensor field of the displacement field is used as a mea-

sure in voxel-based morphometry [3]:

0D 0D1 0D,
1 + o1 Oz Ox3
~ = 9Dy 9Dy 9Dy
Ji(w1, 29,73) det( 5 1+ 52 o ) (2.13)
9D3 9D3 9D3
8271 81’2 1 + (9&?3

For a given input sample i, J; is defined for every location within the CCS. Its
geometrical interpretation is the volume change between the source and the target
coordinates of a given transformation. Values of J;(z,y,z) > 1 at a given location
indicate that the local environment of this location is stretched when transformed
from the CCS to the original sample space. Inversely, values of J;(x,y,z) < 1
indicate a decrease of volume, while values J;(z,y,2z) = 1 reflect no stretching or
shrinking of the local environment. In general terms, J; gives the factor by which an
infinitesimal volume element in the CCS is expanded when mapped onto the original
sample, i.e. J;(z,y,z) = 2 indicates a twofold increase. For ease of interpretation,
J will be expressed in binary logarithmic representation, reflecting the negative or

positive volume fold change.

It is important to mention that volume changes do not necessarily capture all in-
formation relevant for morphological phenotypes contained within the displacement
fields. Also, only morphological differences accurately normalized for by the non-

linear image registration procedure are present within the vector fields. Keeping
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in mind these limitations, due to their clear geometrical interpretation and invari-
ance with respect to the original pose and position of the sample, volume changes

represent a suitable measure to quantify morphological phenotypes.

Validation: Detection of developmental asymmetries

To assess whether the proposed method in practice can be used to detect morpho-
logical phenotypes, known morphological deformations in the samples were required.
Therefore, asymmetries of Cxcrdb expressing tissues at 36hpf known from the liter-
ature were taken advantage of. These include two structures which form part of the

segmented volume shown in Fig. 2.15, namely

« the habenulae, which are more prominent on the right side of the embryo [134]

and the

o the pancreas, which is asymmetrically positioned tending towards the right

side of the embryo [111].

In order to exploit these asymmetries for validation, synthetic test embryos were
created by laterally mirroring the bilaterally symmetric wild type embryo stacks.
This was performed for wild type datasets from three experimental sessions con-
taining in total N = 25 embryos. Then, for each experimental replicate, in addition
to the original wild type dataset the laterally mirrored dataset was considered as
the associated experimental condition. After placing the samples into the CCS, the
volume changes were extracted for each tissue patch and sample as detailed in the

previous section.

Fig. 2.17a shows the difference of the mean volume changes between the mirrored
and wt datasets. While exhibiting minor differences in many tissues, the strongest
volume change can be seen in the habenulae and pancreas. More specifically, the ex-
tracted volume changes for the left smaller habenula indicate tissue stretching when

compared to the mirrored samples and inversely for the right habenula. Further, the
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quantitative values of approx. one fold change for both lateral habenulae agree with
the approx. volume difference apparent from the segmentation. In the case of the
pancreas, both increases and decreases of the volume were captured, representing
distortions mapping the organ to a laterally inverted version of itself. Fig. 2.17b
shows the p-values resulting from a statistical analysis as described in section 2.2.3,
indicating that for the two mentioned tissues the effect was indeed significant (and

the most significant) with p-values p < 1072 .

Interestingly, also a few other structures exhibit strong p-values, which to our knowl-
edge are however not reported to form part of asymmetric organs. These captured
lateral differences might be an effect of slight illumination differences between the
left and right light sheets of the microscope, or, alternatively, represent real asymme-
tries in the embryo. These could for example be a consequence of another, however
Cxcrdb negative tissue asymmetry, which is the heart. The indicated areas are lo-
cated near blood vessels which exhibit a faint GFP signal (but are excluded from

the segmented volume) and could be asymmetrically enlarged.

In conclusion, considering p-values p < 10~ the presented method for morphological
phenotyping accurately reports on the developmental asymmetries. This validates
that both the image registration and the phenotype analysis approach capture both
large and small morphological differences given by the asymmetric pancreas and
habenulae. Also, despite focusing on volume changes as a phenotypic readout, the
analysis captures both the volume differences of the habenulae on one side and
the differences in shape and position of the pancreas on the other. In conclusion,
the presented analyis represents a suitable method for the automatic detection of

morphological phenotypes.
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Figure 2.17 — Volume changes in laterally mirrored embryos.

To validate the presented phenotypic analysis, wild type embryos where compared
to the same wild type embryos mirrored along their lateral symmetry axis (N = 25
each). Known lateral asymmetries of Cxcrdb expressing tissue at this stage include
the habenulae and the pancreas (see arrows). These are exactly the structures
exhibiting the strongest (a) effect sizes (difference of mean volume change between
wt and mirrored) and (b) its statistical significance. The images were created by
backprojecting the values obtained for each tissue patch, followed by a projection
of the values with largest absolute values in the z and x directions.
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3 Studying chemokine signaling

interactions

The overall aim of this study! consisted of gaining a systems level understanding
of the signaling activity and function of Cxcrdb and its interactions with the scav-
enger receptor Cxer7b during early zebrafish development. Both receptors and their
ligands Cxcl12a and Cxcl12b are broadly expressed during early embryogenesis, po-
tentially allowing for interactions in many tissues and processes. Strong expression
of these components can be observed during the Pharyngula Period of zebrafish
development (24hpf to 48hpf), a period during which the embryo adopts a clear
body plan and many important organs are in the process of forming. The body axis
and head straighten, guiding the embryo into a developmental stage during which
the morphologies of diverse vertebrate species are best comparable (Gould, 1977).
Thus, the central timepoint of the pharyngula period, namely 36hpf, was chosen
as the focus for analysis due to the strong expression of the chemokine signaling
components in many organ systems. Fig. 3.1 shows the expression of Cxcrdb in an

in toto reconstruction and identifies some of the key forming structures at 36hpf.

The emergence of tandem fluorescent lifetime reporters made it possible to measure
chemokine receptor turnover in living tissues of the zebrafish embryo, as was shown
by [40]. As receptor turnover scales with the concentration of activating ligand, the

timer represents a powerful tool for reporting also on the functional interactions

!The work presented in this chapter has been largely performed in collaboration with Erika Dona,
a former PhD student in Gilmour group at EMBL Heidelberg.
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CXCR4B EXPRESSING TISSUES AT 36HPF
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Figure 3.1 — Our focus lies on the developmental stage 36hpf, which marks the
midpoint of the Pharyngula Period. The signaling receptor Cxcr4db, the scavenger
receptor Cxcr7 and the ligands are widely and highly expressed at this stage. Here,
we give an overview of the important structures and forming organs. Lookup table:
intensities increase from yellow to violet.
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between the chemokine receptor of interest, Cxcrdb, its ligand Cxcl12 and other
signaling components potentially interacting with it. We therefore aimed to com-
bine its use with the previously described computational normalisation framework
in order to characterise and compare the signaling activity of Cxcrdb in different
genetic backgrounds in an unbiased way. Detected changes in signaling rates would
then report on ligand mediated interactions between Cxcrdb and the given gene

perturbation.

,ucturei

repeating o™ N N AR :
l \ \ \';.,-’_;“""" >

Lateral line
primordium

B Wl
—eTT T T — 1 AT )
S = e ¥

Figure 3.2 — The majority of relevant Cxcrdb expressing tissues are located in
the anterior part of the 36hpf old embryo. We therefore focussed on this region,
since imaging the entire fish including the tail would have significantly increased
acquisition times without improving the coverage of structures of interest.

With the aim of establishing a standard imaging protocol for our unbiased study,
we first determined the optimal microscope settings for acquiring embryos at both
the embryo scale and cellular resolution. At the lowest magnification compatible
with this goal (using a 20x objective in combination with a negative zoom of 0.36x
provided by the tube lense), acquiring the full zebrafish embryo would require three
longitudinal positions along the anterior-posterior axis of the embryo, along with
relatively long acquisition times for every sample. However, as fig. 3.2 shows, most
of the volume of the embryo is contained in the anterior most position, even when
excluding the yolk sac. Also, most Cxcrdb expressing structures are located in
this anterior volume, while the tail of the embryo contains most prominently the
lateral line primordium, which in any case needs to be excluded from the analysis

because of its highly variable position. The remaining structures mainly consist
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of longitudinal nerves and somitic structures that represent metameric ‘repeats’ of
tissues already present in the anterior most part of the embryo. Therefore, we
decided to only acquire four panoramic views and focus our study on the anterior

part of the embryo.

In toto measurement of fluorescent lifetime ratios

In order to use fluorescent timers as readouts of Cxcr4b signaling activity in an unbi-
ased way in the context of the in toto embryo, we characterised timer measurements
performed in combination with the previously described registration framework. The
first parameter we investigated was the range and variability of timer measurements

from tissue to tissue and embryo to embryo.

To do so, we incorporated acquisitions of wild type embryos expressing the tandem
fluorescent timer construct cxcrdb::sfGFP-tagRFP at 36dpf into the registration
framework. Fig. 3.3 shows both the absolute intensities of the sftGFP and tagRFP
channels and the resulting ratios in the segmented tissue patches (see section 2.2.2).
The intensity measurements of the fast (sfGFP) and slow maturing (tagRFP) flu-
orescent proteins exhibit a relatively high degree of decorrelation, leading to ratios
spanning a large range of values. Interestingly, interpreting ratios as a readout of
average receptor age, the data shows that receptor expression levels and receptor

age are not clearly correlated.

Also, ratio values differ largely not only when comparing different regions of the
embryo but also within the immediate neighborhoods of the segmented organs. As
represented by the lower scatter plot, ratio values do not seem to accumulate on
either end of the elicited spectrum and are approx. normally distributed (see the
x-axis histogram of the lower scatter plot). Further, fig. 3.3 shows that the oldest

receptors can be found in the lateral motor nerves.
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Conversely, the receptor proteins of most other tissues are on average younger,
meaning they exhibit considerable dynamics that can be captured with the utilised
tFT, thereby confirming that the chosen combination of fluorophores exhibits a good

sensitivity for a global analysis.
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Figure 3.3 — tFT ratio measurements in wild type. Scatter plot of sfGFP wvs.
tagRFP intensities (log scale) and the resulting tFT ratios (log ratios) in color as
measured from the individual tissue patches. On the right, ratios are visualised in
the context of the embryo using a mean projection of the same values colored in
the scatter plot. The quantification reveals that the tFT ratios, which report on
average receptor turnover rates, assume a large range of values (approx. normally
distributed as indicated by the x-axis histogram). Ratios vary to a similar degree
between organs (or groups of tissues) compared to within organs.
Data was obtained from three wild type datasets totalling N = 25 embryo record-
ings.

Fig. 3.4 shows an analysis of the variabilities obtained from the ratio measurements.
Ratios exhibit a variability approx. one order of magnitude lower than the total
range of the absolute measurements, resulting in an embryo-wide ratio variability
comparable to the one obtained for targeted measurements in the migrating pLLP
[40]. This variability can include both biological (e.g. differences in signaling rates,

embryo age) and technical components (e.g. optical penetrance, misregistrations).

75



Chapter 3 Studying chemokine signaling interactions

To examine the contributions of the underlying sources of the observed variability,

we performed measurements of two types of variabilities:

76

1. Intra-sample (or within-sample) variability: By incorporating laterally mir-

rored samples into the normalisation framework and comparing their ratios to
those of their unchanged counterparts, the variabilities of the normalisation
process in combination with the intrinsic lateral variability can be quantified.
It therefore represents both the biological and technical measurement error
associated to a single sample or data point. This intra-sample variability is
plotted in fig. 3.4b relative to the total sample variability, amounting to val-
ues distributed around a mean of approx. 50%. This means that a significant
contribution to the total measured ratio variability must be given by ratios
differing between samples, thereby resolving individual samples within the

measurement error.

. Inter-view variability: In order to test whether tFT ratios can be accurately

measured within the scattering context of the zebrafish embryo, we measured
the variability between ratios obtained from different acquisition angles of
the multi-view light sheet setup. Three of four registered but unfused views
were considered, exluding for every given sample location the worst view as
indicated by the image quality measure described in sec. 2.1.2. As different
views represent different total penetration depths of illumination and detection
within the sample, this measure estimates the contribution of varying optical
penetrance to the ratio measurement error. As Fig. 3.4c shows, for most
tissues this error stays well below 50% of the total ratio variability, support-
ing the conclusion that the measurement error introduced by varying optical

penetrance is contained within the sampling variability.
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Figure 3.4 — tF'T ratio variability
a) total (sample) variability: log tFT ratios on the x-axis vs. total absolute ratio
variability on the y-axis. The variability was calculated as the average absolute
pairwise difference between samples from the same dataset.
b) log tFT ratios vs. intra-sample relative to total variability. Intra-sample vari-
ability was calculated as the average pairwise absolute ratio difference between
samples and their laterally mirrored counterparts, thereby including all sources of
intra-sample variability: spatial normalisation errors and biological intra-sample
variation.
c¢) log tFT ratios vs. multi-view acquisition variability, i.e. the ratio variability
between the multi-view angles before view fusion. This estimates the variability
arising from measuring tFT ratios at different locations within the sample.
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Cxcr4b receptor signaling dynamics

Cxcr4b receptor activity is regulated globally by the endoge-

nous Cxcl12 chemokine ligand distribution

Having observed that Cxcrdb receptors are differentially expressed at 36hpf and
exhibit different ages across the embryo, we next asked whether receptors had been
exposed to chemokines. As introduced earlier, it is known that zebrafish Cxcr4b has
two ligands, Cxcl12a and Cxcl12b, which it binds with different affinities. To probe
the presence of these interactions in the embryo we compared the expression of the
fluorescent timer construct between wild type background and embryos deficient for

both chemokine ligands.

Fig. 3.5 contains the quantifications of these embryos after incorporation into the
spatial normalisation framework. We find that average ratios all across the seg-
mented tissues show a shift towards higher values. As indicated by the histograms,
the distribution of values in the mutant is much narrower than in the wild type.
The lower part of the figure shows the result of a statistical analysis of the ratio
comparison as detailed in sec. 2.2.3, which yields that 79% of the tissue patches
exhibit a significant increase in ratio, while no patch shows a decrease. Notably,
the tissues which do not show a ratio increase already have some of the highest
ratios in wild type. A reasonable explanation therefore is that the ratios in these
tissues have reached their maximal possible value, which is the case when all tagRFP

fluorophores have matured and the chosen timer has reached its sensitivity limit.

One clear conclusion resulting from differing ratios between wild type and ligand
mutant in the majority of tissues is that before the analysed point in time the
receptor had been interacting with at least one of its ligands. Ratios increasing
in value means that receptor populations are older. As detailed in sec. 1.2.2, one

explanation for a higher ratio when comparing two receptor populations can be
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decreased protein degradation in case of comparable production rates. As Cxcr4db
can be degraded when exposed to its ligand, a lack of the latter would lead to
lower degradation and therefore lower receptor turnover. To test how receptor levels
compare between wild type and ligand mutant in our experiment, fig. 3.6 shows the
relative change in receptor concentrations as measured by the sfGFP signal. Indeed,
most receptor concentrations increase in the ligand mutant. Furthermore, the change
in ratios correlates with the relative change in receptor concentration. Therefore,
the increase in both receptor ages and expression levels is compelling support for
the interpretation that in the absence of Cxcl12, Cxcrdb receptor turnover decreases
in the vast majority of expressing tissues, if not all. This reveals that the pattern
of receptor turnover observed across wild-type embryos emerges for interactions
between Cxcrdb and its endogenous ligand Cxcl12a. indicates that in the highlighted

tissues, Cxcr4b is turning over due to ligand binding in wild type.
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Figure 3.5 — tF'T ratio comparison: wt vs. ligand mutant

Top: The scatter plot compares log wild type ratios vs. log ratios in the ligand
mutant cxcll2-/- (double knockout for cxcll2a and cxcll2b). Color-coded is the
ratio difference between the two conditions. The majority of tissues shows an
increase in the ratios.

Bottom: Shown in solid color are those tissues showing a statistically significant
increase (p<0.05) in ratios from wild type to the ligand mutant (79%, no tissues
show a stat. sig. decrease): In these tissues, cxcrdb turnover rates decrease in the
absence of the ligand, meaning that in wild type they are sensitive to its presence.
Data includes a total of Ny =8 and N, 19—/~ = 7 samples.
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Change in Cxcr4b levels
in the ligand mutant
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Figure 3.6 — Differences in Cxcrdb expression levels between wt and ligand mutant.
The increase in the ligand correlates with the change in lifetime ratios.
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Widespread chemokine receptor hyperactivation in absence

of scavenger Cxcr7

In the experiment detailed in the previous section we observed that Cxcr4b turnover
is sensitive to loss of either Cxcl12a or Cxcl12b ligand in the majority of tissues.
As the scavenger protein Cxcr7b is also known to be able to bind both of these
ligands, we next asked whether the pattern of chemokine receptor-ligand interactions
is influenced by the scavenger receptor. If so, how widespread is this impact of the
scavenger and what occurs in the tissues in which the receptor-chemokine signaling
seems to be rather low? To address the influence of Cxcr7b on Cxcrdb dynamics,
similarly to the previous experiment we compared the expression of Cxcrdb-tFT in

wild type to embryos lacking Cxcr7b.

Fig. 3.7 shows the quantification of these samples after incorporation into the spa-
tial normalisation framework, comparing the ratios between the two conditions and
mapping the differences onto the reference embryo. We find that in the mutant, the
histogram of ratios widens and the majority of tissues shows a decrease in fluorescent
lifetime ratios. Therefore, the average age of receptor populations changes in the
absence of the scavenger. From here we conclude that the scavenger interacts with

Cxcrdb and, surprisingly, this interaction affects the majority of expressing tissues.

In order to further interpret the ratio changes we compare the receptor levels between
the two analysed conditions, shown in fig. 3.8. We find that similarily to the case
of the ligand mutant, the change in ratios correlates with a change in receptor
expression levels: a decrease in ratios is associated to a decrease in concentrations.
Together with the finding that receptor ages decrease broadly, this is consistent
with Cxcrdb receptor turnover increasing strongly in the absence of Cxcr7b, which
normally competes for the same ligands. Therefore we conclude that in wild type,
the Cxcrdb turnover rates of most tissues due to their exposure to SDF is strongly

determined by the scavenging action of Cxcr7b on the ligands.
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Although it was known that Cxcr7b can bind to the ligands, it was not known
whether this would have an impact on Cxcr4b signaling on a systemic level in vivo.
As opposed to zebrafish embryos lacking Cxcr7b, Cxcr7 deficiency in mice is lethal
[169]. Therefore, one hypothesis explaining cxcr7b- /- viability in zebrafish addresses
a possible redundancy between Cxcr7b and Cxcr7a, which can potentially bind to
the same ligands. Instead, our experiment shows that, if present, such potential
redundancy does not prevent the functional hyperactivation of Cxcrdb signaling

level in vivo.
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Figure 3.7 — tFT ratio comparison: wt vs. scavenger mutant
Top: The scatter plot compares log wild type ratios vs. log ratios in the scavenger
mutant cxer7b~/~. Color-coded is the ratio difference between the two conditions.
As opposed to the case of a lacking ligand, in case of removing the scavenger
receptor, the majority of tissues show a decrease in the ratios.
Bottom: Shown in solid color are those tissues showing a statistically significant
decrease (p<0.05) in ratios from wild type to the scavenger mutant (63%, no tissue
shows a stat. sig. increase): In these tissues, cxcrdb turnover rates decrease in
the absence of the scavenger, likely reflecting an increase of available ligand. This
provides evidence for a widespread competition between Cxcrdb and Cxcr7b for

Cxcll2.

Data includes a total of Ny = 23 and N_,,7,-/- = 27 samples.



3.2 Cxcr4b receptor signaling dynamics

Change in Cxcr4b levels
in the scavenger mutant
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Figure 3.8 — Differences in Cxcrdb expression levels between wt and ligand mutant.
The increase in the ligand correlates with the change in lifetime ratios.
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In toto comparison of the effect of ligands and scavenger on

Cxcr4b in vivo

Comparing the mapped ratio differences in figures 3.5 and 3.7, it becomes apparent
that the tissues interacting with either ligands or scavengers do not necessarily over-
lap. Since all embryo measurements are normalised to occupy the same coordinate
system, we can directly compare the ratio changes due to one with those due to the
other. Fig. 3.9 shows the corresponding average values and in color mapped the

different statistical significance cases.

Changes in tFT ratios:
cxcl12-/- vs. cxer7b -/-

stat. significance
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Figure 3.9 — The scatter plot compares the ratio changes between wild type and the
ligands mutant (czerl2a=/~czerl2b=/~) and the scavenger mutant (czer7b=/—)
respectively. The different colors indicate the different combinations of whether
or not the ratio change is statistically significant for the given mutant.

As discussed previously, tissues can be divided into those for which there is a clear
sensitivity to the ligand and those for which we cannot detect a strong and sig-
nificant ratio change in its absence. Interestingly however, within the latter class
most patches exhibit a strong response to the scavenger. One interpretation is that
in these tissues the scavenger is so efficient at reducing available ligand that there

is little effect on receptor turnover when the ligand is depleted. Interestingly, few
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3.3 Correlating scavenger expression pattern to its signaling impact

tissues in the ligand insensitive group show no response to the scavenger. We there-
fore propose that in vivo, the scavenger has a regulatory effect on Cxcr4b signaling

whose magnitude is comparable to that of the ligand itself.

Correlating scavenger expression pattern to its sig-

naling impact

Chemokine receptor turnover increase does not tightly cor-

relate with Cxcr7b expression profile

Our finding that Cxcrdb turnover rates were increased in the majority of tissues
in cxer7b-/- mutants suggests that there exists a broad interaction between the
two receptors. We wanted to investigate this interaction further: Most likely the
receptors compete for their common ligands, therefore a dependency between the
expression or presence of Cxcr7b and its effect on Cxcrdb turnover rates could be
expected. More precisely, one would expect a higher increase in receptor turnover
rates in mutants in regions where Cxcr7b expression is higher and therefore leads to a
higher sinking activity. To find out whether this is the case we compared the results
from section 3.2.2 with a dataset adding Cxcr7b expression data to the framework,

using the cxcrdb::cxcerdb-sfGFP; cxer7b::lyn-tagRFP transgenic fish line.

The results are shown in fig. 3.10 which compares ratio changes in Cxcrdb-tFT
in cxer7b-/- and Cxer7b expression for every tissue patch. Interestingly, a clear
monotonous relationship between the two quantities does not become apparent:
Patches exist for which despite high receptor expression, no strong ratio change can
be measured. Conversely, ratio changes are shown in some regions in which Cxcr7b
exhibits relatively low expression levels. Despite the absence of a monotonous cor-
relation between the two quantities, a strong difference can be observed when com-

paring the median Cxcr7b expression of the tissues exhibiting a significant ratio
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change and those which do not. Also, applying Kendall’s tau as a measure of corre-
lation between the two quantities results in a statistically significant anti-correlation

(C, = —0.139), confirming an expected relationship.

Scavenger Cxcr7b: .
Expression vs Ratio changes A= N Cxer7b - ~o
e / ‘\\ expression R yr o
. -~ s (log) ’ .
0 0 0 0 0 0 " 7o- 7 S,

10*

- ~

scavenger expression RFP (log)
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mean
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H
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Figure 3.10 — The scatter plot compares the ratio change from wild type to
caerTh™/~ mutant on the x-axis with the expression of Cxcr7b in the tissue patches
on the y-axis and in color (shown on a logarithmic scale). A clear monotonous re-
lationship or correlation between the two quantities cannot be observed. However,
the median intensity for the tissue patches exhibiting significant ratio differences
is approx. double the median intensity for those tissues unaffected by the lack of
Cxcr7b. Also, Kendall’s Tau rank correlation analysis reveals a significant anti
correlation with a coefficient of C, = —0.139.

Cxcr7b expression data was obtained from N = 5 samples.

A technical explanation for the obtained relatively weak correlation could be the
fact that the observed Cxcr7b readout is a transcriptional reporter, where Cxcr7b
regulatory elements drive a membrane tethered RFP which, unlike Cxcr7, is not
actively degraded. This reduced turnover results in perdurance of expression and
labeling of tissues that may no longer express the Cxcr7 protein. This however does
not explain the presence of very low expressing patches exhibiting high turnover rate

changes.
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Modelling a potential long range Cxcr7b-Cxcr4b interaction

Alternatively, the spatial accordance between expression levels and effects on
Cxcrdb-tFT turnover rates might be explained by an interaction which does not
act exclusively locally: As the ligand can diffuse through the extracellular space,
the scavenger might affect its concentrations not only in its immediate neighbor-
hood, but over a distance. In this case, one would expect a given signaling receptor
to also 'sense’ scavenger expression domains located at a distance. To simulate this
scenario, we performed a progressive signal dilation or blurring of the Cxcr7b ex-
pression pattern: For a given iteration, the signal was blurred using a gaussian filter
(0 = 1pm) and the maximum of this blurred signal and the original signal was kept
as the resulting dilated signal, used as the starting point for the next iteration (see
fig. 3.11 on the right for an illustration of this signal dilation process in maximum
projections and an exemplary expression profile). We then calculated the correla-
tion (Kendall’s tau) between the ratio changes and the different dilation iteration

numbers (fig. 3.11 on the left).

In case of an exclusively local interaction between Cxcrdb and Cxcr7b we would
expect an immediate drop of the correlation value as the signal becomes dilated,
because the local expression levels would explain ratio changes better than blurred
ones. However, we find the opposite: Up to an iteration number of i=30, the
two quantities become more anti-correlated before reversing this trend for further
increasing signal dilations. This correlation minimum or anti-correlation maximum
(significance) would suggest that a non-local interaction over a spatial range of
approx. Az =~ 30um between Cxcrdb and Cxcr7b is better supported than a purely
local one by the experimental data. However, although significant, the observed
changes in the correlation values are too low to draw strong conclusions at this

point.
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Example of progressive signal dilation
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Figure 3.11 — The effect of dilating the Cxcr7b signal on the (anti-)correlation
(Kendall’s tau) between ratio changes in czer7b=/~ and Cxcr7b expression was
tested. The dilation consisting of an iterative blurring of the Cxcr7b intensities
models the case in which Cxcrdb can sense not only its immediately local Cxer7b
concentration, but within an extended neighborhood. The two panels at the right
illustrate this signal dilation. Finding a correlation minimum at a non-zero itera-
tion could reflect the presence of long-range interactions between the two receptors.

Addressing impact of chemokine receptor hyperac-

tivation on tissue positioning and morphology

In sec. 3.2.2 we found that Cxcrdb receptor turnover was significantly increased in
the absence of the scavenger in nearly 70% of the tissues expressing Cxcrdb. Given
such a systemic and hyperactivating effect of Cxcr7b, it is surprising that cxcr7b-/-
zebrafish embryos are homozygously viable and develop into fertile adults. Therefore
we asked whether Cxcr7b activation has a phenotypic consequence on the tissue

level. More specifically, as Cxcrdb is strongly involved in promoting cell migration
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and morphology

and proliferation, we were interested in morphological differences between wild type
and mutant tissues. To investigate this, we made use of the analysis presented in
sec. 2.2.4, which quantitatively analyses the deformations required to map a sample
into the normalised reference space and extracts tissue volume changes as a measure

for morphological phenotypes.

For this analysis we used the same normalised samples as in sec. 3.2.2, making it
possible to compare ratio differences between the scavenger mutant and wild type
to the morphological phenotype score for every tissue patch in the embryo. As the
volume changes between genetic conditions represent a rather noisy measurement,
instead of absolute volume changes for this analysis we consider the volume change
effect size defined as the difference between the mean volumes of the scavenger and

the wild type datasets divided by the standard deviation of the wild type [56]:

A — Z]cxcr?b*/*,ds - jwt,ds

ds Owt,ds

With this definition, a volume change becomes more pronounced if the variation
exhibited by the wild type is small and vice versa if the baseline variation is already
high. By considering only the wild type variation instead of a pooled variation of
both populations, A becomes more sensitive by taking into account the assumption
that the variability in the mutant case is likely to be higher than in the wild type
case, as is the case for gene deletion phenotypes in general (and in particular the
case of the pLLP migration arrest in cxcr7b=/~). Therefore, it gives a quantitative
estimation of how unlikely a given observed volume change is, leading us to interpret
this quantity as an indicator of putative morphological phenotypes. Fig. 3.12a
shows a plot of ratio changes vs A, mapping the absolute values of the latter onto
the embryo (negative and positive values of A indicate smaller and larger tissue

volumes in the mutant respectively, while its absolute value does not distinguish

91



Chapter 3 Studying chemokine signaling interactions

between both cases and thereby provides a measure of the strength of the considered

volume change).

In terms of the comparison between chemokine receptor ratio changes and tissue
volume changes, surprisingly we find that there is not a clear dependence between
the two quantities. This could have been expected as there could be a phenotypic
consequence of the increase in receptor turnover and thereby Cxcr4b signaling activ-
ity. Rather, the phenotypic measurements show a largely uncorrelated variability,
exhibiting a weak trend of volumes becoming smaller in the mutant as ratios de-
crease. This, however, can be accounted to the fact that, as shown earlier in section
REF, receptor levels decrease in the mutant as ratios also decrease. Given that
the sfGFP intensity pattern had been used as a reference marker for the spatial
normalisation of the analysed embryos, these volume decreases can be attributed
to this process being sensitive to strong differences in fluorophore intensities. As
discussed in sec. REF, ideally this phenotyping experiment would be conducted

with completely stable reference markers.

Having identified this systematic pattern in the data, we further investigated how
reliably the phenotype quantification captures real phenotypes. Therefore, we in-
cluded the otherwise partly excluded lateral line into the mapping, showing the

quantification values also for this region.

Studying the distribution of A, we find that some of the largest values are achieved
in the lateral line (up to a four fold increase compared to the wild type), indicating
a strong change in volumes here. This can be explained by the difference between
the large volume occupied by the arrested primordium in the mutant and the much
smaller volume occupied by the deposited chain cells and neuromasts in the wild
type embryos, due to the primordium migrating out of the field of view in the latter.
By confirming this known phenotype in cxer7b=/~, this shows that the used measure

for morphological phenotypes successfully detects phenotypes.
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A second region shows high scores comparable to those in the lateral line, suggest-
ing the facial motor neurons as a phenotypic tissue in the scavenger mutant. To
study whether this was indeed the case, we identified this tissue in the raw images
which have not been normalised and would, as opposed to the normalised image
stacks, retain any real differences. This data is shown in fig. 3.12 and represents
a reproducibly present phenotype in the scavenger mutant. While in the wild type
the facial motor neurons are distributed along the shape of an arch, this pattern in
the mutant is often interrupted. A further analysis of the deformation fields details
the average morphological differences in 3D, also depicted in fig. 3.12: as can be
seen when going through image stacks of the mutant, neurons accumulate in the
anterior part of the tissue and become less dense when moving posteriorly. While
our automated phenotyping approach uncovered this phenotype in an unbiased way,
a report of it could be found in literature [32] describing a defect in the tangential

migration of facial motor neurons.

Together, the regions of the lateral line and the facial motor neurons represent the
highest obtained phenotypic scores in the scavenger mutant. For the remaining more
moderate scores we could not identify any associated phenotypes. While some of
the highlighted regions respond to the previously described effect when comparing
differing fluorophore intensities, we notice that most of the remaining moderate
effect sizes (volume changes increased up to three times compared to the wild type)
appear in the more thicker tissues which are represented as maximum projections of
the embryo. Therefore, the probability of observing high effect sizes in these regions
is increased due to an abundance of measurements (there is an increased probability

of rare events, an effect addressed by multiple comparison correction in statistics).

Finally, having identified the arrested pLLP and the facial motor neurons as two
already characterised phenotypes, we conclude that our automated morphological
phenotyping method successfully identified existing cxcr7b-/- phenotypes at 36hpf
in the zebrafish embryo. At the same time, all other analysed regions in the em-

bryo showed much lower phenotypic scores, suggesting that the remaining majority
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of tissues are aphenotypic in terms of their morphology, at least not to a degree

comparable to the reported phenotypes.
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Figure 3.12 — Morphological phenotypes of czer7b=/—
Top: Automated morphological phenotype quantification. The effect sizes com-
pare volume changes between wild type and mutant to the variation present in the
wild type. In addition to the segmented tissues, here the lateral line is included
in the visualisation.
Bottom: Besides the lateral line, the highest phenotypic scores are obtained for the
facial motor neurons, which are identified here in the raw data and in an analysis

of average deformations characterising the phenotype.
Data includes a total of Ny = 23 and N p—/— = 27 samples.
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Testing the role of desensitization in providing phe-

notypic robustness

Using unbiased phenotyping analysis demonstrates that, besides the two phenotypes
already described in literature, the majority of the analysed tissues appears aphe-
notypic in cxer7b=/~. This was surprising considering that our analysis of lifetime
ratios suggests a strong increase in Cxcr4b turnover in the scavenger mutant. Thus,
while in other contexts a gene deletion can be compensated for by ’rescue’ by ge-
netic redundancy, this does not seem to be the case here. Therefore the question
arises how this apparent robustness is achieved. One hypothesis considers our find-
ing that, as turnover increases in the scavenger mutant, receptor concentrations
decrease (see fig. 3.8), a process known as receptor desensitization. Potentially,
decreased receptor levels could lead to a net decrease of downstream signaling de-
spite increased turnover. Therefore, this desensitization could provide the observed

phenotypic robustness.

The optimal way of testing this hypothesis would be to prevent receptor desensiti-
zation in the scavenger mutant and compare the phenotypic output in this case to

that of the otherwise unperturbed scavenger mutant.

Such an experimental condition could be created by making use of a genetic pertur-
bation of Cxcrdb by truncating the receptor C-terminal tail which contains sequences
that targets protein for degradation. The resultant receptor, named Cxcrdb*, is not
degraded in vivo but otherwise remains functional. This had been achieved by
truncating serine residues in the receptor C-terminus, which are targets for pro-
tein degradation. As in the case of the wild type Cxcrdb, the modified receptor
is expressed using a BAC, therefore representing a receptor pool additional to the

endogenously present Cxcr4b.

Due to its C-terminus truncation, we expected Cxcrdb* degradation not to be in-

creased in a scavenger mutant background. Then, the desensitization hypothesis
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would be confirmed if, as opposed to wild type Cxcrdb, the expression of Cxcrdb*

would lead to strongly increased phenotypes in a scavenger mutant background.

Preventing Cxcr4b desensitization enhances the pLLP mi-

gration phenotype in the absence of Cxcr7

Having a good knowledge of the importance of Cxcr7b on Cxcrdb mediated pLLP
migration, we first assessed the effect of introducing the non-degradable Cxcrdb*.
How is primordium migration affected when Cxcr4b is not degraded? To find out,
we compared embryos in different genetic backgrounds regarding the presence of
Cxcr7h, expressing at the same time either Cxcrdb or Cxcrdb* fused to the same

timer construct used for analysis so far.

Fig. 3.13 shows the normalised migrated distances of the pLLP along the lateral line
in the different genetic conditions. As a control, we observe that wild type Cxcrdb
with the scavenger present migrates the full distance. In the scavenger mutant
background the known arrested migration can be observed with a mean migrated
distance of approx. 40%. In case of Cxcrdb* in mutant background, we observe
that this distance is significantly reduced to on average less than 10%. Interestingly,
Cxcr4b™* in either wild type or heterozygous scavenger background reduces the total

migrated distance compared to the control.

From these experiments we conclude that, in the lateral line, replacing Cxcrdb by
its non-degradable version Cxcrdb* does strengthen the phenotype elicited in the
scavenger mutant, supporting the hypothesis that receptor desensitization does pro-
vide one source of robustness in the case of this tissue. Interestingly, both in wild
type and heterozygous scavenger background, Cxcrdb* appears to affect primordium

migration by itself.

From these experiments we conclude that, in the lateral line, replacing Cxcr4b by its

non degradable version Cxcrdb* does strengthen the phenotype elicited in the scav-
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enger mutant. However, either in wild type or heterozygous scavenger background,
Cxcrdb* appears to affect primordium migration by itself. In this context and assay
it is difficult to distinguish whether the observed effect of preventing Cxcrdb from

degrading in the homozygous scavenger mutant is
1. an additive phenotype of the two independent perturbations or

2. a stronger effect resulting from a higher order interplay between the two per-

turbations.
Primordium migration phenotype
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Figure 3.13 — pLLP migration phenotype of wt Cxcrdb-tFT and Cxcrdb*-tFT
in different scavenger related genetic backgrounds (4 refers to Cxcrdb and 7 to
Cxcr7b).

3.5.2 Preventing Cxcr4b desensitisation does not lead to additional

phenotypes in cxer7b=/—

Having assessed that preventing Cxcrdb degradation does have an effect on the phe-
notype of the scavenger mutant in the lateral line, we extended this analysis to the
remaining Cxcr4b target tissues in the embryo. Which effect does the maintenance
of Cxcr4db levels have on the different tissues in the absence of the scavenger and its

resulting high concentrations of chemokine?
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To test this, we incorporated embryos expressing cxcrdb::cxerdb*-tFT in a cxerTb=/~
background into the analysis framework. First we assessed that indeed receptor
levels of Cxcrdb*, as opposed to the case of wild type Cxcrdb, in the scavenger
mutant did not decrease when compared to wild type Cxcrdb in the presence of the
scavenger. The results are shown in fig. 3.14 in terms of relative sftGFP expression
and reveal that, while in wild type receptor levels strongly and broadly decrease
(as already seen in section 3.2.2), this is not the case when expressing the non
degradable Cxcrdb*. Instead, receptor levels are elevated, which is as expected as

Cxcrdb turnover does not solely occur due to the absence of scavenger protein.
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Figure 3.14 — Non-degradable Cxcrdb*, in contrast to Cxcrdb, remains in high
levels in cxer7b™/~ mutants.

Next, we compared the morphological phenotype scores between the two conditions.
Fig. 3.15 shows a side-by-side comparison of the obtained volume change effect sizes
(same definition as in section 3.4). Again, the lateral line is additionally included

in the visualisation and the range of displayed score value is identical for both
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scenarios. Overall, we find that phenotype scores are very similar between the
scavenger mutant expressing either the wild type or non degradable Cxcrdb. Fig.
3.15 shows a direct comparison of the obtained numerical values. As a technical
note, this graph reveals that the previously discussed tendency of finding overall
volume decreases due to fluorophore intensity loss is not present in the case Cxcrdb*,
which confirms this systematic measurement bias. Further, phenotypic scores scatter
approx. symmetrically around the mean, but importantly agree in their extreme
values. In both cases we observe some of the strongest scores in the lateral line, which
represent the pLLP migration phenotype. The mappings reveal a narrowing of the
distribution of high scores in Cxcrdb*, confirming the previously found strengthening
of this phenotype. Also, the defect in facial motor neuron migration is present in
both conditions. Equally here, a slight strengthening of the phenotype in Cxcrdb*
can be inferred from an increase in the phenotypic scores in the already highlighted
regions in wild type Cxcrdb. However, interestingly we could not detect additional

morphological phenotypes in other target tissues when expressing Cxcrdb*.

As a control, fig. 3.15d shows the phenotype scores obtained for expressing Cxcrdb*
in a wild type background. Both above mentioned phenotypes are not visible here
and in general, phenotypic scores are low with one exception of moderate values in
the posterior end of the branchial arches. Here we could however not identify clearly

differing tissue morphologies when inspecting the raw image data.

In conclusion, these experiments show that preventing the desensitization of Cxcrdb
receptor, in either wild type or scavenger mutant embryos, produces a slight in-
crease in the phenotypic strength of the two already present phenotypes. However,
enhanced morphological phenotypes could not be detected in other Cxcrdb express-

ing tissues.
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Figure 3.15 — Morphological phenotype analyses: Side-to-side comparison between
Cxcrdb-tFT and Cxerdb*-tFT in cxer7b=/—

Data includes a total of Negerap—trr = 23, Negerav—trr = 17,
Nca:cr4b—tFT,cxc7"7b_/_ =27 and chcr4b* —tFT,cxertb=/= = 31 processed samples.
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Materials and Methods

Zebrafish stocks

Fish maintenance

Zebrafish (Danio rerio) strains were maintained and staged following standard pro-
cedures. Embryos were raised in E3 buffer at 30°C. All zebrafish experiments were
conducted under the rules of the European Molecular Biology Laboratory and the

guidelines of the European Commission, Directive 2010/63/EU.

Transgenic lines

The following previously described fish lines were used for this study:
o cxcrdbiexerdb-tFT (BAC) [40]

cxcl12at30516 (cxcll2a-) [156]

e+ cxcr7sal6 (cxer7b-) [68]
o cxcl12bmul00 (cxcll2b-) [21]

The following lines have been produced by Erika Dona, have not been published yet

and will be described elsewhere:
o cxcrdb:lyn-tFT (BAC)
o cxcrdb:exerdb*Ser-tFT (BAC)

Before an experiment, the genotype of czcl127/~ and cxer7-/~ mutants was de-
termined based on the primordium migration phenotype, while c¢xcl12bmul00 mu-
tants were genotyped as previously described [21]. Genomic DNA from single em-
bryos or fin fragments was extracted using QuickExtract DNA Extraktionslosung

1.0 (Biozym).
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3.6 Materials and Methods

Phenotype-guided prediction of cxcl12b genotype

While cxcl12at30516 and cxcl12bmul00 mutations are both viable in homozygosis,
we were not able to raise double homozygous mutants to adulthood when crossing
cxcll2a / excll2b double heterozygous mutants. To obtain double homozygous
embryos cxcll2a™/~ / cxcll2bt/~ and cxcll2at/~ / cxcl12b~/~ fish were there-
fore crossed and czcll2a~/~ embryos sorted based on primordium position at 32
h.p.f.. The primordium was identified thanks to the expression of Cxcrdb-tFT, be-
ing cxcrdb:cxcerdb-tFT transgene carried by one of the parents. Sorted embryos were
then divided into two groups based on the strength of their phenotype. Finally, sin-
gle embryo genotyping was performed to assess the frequency of cxcl12b=/~ embryos

in either of the groups. Note: these experiments were performed by Erika Dona.

Otherwise, crosses of the above mentioned lines were raised at convenience (homozy-

gously viable) to obtain the mixed genotypes indicated in the experiments.

pLLP migration phenotype scoring

Overviews of 48 h.p.f. (or any indicated stage) embryos were acquired using a Leica
MZ16F fluorescence stereomicroscope. Distances from the ear to the primordium
and from the ear to the tail of the fish were measured using Fiji. Their ratio was

then considered as the normalised migrated distance.

Light sheet microscopy

Dechorionated embryos were mounted through glass-capillaries in 1% LMP agarose
plus 100 pg/ml Mesab and imaged on a ZEISS Lightsheet Z.1 microscope using a
ZEISS x20 / 1.0 water-immersion Plan Apochromat objective lens with 0.6 zoom
resulting in a pixel size of 0.64 pm. To increase the effective penetration depth

limited by light scattering in the specimen, stacks from four views at 90° angles

103



Chapter 3 Studying chemokine signaling interactions

turning around the anterior-posterior axis of the embryo were acquired. For a given
view, planes were acquired every 3 pm with a field of view of 1400 x 1920 pixels. GFP
and RFP were acquired sequentially, switching channel every plane, using varying
laser powers and exposure times. Images from dual sided illumination (ZEISS 10x /
0.2) were combined into a single image using the online image fusion option offered by
the acquisition software (ZEN). Before further processing, the (constant) background
subtracted image stacks were blurred using a gaussian kernel to even out camera

pixel noise and artifacts.
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The central aim of this study consisted in studying chemokine signaling activity and
function across tissues in the context of early zebrafish development. Specifically,
the focus lied on exploring potential interactions of the chemokine receptor Cxcrdb
and its scavenger receptor Cxcr7b. While a novel interaction mechanism between
the two proteins had recently been discovered in the migrating posterior lateral line
primordium, the aim of this study consisted in systematically probing and screen-
ing the embryo for further relevant interactions. This strongly explorative question
was justified and accompanied by the advent of novel microscopy techniques and
improving computational resources for data analysis, which form the basis of the
methodological approach chosen in this study. Developing and combining tools for
the processing of large microscopy data, a framework for the spatial normalisation of
many zebrafish embryo acquisitions was established, incorporating both biological
replicates and genetic perturbations of interest. Complementing the use of tandem
fluorescent lifetime reporters as a readout for receptor turnover with a quantitative
readout for morphological phenotypes, this framework was then applied to probe the
impact of Cxcr7b on Cxcr4db signaling activity and function. This section summaries
and discusses both the methodological developments and the biological results ob-

tained along the way and provides future perspectives.
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Establishing a multi-view light sheet reconstruc-
tion pipeline for increased multi-view throughput

and reconstruction quality

Imaging full embryos has in recent years been made possible by the invention of
multi-view light sheet microscopy [82, 153], which has emerged as a powerful method
to obtain fluorescence recordings of entire developing organisms in vivo. While this
has allowed addressing many new questions bridging the cellular to the tissue and
embryo scale, many technical difficulties remain in terms of processing the data
produced by the microscopes. In addition to the fact that growing data sizes pose
a challenge to available computational resources, the post processing of raw data
consisting of registration and fusion of multi-view image stacks has remained a poorly
standardised step with unreliable outcomes of varying quality. Aiming to integrate
high quantities of multi-view samples of high quality into our analysis, within this

thesis we addressed and improved upon two aspects of multi-view image processing.

Robust multi-view registration without fiducial markers

The first aspect addresses multi view registration. So far, the available methods
and protocols for finding the affine transformations between multi view stacks had
required the use of fiducial markers as references for guiding the registration pro-
cess [123, 82, 121]. These are either embedded into the acquired sample or imaged
separately using the same multi view configuration as used for the sample. Both of
these procedures not only complicate the acquisition process but also significantly
increase acquisition times due to strongly increased sample volumes, possibly in-

cluding sample replacement!. In the case of working with many staged live samples,

I Another issue is an increase in data sizes, which can be addressed using image compression
algorithms specifically designed for large fluorescence microscopy images. Although not detailed
in this thesis, the author has collaborated on the development of such algorithms [10].
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timing can however be critical. Therefore, we developed a method to register image
stacks in the absence of fiducial markers. As detailed in sec. 2.1.1, this was achieved
by performing registration in three steps of increasing transformation complexity.
As a first step, stacks were rotated according to microscope metadata and an initial
translation between pairs of stacks was found by performing a 3D Fourier phase
shift registration. The robustness of this first step significantly increased by apply-
ing 3D adaptive contrast enhancement (CLAHE) to the input image stacks prior to
calculating the cross spectral densities. As a second step, an affine transformation
between pairwise stacks was found by optimising an image similarity metric. As
a last step, this process was repeated in a groupwise registration of all multi view

stacks, further increasing the robustness and precision of the final registration result.

Towards reaching the overall goal of this thesis and to acquire many in toto acqui-
sitions it was key to rely on a robust registration algorithm. Also, by eliminating
the need for acquiring fiducial markers together with the sample, we decreased the
acquisition times of individual sample snapshots approx. two fold, significantly in-
creasing the throughput when imaging living samples, reaching between 20-30 in
toto samples in 2-3 hours. Further, our improvements in multi view registration
have shown to work robustly not only in the context of this work, but also for var-
ious other (to this point partly unpublished) datasets including reconstructions of
mouse [42] and drosophila embryos using a variety of different markers in living and
fixed specimens. Additional benefits of performing registration based directly on
image data include the possibility of partially correcting for distortions introduced
by scattering in large samples and the option of restricting high resolution views
to a region of interest lying entirely within the specimen. In terms of limitations,
in its current form the described registration method assumes the multiple views
to be acquired in a linear succession of pairwise overlaps. Also, should a pairwise
registration fail, alternative registration strategies need to be introduced manually.
For further increasing the generality and robustness of the method, it might be ben-

eficial to include a heuristic to perform redundant registrations between views and
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use a quality metric to prioritise reliable transformations. A similar method has
recently been implemented in the context of stitching tiled stacks of large cleared

samples [57].

Image quality weighted multi-view deconvolution

Besides their use for registration, fluorescent beads embedded into the sample can
be used for directly measuring the PSF within the imaged stack. The extracted
PSFs can then be used for multi-view deconvolution in the fusion step [121]. Al-
though beads can estimate a spatially varying PSF [148], these measurements are
not performed within the specimen, where in the case of large scattering samples

the superficial (or theoretical) PSF is strongly degraded.

The second aspect of multi-view processing addressed within this thesis therefore
concerns multi view deconvolution in highly scattering samples. By combining the
most common Lucy-Richardson based multi-view deconvolution approach [80] with
an image quality based weighting scheme, a final fusion of superior quality was
achieved. Specifically, each position in each of the multiple views was assigned a
relative weight value reflecting its local image quality as determined by the entropy
of a spectral image quality measure. This weight value would then determine the
relative contribution of its associated pixel to the final multi view reconstruction.
By comparing different fusion approaches we showed that this method successfully

enhances reconstruction quality in panoramic zebrafish embryo acquisitions.

While image quality based multi view weighting has been used in additive fusion
schemes [122][123], to our knowledge it had so far not been applied to multi-view
deconvolution. However, in this context a weighting scheme is particularly useful,
as although most deconvolution algorithms assume an accurate PSF, the latter is
difficult to estimate deep within a sample. Therefore, weighing the contributions of
the individual locations to the final reconstruction in the different views mitigates

this problem and produces quantitatively more reliable results. Other approaches
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based on sample geometry could be used to determine regions of good quality within
a given stack, however in contrast to an image quality metric these rely on extracting
geometrical features of the sample, which is difficult to perform in a robust manner
for the general case. In terms of computational performance, while computing the
image quality weights represents additional processing time, it can also significantly
reduce the time required for the subsequent multi view deconvolution step, which is
the most time consuming. This could be achieved by using the quality weights to
reduce the image volume to be convolved, e.g. by excluding minimally contributing

regions using a threshold.

Within this work, all multi-view deconvolutions have been performed approximating
the PSF by gaussian convolution kernels. In an iterative process, their widths in xy
and z was manually determined for a given microscope settings optimizing the visual
quality of the final reconstruction output and avoiding the formation of visible ring-
ing artifacts. While a theoretical estimate of the PSF or a direct measurement using
fluorescent beads could have been obtained, these likely would have only represented
a better estimate of the PSF near the surface of the sample. Importantly, as within
this work we rely on interpreting image intensities in a quantitative manner, as a
control we compared pooled absolute intensities and ratiometric values (as quanti-
fied by the tissue patches) between different multi-view reconstruction methods and
found no significant differences. This is likely explained by our conservative choice
of regularization, the fact that the same spatially invariant convolution kernel was
used for all experiments and that quantitative intensity based comparisons were only
performed between samples acquired in the same experimental same session with

unchanged microscope alignments.

Possible improvements of current multi-view reconstruction methods fall into two
categories: Improving reconstruction quality on one hand and reducing processing
time on the other. For the first goal, deconvolution based methods would strongly
benefit from accurate estimations of the effective PSF within the sample. A promis-

ing emerging approach lies in the detailed simulation of the imaging process [163],

109



4.2

Chapter 4 Discussion

rendering the problem more computationally tractable. Also, potentially the simul-
taneous observation of the same region of interest from different views can further
be exploited by incorporating appropriate priors into probabilistic reconstruction
methods. Secondly, both the efficient use of GPUs and optimizations of convergence
behavior can reduce processing times of multi-view reconstruction [121]. Finally, an
approach addressing both categories are convolutional neural networks, which have
been shown to perform well on image restoration tasks[162] and could be expanded

to the multi-view context.

Building an in toto atlas to integrate expression,

signaling and phenotype information

While previous studies addressing chemokine signaling interactions focussed on spe-
cific tissues, here we aimed to systematically study the embryo. Having established
the multi-view processing methods to image many zebrafish embryos in toto, the
next challenge consisted in extracting information from the highly heterogeneous
data obtained from microscopy. Considering the high developmental variability of
the zebrafish embryo and the need to analyse mutant embryos potentially exhibit-
ing strong phenotypes, a simple side to side comparison between embryos would
have not allowed detailed comparisons. Therefore, the methodology of choice was
to spatially normalise the embryo stacks and define a common coordinate system,
into which all samples would be placed under nonlinear transformations. In recent
years, advances in the accuracy of nonlinear image registration methods had sig-
nificantly improved, strongly driven by research in neurodevelopmental disorders in
the human brain[76]. Building upon this, brain registration had recently also been

successfully applied to the developing zebrafish brain[131, 101, 84].

Within this thesis we optimised nonlinear image registration to process full

panoramic recordings of the zebrafish embryo at 36hpf. Using fluorescent labelling
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of our protein of interest (czersb:czer4b-sfGFP), as a reference marker we optimised
nonlinear image registration to align in toto zebrafish recordings with an isotropic
resolution of 3um. Combining registration with adaptive contrast enhancement
allowed this process to be robust even to strong phenotypic differences between
samples. Performing iterative pairwise image registration between each sample and
a set of samples defined as the reference dataset, we established a framework which
would reliably place any new sample into a common coordinate system defined by
the reference dataset. Manually placing landmarks on wild type and mutant sam-
ples we determined the achieved final resolution to be approx. 10um, which roughly
corresponds to the diameter of an average cell. Further, to quantify the expression
levels of the reference marker or markers acquired in adjacent channels, such as the
slow maturing tagRFP within the fluorescent timer construct, we performed a seg-
mentation of all Cxcrdb expressing structures in the embryo. The resulting volume
of interest was then further clustered into tissue patches of an average diameter of

10pm, defining the units for quantitative comparison between samples.

Quantifying fluorescence intensities allows the comparison of expression levels and
lifetime ratios between samples, which can inform about differences in gene regula-
tion or protein dynamics within and between genetic conditions. While being able
to compare these measurements between samples is enabled by spatial normalisa-
tion, possible differences in morphology are normalised out. In order to additionally
quantify morphological differences, we analyzed the deformation fields characterising
the transformation of a given sample into the common coordinate system. Focusing
on a simple scalar measure of 3D vector fields, we used the jacobian determinant
of the displacements to indicate volume changes between samples. This is a com-
mon measurement performed in MRI studies to assess sizes of human brain regions
and in our context provided a valuable readout for morphological phenotypes in the
embryo, which could be quantified next to image intensities and ratios for every
tissue patch. To see whether measured volume changes reported on actual pheno-

types, the approach was validated by successfully identifying naturally occurring
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left-right asymmetries in wild type embryos. Complementing intensiometric read-
outs providing information about expression and protein dynamics (using tandem
lifetime reporters) with a morphological analysis therefore resulted in a method to
link chemokine expression, activity and function systematically within the develop-

ing embryo.

Important to note is that existing studies performing nonlinear image registration of
images obtained from fluorescence microscopy typically use reference markers which
are ubiquitously expressed, e.g. expressing fluorophores using pan-neuronal or beta-
actin promotors[131, 84]. In these cases, other labels of interest are integrated into
the respective template by being acquired in a second channel next to the reference
marker. Instead, in our case the fluorescent labelling of the receptor of interest
Cxcrdb was used directly as a reference for the registrations. This was necessary
as the fluorescent timer was occupying the green and red channels, leaving only a
blue channel if significant bleed through was to be avoided. Also, DAPI stainings
of the embryos introduced fixing artefacts and did not allow to resolve structures
deep within the sample, both in terms of staining penetrance and increased optical
scattering at lower wavelengths. Using cxcrfb:cxcr4b-sfGFP as a reference label
had the disadvantage that differences in its expression between embryos or more
importantly genetic conditions could interfere with the normalisation process itself
(see section 3.4). On the other hand, using a specific label highlights the structure
of interest better than a ubiquitous label would, therefore potentially increasing
registration accuracy in these regions. Using either labelling strategy it is important
to keep in mind that, strictly speaking, inter-sample registration produces mappings
between expression domains rather than anatomical structures. In our study, we
did not observe a clear change in expression domains between samples and image
registration has proven to be relatively stable with respect to fluorophore intensity

variations.

In general, labelling should be most critical for the morphological readouts. For

the future, using membrane anchored fluorophores might prevent differences in la-
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belling intensities. Because the lifetime reporter relies on receptor degradation,
different datasets would need to be acquired to obtain lifetime ratios and morpho-
logical phenotypes, independently contributing information to the atlas framework.
In preliminary experiments, using a czcr4b:cxerfb-lyn-sfGFP-tagRFP construct has
shown to provide a more homogeneous labelling of Cxcrdb expressing structures and
exhibited relatively constant intensities between wild type and scavenger mutants.
Slightly different and some additional structures were labelled compared to the un-
changed timer construct, the latter representing tissues which in wild type had lost
Cxcrdb expression but were still expressing due to the membrane anchoring. Pos-
sibly, the observed increased labelling consistency could reduce the relatively high
spread of morphological readouts presented in section 3.4. This way, a more refined
phenotypic analysis would be possible. For example, in addition to volume changes
the precise shape changes between tissues could be quantified. This is exemplified
in fig. 4.1, where the expression of the membrane anchored Cxcr4b label is shown

together with an analysis of morphological changes between wild type datasets.
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Figure 4.1 — Morphological phenotyping: Different labelling strategies could further
improve morphological readouts, leading to refined descriptions of shape changes
between samples and genetic conditions. Here, subtle morphological differences
between wild type samples expressing a membrane anchored label are quantified

as an example.
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Loss of scavenger leads to embryo-wide hyper ac-

tivation of chemokine signaling

In recent years, tandem fluorescent lifetime reporters had emerged as a tool for
estimating average protein ages in living cells. Moreover, Dona et al. had recently
shown that tF'T could be used to visualize Cxcr4b receptor turnover in the zebrafish
pLLP in vivo. Due to its ability to readout dynamic properties of receptors in
snapshot recordings, the timer represented an ideal tool to investigate signaling
activity in the context of the entire embryo. Namely, in combination with the
spatial normalisation of embryos, tFT ratios could be directly compared between
different genetic conditions in all segmented tissues. A difference in ratios and
therefore average receptor age at a given location in the embryo would indicate that
the dynamic history of that pool of Cxcrdb receptors would have been affected by

the analyzed genetic perturbation.

First, we analyzed receptor populations in knockout mutants for the shared ligands
of Cxcrdb and Cxcr7b. Compared to the wild type, we found that the large majority
of tissues exhibited pools of receptors that were older in the absence of ligands.
Additionally, an increase in receptor concentrations correlated with the increase in
age. These findings were expected and confirm that tissues expressing Cxcrdb are

sensitive to Cxcl12 and that this sensitivity can be captured by a tF'T readout.

Legend <.,

p]
[~

]

Cxer?

Cxcrdb
non fluorescent sfGFP
non fluorescent TagRFP
fluorescent sfGFP
® fluorescent TagRFP
ligand

high ratio low ratio

Figure 4.2 — Schematic of the signaling effect of scavenger loss at the cellular scale
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Interested in possible interactions between Cxcrdb and Cxcr7b, in the same way we
analyzed the behavior of receptor populations in the absence of the scavenger. Fig.
4.2 illustrates the expected effect of the scavenger on the ratio readout. Interestingly,
we found an embryo-wide decrease in ratios, i.e. younger receptors in the mutant.
Statistical analysis showed that 63% of all segmented tissues exhibited a significant
decrease in receptor ages. Comparing receptor levels between the two conditions
revealed a clear correlation between the change of receptor population age and a
change in receptor levels: This was consistent with the scenario that the scavenger

massively increased the degradation and turnover of Cxcrdb within the embryo.

In addition to spatially mapping the affected tissues, performing timer analysis
within the spatial normalisation framework allowed orthogonal experiments and
measurements to be compared to each other. Interestingly, we observed that some
tissues did not show sensitivity to the absence of ligand, while they did show a
ratio decrease when taking away the scavenger. This suggests that tissues exist
from which the ligand is entirely shielded off by the scavenger, indicating that the
scavenger can indeed strongly shape the signaling environment, with an impact of

comparable importance to that of the ligand itself.

Importantly, interpreting changes in receptor turnover at a global scale between
genetic conditions is only made possible by performing a mapping establishing direct
correspondences between tissues in the different conditions. An alternative way
of measuring lifetime ratios would be to use fluorescence activated cell scanning
(FACS) in combination with protocols to dissociate the embryo. While in this way a
higher throughput of embryos could be studied, changes in receptor levels or lifetime
ratios could only be measured at the population level. Given the complexity of the
dynamic tF'T readout, clear conclusions can hardly be drawn without comparing
sufficiently small and homogeneous receptor populations that can be assumed to
respond approx. uniformly to a given perturbation. Otherwise, effects might be
averaged out or, more importantly, as generally receptor populations cannot be

assumed to be in steady state, necessary assumptions for interpreting ratio changes
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could not be verified. However, FACS could be useful for rapidly spotting global
candidate interactions reported by the ratios, to then be further examined and

interpreted by a spatial analysis.

Desensitization alone cannot explain morphologi-

cal robustness to increased signaling in cxer7b/~

Most tissues are aphenotypic in czcr7b/~

In the absence of the scavenger, we found that Cxcrdb expressing tissues all across
the embryo exhibited an increased turnover. To see whether this hyper activation of
signaling was accompanied by a phenotypic output, we mapped phenotypic scores
onto the embryo and these tissues in particular. Interestingly, a morphological
phenotype could be detected in the lateral line, where primordium migration had
been arrested in the scavenger mutant. A second phenotype came up in the facial
motor neurons, which exhibited differently shaped accumulation of neurons, often
disconnected from the lateral nerves they connect to in wild type. Confirming our

observation, this phenotype had already been described in the literature [32].

Interestingly in mice, Cxcr7 deficiency is lethal in early postnatal stages. The under-
lying phenotypes are associated to cardiovascular development and characterised by
a bulky and less branched vasculature compared to wild type [170, 140, 47]. In these
processes, Cxcr?7 is also described to interact with the Cxerd/Cxcl12 signaling axis.
In zebrafish, cardiovascular defects in the absence of Cxcr7b have recently also been
described [151]. In zebrafish however cardiovasculature is driven by Cxcrda, which
is the gene duplicate of our targeted receptor Cxerdb [55]. In our data, part of the
vasculature appears faintly labelled by Cxcrdb, which however provided a too low
signal to be included into the set of segmented tissues. However, interestingly, the

volume changes obtained from the deformation map analysis are independent of the
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segmentation and captured varying morphologies in some of the cardiovasculature,
which could be confirmed when looking into the raw unregistered image stacks (data

not shown).

Interestingly, the lateral line and the facial motor neurons remained the only mor-
phological phenotypes we identified in Cxcrdb expressing tissue at 36hpf. Many
other structures such as the branchial arches, the olfactory bulbs and other neurons
showed no morphological differences. The lack of more phenotypes in the absence of
Cxcr7h is not necessarily surprising, as in zebrafish also the scavenger is present in
duplicates in the form of Cxcr7a and Cxcr7b. Therefore, an upregulation of Cxcr7a,
which shares the same ligands (REF?), could buffer phenotypic effects. While this
might be the case, our lifetime ratio analysis showed that the signaling activity of
Cxcrdb was indeed altered due to the absence Cxcr7b. Therefore, if present, a pos-
sible epistatic effect does not maintain chemokine levels in the embryo. Instead, we
see that Cxcrdb activity increases strongly despite the presence of Cxcr7a, provid-
ing evidence for a clear phenotypic effect of the Cxcr7b mutant, which is however
predominantly restricted to a signaling layer, without exhibiting an impact in terms

of tissue morphologies at 36hpf.

Probing the role of desensitization by preventing Cxcr4b

degradation

While we found that overall Cxcrdb receptor turnover rates were increased, we also
found that this was accompanied by and correlating with a strong difference in recep-
tor levels. Consistent with an increased degradation as a consequence of increased
turnover, Cxcrdb was present in significantly lower concentrations in the mutant
compared to the wild type (less than half in most tissues). Could it be that this de-
sensitization effect prevented further phenotypes? As a result of the chemokine flood
in the absence of scavenger, receptors were turning over at higher rates, however in

lower concentrations. Therefore, net downstream signal transduction could possibly
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be maintained at similar levels. Indeed, desensitization in response to ligand is a
shared feature of G protein-coupled receptors[95] and is considered important for
cell gradient sensing [92][119]. Specific to Cxcr4, the inability of the receptor to
desensitize is known to lead to excessive signaling responses by immune cells in the

context of the WHIM syndrome [7].

We reasoned that the optimal experiment to test whether desensitization was indeed
providing robustness in these tissues would be to prevent degradation and assess
the resulting phenotypes. Indeed this was possible by using a genetically engineered
version of the signaling receptor, Cxcrd™®, in which a truncation of the serine residues
within the C-tail prevented receptor ubiquitination, therefore hindering Cxcr4 from
being degraded (see fig. 4.3 for a schematic). This could be used for comparing
the effects of the wild type and degradation deficient Cxcr4b in the absence of
the scavenger: the desensitization hypothesis would be confirmed if the phenotypes

strengthened without desensitization.

cxcra-tEl.  cxcrd*-tFT

time time
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Figure 4.3 — We probed the role of desensitization in response scavenger absence by
comparing the phenotypes of Cxcr4b and its non degradable modification Cxcr4d*.

Assessing the effect of Cxerd*® in the context of pLLP migration, we found that in-
deed there was an increase in phenotypic strength. However, also Cxcrdb* alone in a
wild type background showed a slightly reduced total migration distance. Therefore,

this allows two different interpretations, namely that the tissue shows

1. an additive phenotype of the two independent perturbations or
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2. a stronger effect resulting from a higher order interplay between the two per-

turbations.

In both cases, a lack of desensitization might explain the observed phenotypes, how-
ever only in the second could we conclude that desensitization specifically amelio-
rates the phenotypic impact of the absence of the scavenger. Therefore, we interpret
that the results of this assay in the lateral line neither confirm nor falsify the hypoth-
esis that desensitization plays a stabilizing role in the case of overabundant ligand

availability.

To see how this behaved in other tissues we assessed the effect of Cxcrd* in all
segmented structures using our morphological phenotype analysis. Here, we found

that preventing Cxcrdb from degrading

1. produces a slight increase in the phenotypic strength of the two cxer7b=/—
phenotypes and

2. does not introduce any additional morphological phenotypes and

Therefore, we conclude that while receptor desensitization seems to play some role,
as it slightly increases caxcr7b=/~ phenotypes, in most Cxcrdb expressing tissues it
does not explain the absence of phenotypes in terms of tissue morphologies. Inter-
estingly, the ligand sinking role of Cxcr7 has also been proposed to have the function
of keeping Cxcr4 levels high [1]. While we can confirm that receptor levels decrease
all across the embryo in the absence of the scavenger, conversely this loss of signaling
receptor does not lead to phenotypes when compared to the case of persistently high

receptor levels.

An opportunity to model receptor interactions

In section 3.3.2 we compared the obtained decreases of lifetime ratios in the scavenger

mutant to the expression pattern of the latter. Expecting a relationship between
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these quantities, we were surprised to find that there was only a weak correlation
between the two, indicating that the presence of Cxcr7b does not clearly predict its
signaling impact on Cxcrdb. Interestingly, also the global distributions of Cxcr4db
and Cxcr7b were largely non overlapping within the embryo. While this could
reflect non overlapping functions of the two receptors at this stage of development,
there is also the possibility that the receptors interact over a distance. This could
be mediated by a diffusive ligand which is attracted by its sinks. In fact, when
artificially dilating the measured Cxcr7b expression pattern, which would simulate
the diffusion of the scavenger or in its effect the ligand, the correlation slightly
improved. A number of reasons could explain both this increase and the generally

low correlation, including that

o ratio differences between wild type and scavenger mutant are not necessarily

proportional to changes in ligand concentrations

o differing geometrical conditions within the embryo lead to locally differing

relationships between sink and ligand concentrations
« the two receptors can interact at distance due to ligand diffusion.

Potentially, exploiting the timer in a more quantitative way could lead to more
clarity. While it is difficult to visualise endogenous ligand concentrations directly,
from tF'T measurements in steady state degradation rates can be inferred, which are
directly linked to ligand concentrations [40]. Although in the general case steady
state cannot be assumed, estimates of degradation constants could be obtained.
For example, acquiring several, potentially only two timepoints instead of a sin-
gle snapshot of the tFT expressing embryo would allow estimating the degradation
constant for every tissue. In this way, potential large range effects could be un-
covered in quantitative models. Also, the contribution of different components to
the formation of chemokine gradients could be studied and validated in detail. Even
without following ratios over time, combining perturbations of signaling components

with the spatial normalisation framework provides an opportunity for testing inter-
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actions within the dynamic environment of the developing embryo in vivo. Any
variation in the ratio differences between pairs of conditions hints towards a change
in the underlying interactions. In this way, the signaling impact of even peripheral

components could be assessed.

Future perspective

As previously mentioned, our spatial normalisation framework in combination with
tandem fluorescent lifetime reporters is especially well suited to model and uncover
interactions between signaling components. An interesting application would be
to further study genetical variability and robustness of signaling networks. The ze-
brafish genome is characterised by a remarkable abundance of gene duplications [94],
which constitute one of the main drivers of vertebrate genome evolution. An analysis
of the functional interactions between gene duplicates could both provide an entry
point to studying the high natural variability in phenotypic traits during zebrafish
development and elucidate the continuous process of functional diversification of

these components.

When using timers to study signaling dynamics, one of the main sources of uncer-
tainty in terms of interpreting its readout consists of the fact that the timer reports
on the cumulative signaling history of the receptor population of a given cell or
tissue[69]. This complicates the direct comparison between genetic conditions. One
solution to address this would be to track the timer signal over time, which so far has
been limited by quickly bleaching fluorophores. However, combining gentler light
sheet microscopy with new fluorescent proteins might overcome this issue. Being
able to obtain time resolved tFT readouts would allow the precise quantification of

protein dynamics in terms of production and degradation rates[13].

Another way of obtaining a more precise signaling readout would be to perform more

acute perturbations of the system. This could e.g. involve heat-shock experiments or
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4.7 Concluding remarks

other inducible genetic systems to modify the availability of a certain component in
a targeted manner. Of course, the continuously increased availability of optogenetic
perturbations in all model organisms is a promising method for precise perturbations

in both space and time.

Further, measurements and perturbations over time could be complemented by non-
linear image registration performed not only between samples but also between time-
points, yielding four dimensional tensors of tissue dynamics. An interesting field of
application would be the study of morphogenetic processes, where a deformation
field analysis could complement the use of novel intensiometric activity readouts
[137, 74] and perturbation strategies [63] to quantify the feedback between mechan-

ics, signaling and phenotypic function across different spatial and temporal scales.

Concluding remarks

In this thesis, we developed a computational framework for the comprehensive quan-
tification of both fluorescent readouts and tissue morphologies from multi-view light
sheet microscopy acquisitions. Combining this framework with the use of a novel
reporter for measuring receptor activity in vivo, we took a systemic approach to
studying chemokine signaling in the embryo. By being able to quantify and directly
compare embryo wide activity measurements between different genetic conditions,
we mapped the systemic reactions of the embryo’s signaling state to the absence of
different functional components of the signaling network. Further we used precise
genetic perturbations together with the ability of our analysis framework to integrate
information about expression, signaling dynamics and phenotypes to study mech-
anisms underlying genetic robustness. Together, we hope to have provided proof
of principle evidence in showing that modern microscopy and image processing can
be combined with novel cell biological assays to systematically study embryonic

development.
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