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ABSTRACT

Embryonic development is a process of unparalleled dynamism. The only constant in development is
change itself- change in size, change in shape, change in gene expression- all driving the formation of an
organism from a single cell. While the complexity of these changes is fascinating, it creates quite a
challenge for modern imaging systems aimed at visualizing developmental processes.

The embryonic brain is subdivided by unique patterns of gene expression prior to
morphogenesis, but the mechanisms linking these phenomena remain poorly understood in part due to the
lack of imaging techniques that can capture dynamic molecular, cellular, and tissue-scale dynamics
simultaneously in 3-D.

We have established the use of Ultrashort Pulse Microscopy, a platform that utilizes the high
peak power and short coherence length of broadband ultrashort pulses to simultaneously generate two-
photon excited fluorescence and high-resolution optical coherence signals, and 3-D image registration for
integrated imaging and analysis of morphogenesis, genetic cell lineage reporter dynamics, and gene
expression domains during embryonic brain patterning in the vertebrate model Danio rerio (zebrafish).

Using these tools, we characterized wnt! lineage dynamics during midbrain-hindbrain boundary
(MHB) formation and found differences in the refinement of gene expression domains along the
dorsoventral axis at the boundary where wntl and fgf8a form an interface. We then examined these
dynamics in fgf8a loss of function and showed that initiation of the morphogenetic program at the
boundary does not require fgf8a, but that anteriorly expanded hindbrain ventricle opening and failure to
restrict the posterior limit of wnt] expression at the dorsal MHB results in a cerebellar to tectal

transformation and termination of constriction morphogenesis.
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NOMENCLATURE

UPM Ultrashort Pulse Microscopy

2PM 2-Photon Microscopy

2PF 2-Photon excited Fluorescence

OCM Optical Coherence Microscopy

MHB Midbrain-Hindbrain Boundary

Mes/r1 The domain in the developing brain including the mesencephalon and

rhombomere 1 separated by the MHB

FP Fluorescent protein
ISH In situ hybridization
FISH Fluorescence in situ hybridization
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1. INTRODUCTION

1.1 Imaging embryonic development

Recently, the fields of developmental biology and microscopy have begun to fuel each other’s
advancement, but they have been entwined from their beginnings. The light microscope was revolutionary
because it enabled scientists to see something new and unimagined- the morphology and structure of
embryos during their development. Today’s advanced microscopy techniques are revolutionary in a
similar sense- they enable scientists to visualize previously invisible cellular and molecular details of
embryos during their development. However, rather than reflected light rendering image contrast from the
embryo’s gross anatomy, we now have many other contrast-generating options including light probing the
electronic states of molecules to create contrast from endogenous or exogenous fluorophores (for seeing
reporter and fusion proteins or autofluorescence), light probing vibrational and rotational states of
molecules to create contrast from molecular bonds (for visualizing lipid-rich structures, for example), and
higher order light scattering from molecular structures and interfaces that produces contrast from harmonic
generation (extracellular proteins and cell membranes). The modern developmental biologist can use these
tools to study the mechanisms of various aspects of embryogenesis, from morphogenesis to organogenesis
to cell fate specification, in most cases with the embryo living and intact. It is, therefore, a critical time for
developmental biology and optics groups to collaborate, so that existing advanced imaging technologies
can be fully utilized to further our understanding of development and so future advances in imaging and
other optical technologies will match the needs of developmental biologists.

Live cell imaging utilizing both linear and nonlinear optical signals plays an indispensible role in
answering questions in developmental biology, where the ultimate goal is to understand how epigenetic
factors and changes in gene expression direct the cell movements, proliferation, and specification that
culminate in a living organism. Imaging allows data collection from individual cells with minimal
disruption of biological context, so the activity of biological circuits can be precisely analyzed in space

and time (1). Dynamic processes that cannot be inferred from still images collected from fixed embryos



are readily understood after analyzing time-lapse data, and dynamic analysis of the formation of mutant
phenotypes can reveal previously unappreciated aspects of gene function. Obtaining a comprehensive
spatio-temporal atlas of development is another particularly demanding goal in developmental biology,
requiring maximizing data collection resolution in many dimensions (x, y, z, t, and lambda for example).
As the genetic and imaging tools for studying developmental biology improve, these questions, having
been addressed separately by different research groups up to this point, can be integrated into a
comprehensive systems level model of embryogenesis.

In this section, we first present a discussion of the complexity of embryonic brain development,
especially the region of the brain at the junction of the midbrain and hindbrain known as mes/r1, followed
by a survey of the state of the art in imaging techniques relevant to its study that are based on both linear

and nonlinear interactions between light and physical matter.

1.2 Embryonic brain development

During embryonic development, the brain primordium is patterned by secondary organizing centers that
govern spatiotemporal differences in gene expression to control cell fate specification (2). During the
patterning and specification process controlled by these organizers, there is a concomitant and dramatic
morphological rearrangement of the brain primordium from a flat neural plate epithelium into a 3-D,
constricted, tubular pseudostratified epithelium.

One such organizer, sometimes referred to as the isthmic constriction or isthmic organizer,
resides at a constriction in the embryonic brain called the midbrain-hindbrain boundary (MHB)
constriction and is necessary for correct formation of adjacent structures and specification of their
constituent neuronal cell types. In zebrafish, the optic tectum forms from the dorsal midbrain compartment
anterior to the constriction and the cerebellum from the dorsal region of the anterior-most hindbrain
compartment, thombomere 1. The ventral regions give rise to tegmentum.

Despite their parallel action in embryonic brain development, researchers have addressed genetic

regulatory networks and morphological programs quite separately. The following sections provide a



discussion of the molecular and morphogenetic events leading up to, during, and subsequent to the
formation of the isthmic organizer. From the discussion, it will be obvious that teams of researchers
specializing in a variety of model organisms have been working decades toward understanding the
regulatory relationships governing the MHB organizer and its fate patterning activities while only recently,
with the establishment of zebrafish as an important vertebrate model for visualizing developmental
processes dynamically, has attention turned toward elucidating specific cell behaviors driving

morphogenesis with live cell imaging.

1.3 Formation of the midbrain-hindbrain boundary

The organizing properties of the MHB were discovered by chimeric experiments in avian embryos when
MHB transplanted to the forebrain and hindbrain was sufficient to induce mes/r1 character in surrounding
tissues (3). Subsequently, the identities of the key regulator molecules in this area of the embryonic brain,
which we refer to henceforth as mes/r1, were identified with loss of function experiments in several model
organisms and their spatiotemporal expression patterns roughly characterized (4). These data provide the
basis for the current model of organizer development (shown in Fig 1.1) that involves three steps: 1)
positioning of the MHB, 2) independent activation of several key MHB pathways, and 3) maintenance of
MHB gene expression through interdependent regulatory relationships. While the isthmic organizer is
undoubtedly the most-studied secondary organizer in development, a complete understanding of its
regulatory logic is still undetermined. How and when morphogenetic cell behaviors result from the

underlying genetic program in a proposed fourth phase- morphogenesis — is also not understood.
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Fig 1.1 Coordinated genetic patterning and morphogenesis at the midbrain-hindbrain boundary
(MHB) in zebrafish embryos. (A) The MHB is positioned within the presumptive neural plate
during gastrulation by mutually repressive domains of o#x2 and gbx1 expression. (B) Key signaling
molecules and transcription factors are subsequently activated during early neurulation and
expression boundaries sharpened. (C) Wntl, Fgf8, and Pax2 form an interdependent maintenance
regulatory loop as neurulation finishes and brain ventricle formation begins. (D) Proper formation
of midbrain and hindbrain structures depends on continued maintenance of the MHB organizer
genetic program.



1.3.1 Positioning
The position of the future MHB is specified during gastrulation when the shield (the primary organizer in
zebrafish responsible for patterning different germ layers) initiates neural patterning by inducing mutually
repressive domains of anteriorly expressed ozx2 (in the forebrain and midbrain) and posteriorly expressed
gbx1 (in the hindbrain) transcription factors. When first activated, these domains overlap slightly, but
subsequently are sharpened and their interface is hypothesized to create a lineage-restricted boundary that
compartmentalizes the developing neuroepithelium during convergence/extension movements into
fore/midbrain and hindbrain compartments. Activation of these two genes occurs independently. otx2 is
initiated in the fore and midbrain under the control of several enhancer regions (5), while gbx/ (6) is
activated in the hindbrain by Wnt8 (7). In zebrafish, gbx/ expression recedes posteriorly and is replaced
with gbx2, a switch that may reflect an evolutionarily conserved function for zebrafish gbx2 (8).

The mechanism used to sharpen the boundary is not entirely clear and may vary between species.
In some reports from chick, there is discussion of a posterior shift in the position of the Otx/Gbx interface,
such that it only coincides with the physical MHB constriction at later stages in development (9). In
zebrafish and in mice, however, the consensus is that the Otx/Gbx boundary definitively marks the future
MHB constriction prior to when it becomes morphologically visible. In either case, cells initially
expressing both ofx2 and gbx! must make a choice to turn one or the other off in order to sharpen the
abutting gene expression boundaries. In reports from chick, Notch signaling, which classically causes cells
to make such boundary decisions by amplification of small stochastic differences in gene expression
followed by cell sorting, has been implicated in sorting Otx and Gbx cells at the MHB (10). Other reports
from mice and zebrafish suggest that the mixed population at the boundary defaults to hindbrain fate, as
Gbx2 can directly compete with POU transcriptional activators of Otx2 (11, 12). In addition, once cells
have committed to one side of the boundary or the other, the action of other subsequently expressed MHB
genes, such as members of the Wnt and Fgf signaling pathways and Pax and Engrailed transcription

factors, may also work to enhance this mutual repression (13, 14).



1.3.2 Activation

Once the Otx/Gbx boundary positions the isthmus organizer within the mes/r1 region, a distinct genetic
program is subsequently activated in this territory (9). Mis-expression of either transcription factor under
the control of a more anterior or posterior promoter can shift the position of the Otx/Gbx boundary and
consequently, expression of MHB genes (15). However, double knockdown of the Otx/Gbx pair does not
impede the subsequent molecular specification and morphogenesis of a fairly normal mes/r1 (16, 17).
Thus, it would seem that while Otx/Gbx positions the MHB, neither is required for activation of MHB
genes including the pax, eng, wnt, and fgf gene families. What is responsible for activating these genes is
not yet understood.

Once activated, secreted signaling molecules play an important role in development as they can
create gradients that provide positional cues to cells that in turn direct their identity. As previously
mentioned, the key signaling molecules in the mes/r1 domain were mostly identified through loss of
function studies. Wnt1™ and Fgf8” mice fail to develop the entire mes/r1 region (18, 19). In zebrafish, loss
of several redundant Wnts (Wnt 3, 3a, 1 and 10b) recapitulates a similar phenotype (20, 21) and the
zebrafish fgf8a mutant lacks a cerebellum, though the midbrain is present but unpolarized, resulting in
aberrant retinotectal projections (22). While it is unclear at this point how similar the regulatory
relationships among and roles for MHB genes are between species, the key players are certainly conserved
and worthy of further study.

In addition to signaling molecules, there are several transcription factors that begin to be
expressed across the MHB boundary during the activation phase including her5 in zebrafish, and Pax and
Engrailed transcription factors in vertebrates generally. Different combinations of expressed transcription
factors have the ability to confer differential competence to surrounding secreted signals to help direct cell
fate. Important transcription factors in mes/r1 have also been identified by loss of function analysis. For
example, the zebrafish no isthmus mutant, which lacks functional pax2a, loses the tectal and cerebellar

structures in mes/r1 during mid somitogenesis due to massive apoptosis (22). The targets of these



transcription factors, and thus their potential roles in morphogenesis and cell specification, however,
remain largely a mystery.

Fgf8 has been deemed the most important “organizing molecule” by the majority of the scientific
community based on results from implanting Fgf8-soaked beads at sites anterior and posterior to the
MHB. In these experiments, Fgf8 was sufficient to induce tectal and cerebellar structures and an
underlying Otx/Gbx boundary, while similar experiments for Wntl showed no significant re-patterning of
the surrounding tissues (23). Indeed, no gain of function analysis for all the other major MHB molecules
in any organism has yielded such striking results; leading to the general acceptance that Fgf8 is “the”
organizing signal. However, a recent study in which Otx2 and Fgf8 were simultaneously knocked down
has challenged the idea that Fgf8 is required to pattern cell fates in the MHB. Foucher et al. showed that in
the absence of Fgf8, if Otx2 levels were depleted, cerebellar neurons were able to successfully
differentiate (24). A role for Wntl at the boundary has not been agreed on, though in mice it is shown that
Wntl may have an important role in regulating the proliferation of a precursor pool of neurons in the
midbrain (25). Many otherwise assume Wntl to function as a mitogen because of its previous association
with that role in the developing spinal cord (26).

The activators and targets of key MHB genes remain largely to be determined. It is important to
understand the upstream regulation of these organizer genes, which occurs during gastrulation and early
neurulation, to disentangle the evolution of the Otx/Gbx boundary into the site of a powerful local
organizer center. It is important to enumerate their downstream targets so that we can understand how this
signaling program translates into the cell behaviors that shape the brain architecture in this region and lead
to the specification of different types of neurons that may be of clinical significance for regenerative

therapies.

1.3.3 Maintenance
To add another layer of complexity to the regulatory architecture of this region, once activated, the MHB

gene program transitions to a maintenance phase where Fgf8, Wntl, and Pax2 become dependent on each



other for expression (27). Loss of any one of these genes during the maintenance phase results in loss of
the others and subsequent failure of the MHB organizer to execute properly. The transcription factor
Lmx1b appears to mediate dependency between Fgf§ and Wntl at the isthmus (28, 29), but as with the
activation phase, exact regulatory relationships have been difficult to tease out of complex in vivo systems.

Maintenance of the MHB organizer is important for the morphogenesis of the region and eventual
differentiation of neuronal subtypes (30). During early stages of MHB formation, neurogenesis is actively
inhibited by her5 in zebrafish (31) but subsequently neurons are born as her5 expression recedes to a
narrow ring at the constriction. In the midbrain, beta-catenin stabilization from Wnt signaling and
intersectional Shh signaling are important for dopaminergic neuron formation in mice (13, 32). Studies in
zebrafish have shown that for catecholaminergic neurons (including dopaminergic neurons) in general,
Nodal may play a more important role in specification, while combinatorial Fgf8 and Shh regulate their
proliferation or the proliferation of their precursors (33). In the hindbrain, differentiation of cerebellar cell
identities happens in spatiotemporal waves emanating from the cerebellar plate and the upper rhombic lip.
Recently, these migrations were shown to be conserved in mice and zebrafish, with discrete Wntl
populations in the upper rhombic lip sequentially migrating anteriorly toward the MHB and turning
ventrally to their final positions in the hindbrain tegumentum (34).

miRNAs have recently been appreciated as contributors to the molecular maintenance of mes/rl
as well. Wntl-cre-mediated conditional loss of Dicer in mice leads to MHB malformations and problems
with both neural crest induction and dopaminergic differentiation (35). Also, Mir-9 has been shown to
direct late organizer activity by modulating FGF signaling and regulating neural progenitor pool size (36).

The seemingly convoluted bi-phasic regulation (activation and maintenance) of these important
MHB genes may be a reflection of the dynamically changing physical environment these cells find
themselves in starting as early as gastrulation. In the next section, we introduce the tumultuous
morphogenetic events occurring concomitantly with the positioning, activation, and maintenance of these

genetic programs within the mes/r1 region.



1.3.4 Morphogenesis

During the time the isthmic organizer is positioned and activated, the neural tube is undergoing significant
morphogenetic movements, including convergence/extension movements driving the elongation of the
neural plate along the anteroposterior axis and subsequent invagination on the dorsoventral axis resulting
in the formation of an epithelial neural tube. The details of convergence/extension and cranial neurulation
vary from species to species, but generally there is a significant amount of conservation in cell behavior
(37). Once the neural tube is formed, the MHB subsequently transitions to the maintenance phase that is
accompanied by dramatic reshaping of the brain tissue and ventricular system, as well as production of
cerebrospinal fluid that may itself contribute to MHB regulation (38, 39). Some would argue
morphogenesis is a distinct process independent of the genetic programs underlying cell fate specification
we have already discussed, but we argue that morphogenesis and cell fate specification programs are
interdependent.

One of the earliest cell behaviors that gives shape to the developing neural territory appears to be
lineage restriction. The early neural plate is an epithelium, thus there is little cell migration in the
anteroposterior direction as determined by fate maps and evaluation of clonal cell dispersion during
gastrulation (40). This is not surprising, since epithelial cells are highly coupled by gap junctions and act
as coordinated sheets rather than individual cells in the absence of an epithelial-to-mesenchyme transition.
However, some controversy remains regarding the possibility of leakiness in this lineage restriction
boundary throughout different stages of development and what the exact mechanisms governing boundary
formation may be. In chick, it would seem lineage restriction occurs later than in other models after cell
sorting is achieved via Notch signaling mediated by Lrrnl (41, 42). Other studies in mice and zebrafish
suggest that by early somitogenesis stages, there is no cell mixing across the MHB. Notably a study in
zebrafish characterized this restriction with extended time-lapse imaging and cell tracking (albeit only
within a relatively shallow depth of field) (43, 44). Intercellular actinomyosin networks that have been
shown to drive morphogenesis, such as during mesoderm invagination in Drosophila, may also play a role

in lineage restriction (45).



Following convergence extension, restricted lineages are located along the anteroposterior axis of
a relatively uniform neural plate that thickens and undergoes neurulation. This process of primary
neurulation can vary significantly along the anterior-posterior axis of the cranial region, with transverse
sections from the midbrain varying significantly in morphology from those in the hindbrain as the neural
tube (neural keel in teleosts) takes shape. Once the neural tube forms, visible constrictions begin to
delineate compartments within the brain that are sometimes termed neuromeres, though exactly what
causes these neuromeres to become visible is debatable. Possibilities include local and differential
constriction of the neural tube and differential cell growth and cell shape changes. In zebrafish, it has been
shown MHB constriction requires basal constriction of cells at the mes/r1 boundary (46). Computational
modeling and experimentation in chick indicate importance of differential myosin-mediated contractility
to produce brain ventricle geometry and suggest strategies may differ from compartment to compartment
depending on the end fate of the junction, as some are only transient structures (thombomere boundaries,
for example) while others, such as the MHB constriction, persist as structures in the adult brain that must
resist increasing fluid pressure from the ventricular system (47). Using a similar computational approach,
it was shown that slightly tweaking contractility of the neuroepithelium can recapitulate species-specific
differences in brain ventricle morphology, emphasizing its importance as an evolutionarily conserved
mechanism for brain morphogenesis (48).

There has been little characterization of how patterns of cell proliferation may affect these
processes; though it is likely they will be incorporated into models as data from in toto time-lapse imaging
become more readily available. For example, such patterns have been used to understand how the mes/r1

region, specifically the tectum, is shaped by cell proliferation in chick embryos (49).

1.3.5. Intersection of mechanical and genetic regulation of development
A major disconnect, which has been difficult to address using genetic manipulations in animal models, is
specifically how certain signaling molecules are transduced by secondary molecules and downstream

effectors to regulate gene transcription and subsequently cell behavior. This is precisely the arena,
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however, in which the major signaling molecules of the MHB may intersect with and regulate cytoskeletal
remodeling to produce the isthmic constriction. Boundary cells clearly receive signals that differentiate
their mechanical behavior from their neighbors, but such behaviors and their upstream signals have yet to
be well characterized. Literature searching reveals little research in this arena, but we present what we
have found. None of these examples address the mes/r1 region, but are of use for sparking future lines of
inquiry and do relate to the majoring signaling families in the mes/r1 region, the Wnts and Fgfs.

One example linking Fgf signaling with morphogenetic remodeling of the cytoskeleton has been
proposed to work through Fgfr-Ras-MAPK signaling in the formation of the lateral line sensory system in
zebrafish (50). In this study, authors found that Ras-MAPK signaling activated by Fgfr was required for
the formation of rosettes by localizing Rho-associated kinase (Rock) to the apical surface to drive its
constriction. Fgf signaling has also been shown to have a role in otic vesicle formation, which requires
apical constriction mediated by local increases in actin. In the otic vesicle, FGF signaling activates
phospholipase-C which triggers non-canonical myosin-II activity (51). Classically, myosin-II is
understood to ratchet along actin filaments to promote contraction, however, upon phosphorylation by
PLC, myosin-II promoted the degradation of basal actin (resulting in enriched apical actin and otic cup
invagination).

Wht signaling has also been implicated in cytoskeletal remodeling via the planar-cell-polarity
pathway and perhaps also canonical signaling pathways (52). It has been shown that novel Wnt receptors
Ryk and Rok can interact with the cytoskeleton to promote axon guidance (53). While these examples
remain few, advances in fluorescent tagging and live sub-cellular imaging should make it more
straightforward to begin to understand important cytoskeletal changes and their upstream signals during
MHB formation.

There are still many open questions regarding how correct brain architecture is formed and cell
types designated during neural development, though a thorough understanding of these processes are of
extreme importance from a basic science perspective and also for advancement of regenerative medicine

in neural disease. There is continued debate on the evolutionary origins of the MHB organizing center and
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a precise inter-species comparison of this secondary organizer at a systems level remains for future study.
In fact, a systems level understanding of this organizer in any single model species remains to be seen but
would be of great value.

The simultaneous generation of correct brain morphology, cell types, and neural circuitry is a
daunting challenge but appears to be very robust and adaptable. Cell behaviors such as differential
adhesion, growth and apoptosis, migration, and cytoskeletal remodeling must be precisely coordinated
over large regions within the developing neuroepithelium and this achievement is so astounding that it is
understandable we have been both fascinated and frustrated with our attempts to understand the process as
a whole. Moving forward from here to a more complete mechanistic understanding connecting the earliest
patterning events with eventual brain architecture and cell fates will require enhanced cooperation between

disciplines so that the best possible models can be formulated and thoroughly tested.

1.4 Approaches to imaging embryonic development
Having discussed the complexities of embryonic brain development in the mes/r1 region, we survey the
linear and nonlinear imaging tools aimed at resolving open questions in developmental biology by

dynamically capturing data from live organisms.

1.4.1 Confocal microscopy

Of the high-resolution microscopy techniques, confocal microscopy is the most common. The concept of
blocking light from above and below the focus of an imaging objective with a pinhole in a conjugate focal
plane was patented by Marvin Minsky in 1961. Minsky studied neural connections as a doctoral student,
and in his memoir he describes his interest in reverse engineering the circuits of the brain (54). The first
step toward this goal, he reasoned, was to generate a comprehensive wiring map of the brain, what we
would call today a “connectome.” However, Minsky realized the state of the art in both imaging and
labeling at the time were not adequate tools for this task, and these limitations motivated him to develop a

method for optically sectioning biological specimens. Minsky was hesitant, however, to attempt to use
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scanning optics and so to generate images used a scanning stage instead, which made acquisition time
relatively long and introduced vibrational artifacts into images. It was not until White and independently,
Carlsson, invented the laser scanning confocal microscope in the 1980’s that the biology community fully
embraced the confocal microscope (55, 56). Many of the first important demonstrations of the improved
axial resolution obtained with confocal fluorescence microscopy were done in embryos, including White’s
landmark paper reporting images of a fertilized sea urchin egg, Drosophila larvae, C .elegans embryo, and
a chick embryo (57).

Confocal microscopes improve upon conventional wide field fluorescence microscopes by 1)
using point illumination to reduce scattering and ii) eliminating out-of-focus background signal with a
pinhole at a conjugate imaging plane (58). The smaller the pinhole, the better the axial resolution. There
are many variations of confocal microscopes including a popular option, the tandem-scanning or spinning-
disk confocal microscope, that uses a spinning disk of micro lenses to illuminate several points on the
sample at a time so data acquisition is faster. Petran and Hadravsky invented the tandem scanning confocal
microscope in the 1960°s (59) to image reflected light but it was not until lasers were more readily
available that the high-loss spinning disk was suitable for fluorescence imaging.

One advantage of confocal microscopy is speed, making it a good choice for investigating
relatively rapid processes over moderate periods of time. Most instruments provide temporal resolution
adequate for imaging morphogenesis, cell migration and division, and dynamics of sub-cellular structures
when imaging one or two fluorescent markers over a small field of view. For example, two-color time-
lapse confocal microscopy of zebrafish embryos showed direct development of blood stem cells (marked
by cymb:eGFP) from the ventral portion of the dorsal aorta (marked by kdri:memCherry) during heart
morphogenesis and their entrance into the circulation via the caudal vein (60, 61). Confocal microscopy
has also performed well in studies requiring sub-cellular resolution. In a study of oligodendrocyte
progenitor cells (OPCs) in zebrafish, Kirby et al. showed that dynamic filopodia extension and retraction
between neighbors was important for spacing OPCs evenly along axons prior to myelination (62).

Neighboring filopodia were resolved by using a transgenesis strategy that caused OPCs to randomly
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express RFP, GFP, or a combination of RFP and GFP. In a study of replication licensing in C.elegans
embryos, Sonneville et al. used spinning disc confocal microscopy to image several transgenic lines that
expressed mCherry-H2B and GFP fused with protein components of the replication licensing program, to
view the dynamic interaction of each these components with chromatin during meiosis I, IT and mitosis
(63). They found that, in contrast to what was reported from work in cell culture, in C.elegans replication-
licensing proteins were exported from the nucleus to prevent re-synthesis during S-phase instead of being
degraded, possibly due to the transcriptionally silent cell cycle in the early embryo. Thus, confocal
microscopy has been established to study protein localization and regulatory networks in vivo.

Many researchers associate confocal microscopy with fluorescence microscopy, but confocal
microscopes can be used to detect scattered or reflected light as well. In reflectance mode, the incident
light that is scattered back toward the objective is detected, usually discriminated from the incident light
by some other means than wavelength, such as polarization or off-axis detection. This mode has been used
to study cataract formation in zebrafish cloche mutants (64), to determine the viability of mouse embryos
in vitro (65), and to characterize heart defects due to ethanol exposure in Xenopus embryos (66).

One-photon excitation schemes are not generally used for simultaneous imaging of fluorescent
proteins variants, since excitation and emission wavelengths overlap, so instead they are imaged in rapid
sequence to get data as nearly simultaneously as possible. Teddy et al. has reported 4-color imaging in
chick using confocal microscopy (67). Another approach is to multiplex marker data from independent
confocal stacks from different experiments in silico, which has been promising in Drosophila and
C.elegans (68, 69). However, the approaches in those studies relied on the relative simplicity and
stereotype of those particular model organisms and would be difficult to implement in vertebrate embryos.
To develop dynamic virtual embryos or atlases of gene expression with cellular resolution in vertebrate
embryos will require multi-marker imaging.

One of the significant limitations of confocal fluorescence microscopy is that the sample is
illuminated and signal is generated throughout the z-axis, resulting in out-of-plane photobleaching. This

continuous illumination can be detrimental when imaging live embryos over extended periods of time and
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has impeded its use to study extended periods of development. Another disadvantage is limited imaging
depth, which has been less problematic in zebrafish and C.elegans embryos that are relatively transparent,

but is unsuitable for in vivo imaging in other model organisms.

1.4.2 Light sheet microscopy

Light sheet microscopy, which has been used for both one- and two-photon fluorescence imaging, has
recently emerged in the developmental biology community (70-73) and goes by several names including
SPIM (selective plane illumination microscopy), mSPIM (m for multidirectional), and DSLM (digital
scanned laser light sheet microscopy), denoting differences in configuration and formation of the light
sheet (74). The basic principle of SPIM was developed in 1903 by Siedentopf and Zsigmondy (70), but as
with confocal microscopy, the technique did not impact the biological community until much later when in
2004, Stelzer’s group demonstrated the first use of SPIM in vivo to image both the relatively transparent
medaka embryo and more opaque Drosophila embryo (75). To create a sheet of light, Huisken et al. used a
cylindrical lens, which focuses light along one axis instead of two, as a spherical lens does, creating a
sheet of light rather than a point. The sheet is scanned through the sample and the signal detected by an
objective lens placed at a 90° angle that images onto a charged-coupled device (CCD) array. This way, an
entire Xy image is collected at once, and by scanning the z-axis, image stacks can be collected very
quickly.

More recently, light sheets have been created by fast-scanning a laser beam with a long depth of
focus along one axis (DSLM), providing significantly higher signal to noise ratios than previous
approaches (76). In demonstrating DSLM, Keller et al. characterized nuclear movements in zebrafish over
the first 24 hours of development for both wild type and Mzoep mutant embryos. Keller et al. found that
the mechanism of hypoblast formation during epiboly varied by position, with dorsal mesendoderm
forming by ingression and ventral mesendoderm by involution. Mzoep mutants failed to internalize cells to

form the hypoblast.
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SPIM can also be used to synchronize photochemistry over a large area of the embryo, which is
important for controlling or studying rapid processes. Optogenetics is an emerging field in which
organisms are genetically engineered so that a biological process can be controlled with light, combining
transgenesis and photochemistry. In a recent study Arrenberg et al. generated a line of zebrafish
expressing rhodopsin-based light-gated ion channels in differentiating cardiomyocytes (77). Optical
activation of the chloride ion gate with orange light coupled with the detection arm caused pacemaker
depolarization to stop (reversibly), and when the orange light was removed, pacemaker depolarization
resumed. Using a micro mirror device to pattern the orange illumination light, the authors selectively
tested pacemaker functionality from different areas of the sinoatrial region by shaping and moving this
pattern over the developing heart tube while imaging the response with SPIM. Using this approach, the
authors were able to identify all the functional pacemaker cells at different stages of development and
concluded that very few pacemaker cells are required to induce a heartbeat. This method is an exciting
new way to be able to image and test the functionality of an organ during its development. Another group
has developed an elegantly simple design for SPIM microsurgery they term SPIM-microscapel which
provides a more direct way to influence developmental processes through plasma ablation (78). They
demonstrate the ability to use 355 nm pulses of 470 picosecond duration to dissect microtubules, cut
zebrafish fins, and induce hemocyte immune response in Drosophila embryos to a point of targeted
ablation while near-simultaneously imaging with SPIM.

The perpendicular geometry of the illumination and detection arm in SPIM can be more practical
than parallel illumination and detection for imaging embryos that need to be mounted in agarose, like
zebrafish, but cumbersome for imaging samples on a microscope slide. Wu et al. has engineered a useful
solution to this problem by developing a simple v-shaped SPIM illumination/detection arm for attachment
to an inverted microscope base (iSPIM) (79).

The limitations of SPIM currently are penetration depth and marker multiplexing. One approach
to improving the imaging depth has been to use structured illumination DSLM (71). Structured

illumination is a technique that can be used to discriminate scattered background photons from signal
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photons by illuminating the sample with a pattern, usually a grid of lines, rather than uniformly. Post-
processing of several differently illuminated images of the same plane can optimize resolution, and this
approach is also used in some “super-resolution” microscopy techniques. Since scattering increases with
depth, this allows deeper imaging, though at the cost of acquisition time. Two-photon SPIM also may be
useful for increased imaging depth (80). In terms of marker multiplexing, live time-lapse SPIM has been
limited mainly to two-color movies similar to confocal microscopy. The ability to capture all cell
movements and divisions within the zebrafish embryo also presents an opportunity to study lineage similar
to what has been done in C.elegans and to quantify the variability in cell lineages is in a vertebrate model,

which would be useful for understanding the variability in digital atlases of zebrafish development.

1.4.3 Optical Coherence Tomography/Microscopy

Optical coherence tomography (OCT), introduced by Fujimoto’s group in 1991 (81), is a useful technique
since in the majority of applications, OCT does not require the use of exogenous labels. OCT was
developed for clinical applications in the eye and skin. The near-infrared wavelengths used in OCT/M
have been deemed safe for clinical use by the FDA and are scattered by biological tissues less than UV
light, so they can penetrate deeper, greater than 1 mm depending on the sample. Because of these clinical
beginnings, those groups developing OCT/M have capitalized on its label-free method of generating
imaging contrast. Because of its application to imaging the rapidly moving eye, it has also been driven
towards rapid acquisition. OCT/M has been compared to other tomographic techniques such as high
frequency ultrasound, micro-CT, and high resolution-MRI and has been put forward as an option with
better resolution for screening birth defects in mammalian embryos (82).

The coherence in OCT/M refers to the fact that in order for light waves to constructively or
destructively interfere with each other, their fields must be correlated to some degree in space and time.
This property of light waves is called spatial and/or temporal coherence. The contrast in OCT/M images
comes from the interference of back-scattered light from the sample and light reflected from a separate

reference arm that ends at a mirror. A typical OCT/M setup has a beamsplitter to create these two arms,

17



sending them to the sample and reference respectively, and recombining the reflected signals so that they
can interfere with each other on the way to the detector, provided they are matched within the coherence
length of the light source. If the reflections are mismatched, there is no interference and consequently no
signal, and this is the mechanism that generally provides the axial resolution in OCT that can be 2-10 um
depending on the bandwidth of the source (83). Sources with broader bandwidths have shorter coherence
lengths and consequently provide better axial resolution. Common sources for OCT/M include
superluminscent diodes, supercontinuum sources, and pulsed lasers. There are two main forms known as
time-domain and fourier-domain OCT, with fourier-domain OCT being more prevalent as the reference
arm does not need to be scanned to match the scanning in depth along the z-axis, since spectral detection
encodes the profile of reflections along the whole z-axis within the confocal parameter of the objective
lens.

For OCT, tomographic nomenclature may be used to describe the data. An A-line (axial line) is
obtained instantaneously, while a B-scan is a 2D image created by scanning the A-line along the x- or y-
axis. This way the image generated is not rendered en face (x,y), as with more familiar microscopes, but
rather xz or yz images are rendered and 3-D data may also be easily generated. OCM, on the other hand,
uses conventional point-scanning and is usually employed when higher lateral and axial resolutions are
desired.

An early demonstration of OCT for imaging embryos was given by Boppart et al. in 1996, who
reports detailed morphology of opaque embryos such as Rana pipiens, Xenopus laevis, and Brachydanio
rerio (84). Several other demonstrations for different varieties of OCT/M applied to imaging embryonic
development have been given (85). For example, in the murine cardiovascular system, OCT was used to
study congenital heart malformations (86). Interestingly, because of its superior imaging depth, OCT/M
has also been used to image mice in utero even without the need to dissect the uterus from the mother
(82). This approach will be able to powerfully characterize the details and timing of how congenital

malformations arise in mammals in longitudinal studies.
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Rapid, label-free imaging of morphogenetic processes are of interest as more groups begin
studying the mechanical forces that contribute to developmental programs (87). For forces driving
morphogenetic processes, OCT/M imaging can provide the input parameters for mechanical simulations
obtained from label-free time-lapse imaging. For example, Varner et al. used OCT combined with tracing
vital dyes to create a model of mechanical forces driving head fold formation in chick embryos (88).

Other features than morphology can be visualized using only slightly more complicated OCT/M
setups that incorporate patterned illumination. A variation called speckle variance OCM can be used to
image moving parts within an embryo such as blood cells moving within the developing vasculature and
can be used to estimate relative blood flow. This technique has been used to study the relationship of
neurons and blood vessels in the rodent spinal cord (89) and has also been used to study blood vessel
development in live mammalian embryos (90).

OCT/M is limited in that while it provides “label-free” contrast, these signals generally lack
molecular specificity. Another limitation of OCT is relatively poor spatial resolution compared to confocal
or multiphoton imaging because of the need to balance depth (confocal parameter) and lateral resolution,
which are coupled properties of the imaging objective. By moving from A-line scanning in OCT to point-
scanning OCM, axial and lateral resolution becomes comparable to confocal or multiphoton imaging, but

at the expense of acquisition time.

1.4.4 Two-Photon Microscopy

Two-Photon microscopy (2PM) is the nonlinear optical microscopy (NLOM) technique that has been most
broadly adopted by developmental biologists to date (91). The theory of two-photon absorption was
developed by Maria Goppert-Meyer in the 1930’s but the phenomenon was not observed experimentally
until after the invention of the laser in 1960 by Maiman (92). Once a light source with a high enough
photon density was finally available, Kaiser and Garrett made the first report of two-photon excited
fluorescence (93). The application of the technique to microscopy of biological samples was pioneered by

Denk and Webb in the early 1990°s (94) after the invention of the now most common laser source for
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2PM, the titanium:saphhire (Ti:Sapph) solid-state laser, now a turn-key laser source requiring relatively
low maintenance compared to previously used dye-pulsed lasers. This advance in user-friendliness of
short-pulsed laser sources was key to the adoption of NLOM by biologists.

2PM signals arise from the third order optical susceptibility, %. Two-photon absorption occurs
when two photons from a pulse of near-infrared light arrive simultaneously at a molecule and are
absorbed, exciting an electron to a higher energy state. Two-photon absorption spectra are available for
many dyes and fluorescent proteins and conventionally, a 100-170 fs pulsed Ti:Sapph laser is tuned to an
absorption peak of the fluorophore of interest for imaging. If more than one fluorophore is imaged, the
laser will be tuned to a compromised wavelength. Green fluorescent protein (GFP) has a two-photon
absorption peak at 940 nm, which coincides roughly with twice the wavelength of the one-photon peak at
488 nm. The two-photon peak is not exactly twice the wavelength of the one-photon peak because
quantum mechanical selection rules prevent one and two photon transitions to the same electronic state.
The fluorescence emission generated from multiphoton absorption however, either autofluorescence or
fluorescence from exogenous fluorescent dyes or proteins, are usually the same as for one-photon excited
fluorescence because the excited electron typically relaxes non-radiatively down to the one-photon
transition state before releasing a photon. Two-photon excited fluorescence signals, being significantly
weaker than one-photon excited fluorescence signals, are typically detected using photo multiplier tubes
(PMTs).

2PM quickly became popular for studying neurodevelopment in mice. Due to the near infrared
excitation wavelength, 2PM can penetrate through a thin-shaved skull or an implanted window deep
enough to observe many neurobiological processes in vivo (95, 96). 2PM continues to be frequently
coupled with tracer dyes and intracellular calcium sensing dyes to study circuit function and development
both in vivo and in brain slices. In a recent study, 2PM was used to study the developmental dynamics of
the unique one-to-one innervation of the auditory neurons in the calyx of held (97). Imaging dendritic
spines with 2PM has shed important insights on the mechanism of Fragile X Syndrome, a genetically

based pleiotropic form of mental retardation that is manifested as social, perceptual, and motor
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dysfunction linked to the FMR1 gene on the X chromosome. Fragile X mice have been suggested as a
model for autism. Pan et al. used transcranial 2PM to study the dynamics of dendritic spine formation in
Fmr1 KO mice from 2 days post natal to 1 month. Imaging a YFP reporter that is expressed in just a small
subset of motor neuron axons (98), they found that previous reports of increased numbers of immature
looking dendritic spines in these KO mice could be accounted for by a higher rate of turnover or plasticity
of these spines (99). This dynamic aspect of the mutant phenotype could only be realized with time-lapse
microscopy. Cruz-Martin et al. independently confirmed these results with 2PM, and also showed that
blocking mGIuR signaling, which is upregulated in FmrKO mice, surprisingly enhanced the immature
dendrite phenotype rather than suppressed it (100).

2PM can image fast enough to study morphogenetic cell movements deeper within the embryo
and with less phototoxicity than one-photon excited fluorescence techniques since near infrared light is
both scattered and absorbed less by tissues (101). Halacheva et. al. used 2PM to simultaneously image cell
proliferation and cell movements during mammalian primitive streak formation in rabbits, which are
useful models since implantation occurs later compared to mice and rabbits have a disc- rather than a cup-
shaped epiblast (102). The authors found that some cells near the forming primitive streak in the posterior
gastrula elongation (PGE) will pass through neighboring cells which subsequently reconvene after the cell
has passed, a new movement they call “processional cell movement” and also noted preferred alignment of
metaphase plates with the A/P axis by late metaphase, preceded by rotations of the mitotic spindle until the
preferred orientation was achieved. In Drosophila, there have been several excellent studies on ventral
furrow formation. McMahon et al. used 2PM with excitation and detection optimized for GFP to capture
all cell movements of the ectoderm and emerging mesoderm in Drosophila for both normal and htl Fgf8
receptor mutant backgrounds (103). They were able to analyze differences in cell behavior to uncover the
mechanism of Fgf to help furrowed cells collapse and form the mesodermal layer by guiding them back
down to the outer ectodermal layer. Video force microscopy, where computational mechanics is
combined with time-lapse 2PM, was used to study mechanical forces during these ventral furrow

formation dynamics in Drosophila (104).
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2PM is also useful for studying how organs are formed from progenitor subsets because of its
superior penetration depth. Taking advantage of the low scattering of red light for both excitation and
fluorescence emission, Hagerling et al. developed a prox! mOrange reporter mouse for imaging lymph
development, a complex process where nascent lymph vessels must successfully separate from the blood
circulation and create their own networks of vessels (105). The authors demonstrated combined 2PM and
second harmonic generation (SHG) imaging of developing superficial lymph beds in fetal mouse skin,
which can be used to study the dynamics of lymph vessel formation combined with extracellular matrix
interactions.

Single marker imaging or imaging coupled with parallel assays can provide important
information about fate specification mechanisms. McDole et al. utilized 2PM to study early fate decisions
in the pre-implantation mouse embryo (106). Tracking nuclear movements and divisions marked with
H2B-GFP fluorescence between 8 and 32 cell stage, the authors identified an intermediate population
which contributed to both inner (inner cell mass) and outer (trophectoderm) fates and showed the fate
decision between trophectoderm and the inner cell mass depends on cell-division order. Importantly, these
authors also conducted thorough viability experiments demonstrating that with 2PM imaging every 6
minutes during this sensitive developmental phase, complete developmental competency was maintained.
Simply visualizing these dynamic processes in 3-D led to significant new insights.

To conduct an experiment following the genetic profiles (marked by several reporter transgenes)
of specific lineages during fate specification will require spectral time-lapse imaging because of the broad
fluorescence emission profiles of genetically encoded fluorescent protein variants (107, 108). These
broadly overlapping excitation and emission spectra make it impossible to separate spatially co-localized
combinations of close variants, for example CFP, GFP, and YFP, using standard glass filters since such
filters discriminate only by wavelength. While the wavelengths for excitation and emission overlap
significantly, each variant does have a unique spectral fingerprint that can be visualized by dispersing the
wavelengths of the emission and imaging them onto a detector. After collecting such “lambda-stacks” for

each pixel in an image, over-lapping fluorescent protein emissions can be separated with mathematical
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algorithms that take these unique fingerprints into account. In fact, co-localized fluorescent protein
emission profiles will be simply a linear sum of the contributions of each individually present fluorophore.
This scheme is also sometimes referred to as “multi-spectral” imaging, to illustrate that multiple spectral
profiles are unmixed for multi-marker imaging.

The most significant limitations of 2PM currently are speed and cost. Speed of acquisition is
limited by signal generation, since 2-photon excited signals are weaker than one-photon excited signals
and are generally detected with PMTs. One approach to improving speed has been to create multiple
points to scan at once, splitting image acquisition into simultaneous parallel scans (109, 110), somewhat
similar to how confocal microscopy speed was improved by moving from laser-scanning to spinning-disk
illumination. Two-photon implementations of light sheet microscopy have also demonstrated improved
imaging speeds and improved embryo viability (80). Cost may be brought down by exploring other
ultrashort pulse sources such as semiconductor disk lasers that can be built with wafer manufacturing
technology and can be pumped with relatively low-power sources (111). The commercial models currently
available cost about a quarter to half a million dollars, however, one can build an in-house system for less.
One advantage of a home-made system is that it can be more easily outfitted with other implementations,
such as one custom-built system integrated with a suite of electrophysiology tools for neurobiology (112).

Multi-marker imaging will also be important for imaging the parallel fate specification events
that accompany morphogenesis and organogesis since complex organs are likely to comprise multiple
interacting cell lineages thus necessitating methods for imaging multiple lineages at once. Two-photon
excitation spectra are red-shifted out of the emission range of most fluorescent protein variants, so unlike
with one-photon excited fluorescence, simultaneous excitation and detection of multiple markers is
achievable. The usefulness of such an approach has been elegantly demonstrated by Mahou et al. in a
scheme that uses two excitation wavelengths to target the two-photon absorption peaks of three different
fluorescent proteins simultaneously for imaging the formation of neural circuits with the “brainbow”

labeling system (113).
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1.4.5 Harmonic generation microscopy
Harmonic frequencies are integer multiples of a fundamental base frequency. Harmonic generation is a
nonlinear scattering process where two or more incoming photons, best thought of as waves in this
process, are mixed together by the structure of the material being imaged, resulting in a signal at two or
more times the frequency of the original wave (114, 115). The discovery of harmonic generation followed
a similar trajectory to that of two-photon excitation, but second harmonic generation was experimentally
observed and implemented as a microscopy modality before two-photon excited fluorescence based
microscopy (116, 117). The technological advances that made 2PM both possible and more accessible are
the same for second harmonic generation (SHG), while third harmonic generation (THG) has required the
use of longer wavelength sources (>1000 nm) so that the third harmonic (1000/3 = 333 nm) would remain
in the visible-uv spectrum to match the range of commonly available collection and detection optics (118).

The generation of second harmonics arises from phased-matched wave mixing in crystals that
have a chiral structure, lacking a center of symmetry which results in nonzero components of the second
order optical susceptibility term, x®. The most common biological substance that fits the description is
collagen, whose handed alpha-helical protein structure aggregates into larger ordered fibrils with a
crystalline structure. Third harmonic signals are generated from spatial variations of the electronic part of
the third-order susceptibility, x, that are typical at interfaces like aqueous-lipid interfaces such as cell
membranes. These signals are usually inherent to the sample, so harmonic generation imaging is “label-
free”. Harmonic generation is a parametric process, which means that no energy is transferred to the
sample and, consequently, photobleaching is irrelevant and depending on the background absorption of the
excitation source, photodamage is less of a concern. Harmonic generation is so “non-invasive” that is has
been put forward as a potential clinical method for screening the viability of embryos for in vitro
fertilization (119).

Researchers have taken advantage of the parametric nature of SHG and THG to image sensitive
early periods of development completely “label-free”. Olivier et al. published a landmark paper

demonstrating the power of this technique to study cell lineage in zebrafish embryos during the cleavage
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stage (120). Using a special spiral-scanning pattern that increased pixel dwell time for center of the field of
view, which correlated to the innermost part of the embryo, these authors captured all cell cycle dynamics
up to the 1000 cell stage, creating lineage trees of several early blastula embryos. Mitotic spindles
visualized with SHG and cell membranes visualized with THG were sufficient signals for analyzing cell
movements and cell cycle dynamics with high spatiotemporal precision, and the authors showed a
progressively amplified asynchrony in cell division based on radial position, potentially in response to
maternal factors within the innermost cells of the blastoderm, is adequate to explain the origins of
asynchronous cell divisions, in contrast to previously suggested dramatic switch from a synchronized to a

pseudo-wave pattern of division.

1.4.6 Raman-based CARS and SRS

Raman scattering is inelastic light scattering in which light that interacts with a molecule gains or loses
energy that corresponds to vibrational energy levels of the molecule. This phenomenon happens
spontaneously only rarely, but use of coherent light can stimulate the process to occur at high enough rates
for imaging (121, 122). Two such approaches, Coherent Anti-Stokes Raman Scattering (CARS)
microscopy and Stimulated Raman Scattering (SRS) microscopy are emerging as important tools for label-
free imaging that also retain molecular specificity at the level of the chemical bond that dictates a
particular vibrational mode (123, 124).

Lipids are common targets for Raman-based techniques. Chien et al. demonstrated imaging of the
fat-body that provides a source of energy for Drosophila embryos during metamorphosis with a combined
CARS-2PM system (125). CARS has also been used to screen for mutant phenotypes that affect general
lipid metabolism in C.elegans (126) and a more recent implementation of SRS using a broadband source
demonstrated the capability to differentiate lipids (including cholesterol, stearic acid, and oleic acid) in
C.elegans (127). By introducing the ability to image specific lipids, CARS and SRS open a new, very

unexplored dimension of embryonic development.
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2. ULTRASHORT PULSE MICROSCOPY"

2.1 Light-matter interactions

Having surveyed both linear and nonlinear imaging techniques applied to imaging embryonic
development, we should briefly discuss what differentiates them in physical terms, as both are used in
Ultrashort Pulse Microscopy (UPM). In general, the electric field of light passing through a material can
interact with the constituent molecules by perturbing the distribution of their electrons, causing a time-
varying polarization of the molecules (Fig 2.1A). Each material has its own propensity, i.e. susceptibility,
X to be polarized by light, which affects how it will convert the incoming light into a detectable signal,
with nominal intensity incident light required to drive linear polarization modes and higher intensity
incident light required to drive nonlinear polarization modes (Fig 2.1B). This relationship between the
incident electric field of the light, E(z), and the polarization, P(z), that is the source of new optical signals,
is linked by  and can be written mathematically (Fig 2.1C). The first term in the right side of this
equation has the first order-susceptibility, %", which gives rise to the signals used in linear microscopy
techniques. Familiar optical phenomena such as scattering and absorption are derived from x". Higher
order susceptibility terms are responsible for signals used in nonlinear microscopy techniques such as
second harmonic generation, ', and two-photon absorption, x¥. A more detailed list of optical signals

available as potential image contrast mechanisms is given in Fig 2.1C.

"Part of this section is reprinted with permission from Imaging embryonic development with ultrashort pulse
microscopy by Gibbs HC, Bai Y, Lekven AC, & Yeh AT (2014) Optical Engineering 53(5):051506.
doi: 10.1117/1.0E.53.5.051506. Copyright 2014 by the authors.
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Fig 2.1 Signal diversity arising from linear and nonlinear light-matter interactions. (A) The
electromagnetic field of light, E(?), interacts with a molecule by polarizing its electron cloud based
on the optical susceptibility, i, of the material. The oscillating polarization, P(¢), drives the
generation of new frequencies of light that can be used as signals for imaging contrast. (B) Low
intensity electric fields drive the oscillating polarization in a linear mode while higher intensity
electric fields can induce nonlinear modes of oscillation. (C) The optical susceptibility, i, has linear
and nonlinear orders that that contribute to the polarization of the molecule in the presence of an
electric field. Each order of the susceptibility arises from unique properties of the material that can
be exploited to generate signals for imaging embryos during development.
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2.2 Linear imaging techniques (y ")

An imaging technique is linear when the signal used to create the images comes from a linear light-matter
interaction. Two common linear signals are linearly scattered light and one-photon excited fluorescence.
Linear light-matter interactions have a high probability of occurring, so lamps that provide relatively low
power, incoherent illumination can be adequate light sources and CCDs can be used as detectors.
However, to generate higher signal to noise ratios, linear imaging arrangements can use coherent sources
such as continuous-wave or pulsed lasers and photomultiplier tubes, which have higher photon density and
detection sensitivity, respectively. The linear imaging techniques we have discussed are confocal
microscopy, light sheet microscopy, and optical coherence microscopy. These techniques all provide
three-dimensional resolution through different optical sectioning mechanisms and can be used for live

imaging.

2.3 Nonlinear imaging techniques (x®, x?)

Nonlinear optical microscopy (NLOM) techniques rely on higher order interactions between light and
matter that require intense fields of light generally from pulsed laser sources to generate signals that can be
used to create images. The N in NLOM refers to the relationship between the input power and the output
signal, and that a plot of output signal versus input power would not be a straight line. This nonlinear
dependence and the fact that higher-order interactions are rare compared to linear single-photon
interactions is the source of inherent optical sectioning with NLOM. It is important to note that this optical
sectioning is unique from linear techniques like confocal microscopy. The difference is that with NLOM,
signal is generated only at the focus in the developing embryo, in contrast to confocal microscopy, for
example, where the signal is generated throughout the embryo, but only signal from the focus is collected

through the pinhole. So, like SPIM, NLOM does not generate out-of-plane photobleaching.
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2.4 Two-photon excitation by ultrashort pulses

Temporally ultrashort pulses, such as in the 10 fs regime, are advantageous compared to conventional 100-
170 fs pulses used in 2PM applications because 1) for a given pulse energy, the peak power of an
ultrashort pulse will be higher because the energy is compressed in time and 2) an ultrashort pulse
necessarily contains a broader range of wavelengths that can together create two-photon transitions (128,
129). Using a semi-classical model of a two-photon transition, where the electric field is treated
classically and the molecule is treated quantum-mechanically as a two-level system, this benefit can be
quantified in terms of relative two-photon transition probabilities.

To compare the theoretical transition probabilities of our sub-10-fs pulses with conventional
pulses, we first measured the spectral intensity, | E (a))|2 , of sub-10-fs pulses output from our Ti:Sapphire

oscillator. To model the electric field, E(w), of alternative transform-limited pulses (all frequencies arrive

at the focus in phase) of varying temporal duration, T,, we used the Gaussian relationship shown in Eq. (1).

i
E(w) =exp(-T.»" /81n(2)) 1)
Two-photon transitions can occur through degenerate and non-degenerate mixing of frequency
components, so if the pulse is transform-limited, then all possible combinations of the frequencies within

the pulse can be given by the two-photon excitation power spectrum (130), T(w), described by Eq. (2).

2

T(w) = ]:E(% + Q)E(% - Q)dQ- 2)

The two-photon excitation spectrum of our sub-10-fs pulse is compared to that of a 100 fs pulse
in Fig 2.2A. In the context of imaging embryonic development, molecules of interest generally have a
frequency-dependent response, sometimes called a two-photon action cross-section (131). To
meaningfully compare the theoretical performance of these pulses, this response must be known. The yield
or transition probability (132, 133), T, then, is the overlap integral of T(w) and the frequency response of

the molecule, y(w), as shown in Eq. (3).

I« [~ Tyw)do G
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From Eq. (3) it can be seen that the probability of a two-photon transition depends on the
magnitude of the area under the two-photon power spectrum curve and the degree to which this overlaps
with the absorption lineshape of a given fluorophore. We used y(w) measured from the commonly used
enhanced green fluorescent protein (eGFP) (134) to calculate transition probabilities for our sub-10-fs
pulses centered at 800 nm and from 100 fs pulses centered at 940 nm, the maximum of the eGFP
frequency response, illustrated in Fig 2.2B. We calculated a 5-fold enhancement of yield in the case of un-
tuned, sub-10-fs pulses compared to optimally tuned 100 fs pulses given the same pulse energy. In terms
of imaging embryonic development, this enhancement could be used to image more rapidly or

alternatively, to decrease pulse energy to reduce stress on the developing embryo.
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Fig 2.2 Advantage of using ultrashort pulses in 2PM. (A) Two-photon power spectra, T(w), for 10 fs
(black line) versus 100 fs (blue line) pulses with the same pulse energy centered at 800 nm. The area
under the curve represents the ability to create two-photon transitions in materials with frequency
independent response, y(w). (B) T(w) for 10 fs (black line) pulses at 800 nm and 100 fs pulses (blue
line) tuned to 940 nm, the maxima of y(w) for green fluorescent protein (GFP) (dotted green line).
The ability to create two-photon transitions for GFP, where the response is now frequency
dependent, is the overlap integral of T(w) and y(w), which is five times greater in the case of un-
tuned, transform-limited pulses at 10 fs pulses at 800 nm versus optimally tuned 100 fs pulses.
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For imaging multiple fluorescent protein variants simultaneously, the advantage of using sub-10-
fs pulses increases. A single narrowband source will necessarily be tuned to a compromised wavelength
that interacts with the frequency responses of the different molecules, decreasing the yield for each, while
the sub-10-fs pulse interacts substantially with each simultaneously (135, 136). Thus, with ultrashort
pulses, it may be more feasible to image multiple genetically marked lineages during embryonic

development.

2.5 Coherence gating with ultrashort pulses

The benefits of utilizing the short coherence length of ultrashort pulses to improve axial resolution of
OCT/M are well known (137). Using Fourier-domain detection, the frequency components of the
interferogram produced by the sample and reference arms encode the spatial profile of the biological
sample along the optical axis (A-line) within the confocal parameter of the imaging objective (83). Rapid
imaging can be achieved by scanning this A-line across the sample in two dimensions. Thus, for OCT
imaging a low numerical aperture (NA) objective resulting in a large depth of field is desirable, so long as
the diffraction-limited lateral resolution remains comparable to the axial resolution, Az (138), which

depends on the source frequency bandwidth at full-width-half-maximum (FWHM) as shown in Eq. (4).

2(In2) A
Az=——"2"2 4
Z = AL “4)

Our sub-10-fs pulses have a FWHM of 133 nm centered at 800 nm, corresponding to a theoretical
axial resolution of 2.12 um, whereas a more conventional pulse with a bandwidth of 10 nm at this central
wavelength will have an axial resolution of 28 um. This resolution difference is significant when imaging
individual cells and small-scale tissue structures in developing embryos. In the context of combining OCM
with 2PM, the resolution offered by use of ultrashort pulses also better matches the two-photon interaction
volume resulting from a tightly focusing high NA objective so simultaneously acquired 2PM and OCM

images are automatically co-registered (139).
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2.6 Instrumentation
Our multi-modal UPM system, summarized in Fig 2.3 and shown schematically in Fig 2.4, combines 2PM
and Fourier-domain OCT/M in a single platform with the option of either two-channel (with OCM) or
spectral detection (stand-alone) capabilities for 2PM. Detailed more in these reports (139-141), we
describe the instrument here briefly. Sub-10-fs pulses from a Kerr-lens, mode-locked Ti:Sapphire
oscillator (Femtolasers, Vienna, Austria) at 800 nm central wavelength with 133 nm bandwidth (full-width
half maximum) are pre-compensated using double chirped mirrors (GSM 270, Femtolasers) and coupled
to the multi-modal imaging system. For combined 2PM-OCM, a 5% beamsplitter splits the beam into
signal and reference arms in a Michelson interferometer configuration. The signal arm is coupled using
galvanometer driven mirrors (Cambridge Technology, Cambridge, MA) into an upright microscope
(Axioskop2, MAT, Carl Zeiss, Thornwood, NY), expanded, and directed by a 635 nm short-pass dichroic
mirror (Chroma Technologies, Bellows Falls, NY) to the back aperture of the water-immersion imaging
objective (20X, 1.0 NA or 40X, 0.8 NA, Carl Zeiss) which focuses the pulses to a diffraction-limited spot
that is scanned in the x-y plane across the sample. Backscattered near-infrared light is collected by the
imaging objective and reflected back to the beamsplitter where it recombines with the reference arm and is
coupled into a single mode fiber and sent to a home-built spectrometer consisting of a collimating lens,
reflective grating (1200 lines/mm), collimating lens, and CCD array (Basler, Exton, PA). Dispersion is
matched in the reference arm using a combination of a prism pair and BK7 glass. For OCM, the
interferogram obtained from each pixel is integrated into a single intensity value to build up a 256 x 256 2-
D image rendered en face. Simultaneously, 2PM signals are collected by the imaging objective and
directed onto two PMT detectors (Hammamatsu, Bridgewater, NJ) using appropriate dichroic mirrors and
bandpass filters (Chroma). Photon counts are saved as intensity values.

For spectral 2PM, the 2PM signals are collected by the imaging objective and coupled into a
multimode fiber and sent to a home-built spectrometer consisting of a collimating lens, diffraction grating

(700 lines/mm), collimating lens, and a 16-channel multi-anode PMT array (Hammamatsu). 3-D images
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are built up by translating the sample in the z direction along the optical axis. Instrumentation control and

data acquisition are performed using custom LabVIEW software (National Instruments, Austin, TX).

Multi-modal UPM
— spectral 2PM
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Fig 2.3 Multi-modal Ultrashort Pulse Microscopy (UPM). A single oscillator outputting 10 fs pulses
centered at 800 nm at 80 MHz is coupled to a microscopy system with several detection modes.
Pulses are pre-compensated for 2™ order dispersion introduced by the microscopy system with
double chirped mirrors.
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Fig 2.4 Schematic of Ultrashort Pulse Microscopy (UPM). 10 fs pulses from a mode-locked
Ti:Sapphire laser are dispersion compensated and coupled into a combined platform for detecting
optical coherence signals and two-photon excited fluorescence signals via two-channel or spectral
detection. ND-neutral density filter, DCM-dispersion compensating mirror, BS-beam splitter, PP-
prism pair, M-mirror, DM-Dichroic mirror, F-filter, PMT-photomultiplier tube, SMF-single mode
fiber, DG-diffraction grating, TC-temperature controller, Ip-long pass, sp-short pass, NA-numerical
aperture.
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3. IMAGING EMBRYONIC DEVELOPMENT WITH UPM"

3.1 Background

As we have discussed, embryonic development is the shaping of a single cell into a functioning organism
through the interdependent forces of cell proliferation, migration, and genetic specification. Our
understanding of embryonic development represents a conceptual synthesis of what has been shown
through many different types of direct and indirect experimentation, enabled by the evolving experimental
tools available to developmental biologists. Transplantation technology allowed the astounding discovery
of the developmental organizer (142), mutagenesis uncovered many key developmental genes/networks
(143, 144), genomic sequencing revealed unexpected levels of evolutionary conservation in the
development of the animal body plan (145, 146) and together with the discovery of fluorescent proteins
(147, 148) has enabled the construction of genetic reporters for labeling and tracking specific populations
of cells in developing embryos (149). These discoveries have helped us begin to understand the origin of
birth defects ((150)), the interplay of genetic and environmental factors during development (151, 152),
and how to genetically program clinically important cell types for regenerative therapies (153-155). At the
foundation of this process of discovery is visualization, a function of contrast mechanisms and the ability
to meaningfully capture them. Consequently, progress in understanding embryonic development and
downstream clinical application of that basic knowledge is intimately tied to progress in imaging
technology.

The events of embryonic development can be briefly summarized as follows, to emphasize the
demands on an imaging system that would attempt to directly capture them. When an egg (a zebrafish egg
is approximately 600-700 um in diameter (156, 157) is fertilized, the resulting embryo begins a stage of
rapid cell division (15-30 minutes per division (120)) known as the cleavage stage. Toward the end of this

stage, the embryo transitions from relying on pre-existing molecular cues deposited in the egg to utilizing

"This section is reprinted with permission from Imaging embryonic development with ultrashort pulse microscopy by
Gibbs HC, Bai Y, Lekven AC, & Yeh AT (2014) Optical Engineering 53(5):051506. doi: 10.1117/1.0E.53.5.051506.
Copyright 2014 by the authors.
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its own genomic machinery (thousands of genes (158, 159)) and shortly thereafter, the three germ layers
are distinguished during the process of gastrulation where rapid cell movements (several um/min (74))
accompanied by spatiotemporal varying patterns of gene expression result in recognizable anterior-
posterior and dorsal-ventral embryonic axes. Continued cell proliferation, slowed cell movements (~0.5
um/min), and further refinement of gene expression then shape the body plan composed of segments of
appropriately fated cell lineages (now tens of thousands of cells (74)). From this point, within each
segment, cells differentiate and take on specific morphologies and functions as individual organs mature.
Perhaps not surprisingly, despite a detailed framework and list of components, these events as a whole
have yet to be fully observed or understood.

Each aspect of embryonic development, then, presents unique challenges. Its dynamism requires
imaging to be non-destructive and preferably non-invasive. Its fundamental unit is the cell, but sub-cellular
events, such as cell division and mitotic spindle orientation, are vital to proper embryonic development, as
are collective cell behaviors behind tissue and organ morphogenesis. Adding to the complexity is the
daunting number of genes involved that have disparate spatial and temporal expression patterns. All this
activity occurs over a relatively large 3D space, placing further demands on imaging capabilities.

The challenge to modern imaging systems, then, is to rapidly and non-invasively acquire large, high
resolution, multi-channel volumetric images from a live developing embryo (1).

Toward this goal, two-photon microscopy (2PM) has become favored over one-photon
approaches because of the advantages of near-infrared (NIR) light, including 1) less photodamage to
embryos allowing longer time-lapse imaging sessions, 2) less scattering allowing imaging deeper into
embryos, especially more opaque embryos, and 3) the option of simultaneously exciting multiple
fluorescent species in the biological window (400-700 nm) without the excitation light (750-1000 nm)
interfering with imaging signals (94). As 2PM techniques have become more widespread, so has ultrafast
laser technology, with most imaging systems typically employing pulses from a Ti:Sapphire oscillator

with a temporal duration of 100-170 fs (91, 160). Despite the advantages gained by adopting 2PM,
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however, it has remained challenging to acquire high-resolution, 3-D multi-channel movies of embryonic
development.

Microscopists are well acquainted with the trade-offs encountered when attempting to optimize
imaging parameters due to a photon economy that is limited by an organism’s tolerance of the probing
light radiation. For example, to increase imaging speed to capture more rapid cell movements during
embryogenesis, narrowband NIR pulses will generally be tuned to the optimum 2P absorption peak of a
single fluorescent marker and all emitted light will be collected as a single channel (103). This approach
provides “in toto” characterization of cell proliferation, death, and migration, but provides little
information about the shaping of the embryonic tissue and none about the genetic specification of cells.
With a transition from single-point scanning to line-scanning the excitation light source, as in digital
scanned light sheet microscopy (DSLM), it is possible to add another channel (161, 162). However,
imaging two or three genetic markers in 4-D (space, time) is the current technological limit (113, 163),
while the genetic regulatory networks governing embryonic development contain vastly more components.

Optical coherence tomography/microscopy (OCT/M) is a linear imaging technique that images
the morphology of biological samples based on changes in index of refraction that frequently also employs
NIR laser pulses (81). Because of the high sensitivity of the interferometric detection scheme employed in
OCT/M, this approach has been used to image extraordinarily fast movements during embryogenesis, such
as heart tube pumping and development (164, 165). Alternatively, because of the enhanced penetration of
both the input and output NIR signals, OCT has also been used for longitudinal imaging of mouse
embryos in utero, where the uterus is temporarily dissected from the mother (166). Since 2PM and OCT/M
can be relatively easily integrated into a multi-modal platform, it would be interesting to explore potential
applications of OCT/M to additionally render molecularly specific signals in the context of embryonic
development. NBT/BCIP is a robust and strongly scattering precipitate that is commonly used to mark
domains of gene expression through a standard immunohistochemical technique called in situ
hybridization (ISH) (167). Though ISH requires embryos to be fixed, it provides fundamentally unique

data from 2PM approaches that track fluorescent protein markers because it provides a more accurate view
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of gene transcript localization at a specific developmental stage. Such data will be complementary to that
obtained by time-lapse 2PM while also being relatively easily obtained with the same imaging platform.
In the previous section, we have presented the theoretical benefit of using ultrashort pulses, on the
order of 10 fs, for imaging embryonic development. In this section, we demonstrate this benefit manifest
as unique capabilities for exciting and rendering a wide variety of optical signals from developing
embryos simultaneously. In addition, we demonstrate these capabilities in a system where dispersion
compensation is implemented in a relatively simple and user-friendly manner using double chirped mirrors
(140). Our multi-modal instrument can be used for 2PM (and other forms of nonlinear optical microscopy
such as second harmonic generation) with both standard two-channel detection or with spectral detection,
as well as for OCM, and we refer to these techniques collectively as ultrashort pulse microscopy (UPM).
Within a single experiment, UPM provides the opportunity to better link the behaviors of genetically
labeled cell lineages with the morphogenesis of tissues and organs during development. In addition, while
UPM still only scratches the surface of embryonic development in its entirety, it does have the potential to
provide more information from a single experiment than other approaches, which could enable a more
accurate construction of systems-level views of vertebrate development by combination of data sets onto

dynamic digital atlases (68, 69, 168).

3.2 Materials and methods

3.2.1 Label-free imaging of fixed and live wild-type embryos

Zebrafish were maintained and bred according to standard protocols (169). For imaging, wild-type
embryos were treated with 0.003% (w/v) phenylthioluria (ptu) to suppress the formation of pigment cells
(except for label-free imaging of melanocytes) and mounted in 1.2% low-melt agarose hydrated with
Instant Ocean (United Pet Group, Blacksburg, VA). Live wild-type embryos were imaged at 25°C, with
time-lapse imaging performed at 27°C at 15-30 minute intervals. In some cases, embryos were fixed in 4%

(w/v) paraformaldehyde overnight at 4°C and stored in phosphate buffered saline (PBS) before imaging.
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Average power of the excitation beam was attenuated to 25-30 mW on the sample (not accounting for
scattering due to the agarose embedding) and pixel dwell time ranged from 120-480 us. In most cases,
lateral resolution was limited by digital resolution but kept on the order of 1-2 um, while axial step size
was generally 3 uwm, as recommended (76) to capture all cells in the imaging volume. Signals were

collected into a single channel using a BG38 filter (Schott, ElImsford, NY).

3.2.2 Imaging transgenic embryos

Stable transgenic lines expressing eGFP under a wnt! regulatory element that recapitulates wnt/
expression in the midbrain and at the midbrain-hindbrain boundary (170) were used to demonstrate time-
lapse imaging of genetically labeled cell lineages in live zebrafish embryos. Transgenic fish were
intercrossed and embryos imaged during the segmentation period of development as described above, with
stacks acquired at 15 minute intervals. Autofluorescence and eGFP signals were separated with a 490 nm
long-pass dichroic mirror (Chroma) and further discriminated with 450/60 and 525/50 nm band-pass filters
(Chroma) respectively. For demonstrating excitation and spectral detection of a variety of fluorescent
protein variants within zebrafish embryos using ultrashort pulses, wild-type embryos were injected at the
1-cell stage with plasmid DNA containing a fluorescent protein gene (eBFP2, CFP, mOrange, and mRFP)
or a fluorescent protein fusion (citrine-H2B) under a cmv promoter resulting in mosaic expression
throughout cells of the embryo at 24 hpf. For acquiring spectral images of eGFP, the aforementioned
stable transgenic lines were used. Embryos were imaged at 24 hpf and fluorescent signals were collected

with the spectral detection scheme described in Section 2.

3.2.3 In situ hybridization and imaging NBT-BCIP with 3-D resolution

In situ hybridization was performed as previously described (21) for either krox20 or egfp mRNAs.
Embryos stained with NBT/BCIP and hydrated in PBS were mounted as described above and imaged in
the combined 2PM-OCM modality with an average power of 35 mW on the sample (not accounting for

scattering due to the agarose embedding), a pixel dwell time of 480 us and step size of 3 um.
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3.2.4 Image processing
Images were processed using custom Matlab routines and openly available image processing software
ImageJ and FIJI (171). 3-D, multi-channel reconstructions were rendered in V3D (172). Nuclear
segmentation from autofluorescence signal was performed manually.

Spectral unmixing was performed with custom Matlab routines that utilized spectral standards of
the components to be unmixed (obtained online from Invitrogen, Molecular Probes or measured

experimentally). The algorithm creates a set of fits, F(A), that are the linear weighted sum of n scalar

coefficients, ¢;, and 16 element reference spectra, R;(A), of n presumed constituents, as shown in Eq. (5)
F(2)= Y c.R(M) )
i=1

The solution is the set of positive coefficients that sum to 1 and produce a fit that minimizes the

mean squared error between the fit and measured spectra.
3.3 Results and discussion

3.3.1 Label-free imaging of embryonic tissues

To determine whether endogenous fluorescence could be used to image vertebrate development, we
imaged wild type zebrafish embryos free of exogenous labels with 10 fs pulses centered at 800 nm. The
zebrafish, also known as Danio rerio, is a well-characterized and established model organism especially

useful for time-lapse imaging analysis of developmental mechanisms (156).
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Fig 3.1 Label-free imaging of embryo and organ morphology with UPM. (A) Lateral view of a
volume rendering of endogenous signals excited by ultrashort pulses in a zebrafish embryo at 24
hours post fertilization (hpf), also referred to as the prim-5 stage. Image is the product of fusing 9
different volumes. (B-F) Optical sections of the same embryo detailing various forming organs
including (B) the eye, composed of the lens (1) and retina (r) (C) the developing otic cup (oc), (D)
different brain segments including the forebrain (fb), midbrain (mb), and hindbrain (hb) and
ventricular spaces (v), (E) trunk region including notochord (n) and blood islands (bi), and (F) more
laterally in the trunk region, myotome (m) or muscle segments. Scale bars are 100 pm.

We first examined embryonic development at the tissue level. At 24 hours post fertilization (hpf),
the major organ systems in zebrafish embryos have taken on a recognizable morphology according to the
basic vertebrate body plan, so we imaged a fixed embryo in its entirety using overlapping fields of view to
observe those features visible from endogenous fluorescence. The combined image rendered using FIJI

volume viewer is shown in Fig 3.1A.
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We observed strong autofluorescence signal from most tissues in the embryo and developing
structures were easily visible in optical sections including structures of the eye, ear, developing brain and
ventricular system, notochord, blood islands, and muscle segments (Fig 3.1B-F). These data illustrate that
ultrashort pulses efficiently excite autofluorescence from the constituent cells of the embryo such that the
morphogenesis of a wide variety of organ systems can be characterized quantitatively without the need for
exogenous labels. Such data will be useful for the re-emerging field of physical biology that seeks to
model the mechanical forces that give rise to embryonic shape (48, 173), and potentially connect these

forces to specific cell behaviors and patterns of gene expression.

3.3.2 Label-free imaging of individual cells and their movements

We were also interested to determine whether cellular autofluorescence signal was sufficient for tracking
individual cells, so we performed time-lapse imaging of the cranial region of zebrafish embryos during the
segmentation period, when neural crest cells are derived from the roof plate of the neural tube and migrate
to give rise to different structures and cell types in the embryo, including craniofacial cartilage and bone,
melanocytes, and peripheral sensory neurons (174). As seen in Fig 3.2A and B, these neural crest cells
generally originate from the dorsal side of the densely-packed neuroepithelium and migrate laterally and
ventrally into a less-dense mesenchyme outside the neural tube. In this mesenchyme, individual neural
crest cells were easily visible from autofluorescence signal and demonstrate that UPM could potentially be
utilized to track the dynamic migration of different populations of neural crest i.e. produce a high-
resolution neural crest fate map independently of exogenous cell labels.

We also decreased the field of view to match our digital resolution to the diffraction-limited
performance of the system to assess the possibility of imaging individual cells within the tightly-packed
neuroepithelium at 24 hpf. At this time in development, the neuroepithelium is a contorted tube, pseudo-
stratified with the apical side in contact with the brain ventricular system and the basal side facing
outward. Fig 3.2C shows a cartoon of this arrangement from a dorsal view, where the anterior portion of

the head is directed to the left. The neural tube has been segmented into morphologically distinct regions
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including the forebrain (fb), midbrain (mb), and hindbrain (hb). The boundary between the midbrain and
hindbrain is referred to as the midbrain-hindbrain boundary (MHB) organizer (the term organizer denotes
the importance of this region for correct development of structures in the midbrain and hindbrain such as
the tectum, tc, and cerebellum, cb, respectively). Fig 3.2C’ shows autofluorescence from an optical section
taken from this boundary region on the right side of the embryo. The large dark portion of the image in the
bottom left corresponds to the fluid-filled brain ventricle while other dark spots correspond to individual
cell nuclei. Fig 3.2C"’ is the same image inverted and marked to show the arrangement of individual cell
nuclei in yellow and the outline of the neuroepithelium in blue. We were able to image a unique region of
the epithelium at the boundary where a group of cells seems to have recaptured the character of a simple
one-layer epithelium with the nuclei aligned rather than staggered. This particular arrangement may
provide some structural support to the MHB constriction as the tectum and cerebellum rapidly develop on
either side. We have also observed that this group of cells can be identified as part of the wnt/ lineage
(see figure on p. 48). While there is a significant literature concerning the genetic basis underlying the
structure and specification of this region (175), there is relatively little known about how these genes
direct individual or collective cell behaviors that achieve this complex tissue architecture.

The autofluorescence signal we detect arises predominantly from pyridine nucleotides and flavins
found in the mitochondria and cytoplasm whose 2P excitation spectra have been measured (176). While
narrowband pulses can simultaneously excite key autofluorescence molecules NADH, NAD(P)H, FAD,
and lipamide dehydrogenase, we have not seen reports of these signals used to measure tissue morphology
and cell movements over time in embryonic development. It may be that for a given pulse energy,
ultrashort pulses provide a significant enhancement over conventional pulses such that the
autofluorescence is transformed from unwanted background noise to a label-free method to integrating the

cellular and tissue scale dynamics of development.
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Fig 3.2 Label-free imaging of individual cells and their movements with UPM. (A) For reference, a
cartoon of a dorsal view of the embryonic brain including the forebrain (fb), eye (e), neural crest
(nc), and midbrain (mb). Left-right symmetry can be assumed. The rest of panel A are optical
sections (x,y) depicting coordinated migration of neural crest cells in a low density mesenchyme
tracked during the segmentation period of development (t=0:00 is the 10 somite stage). Images were
rendered en face in this orientation (B) Cartoon depicting a transverse view of the embryonic
neural tube (nt). The rest of panel B are optical sections (y,z) of neural crest cells migrating lateral
to the neural tube. (C) Cartoon depicting morphology of the midbrain-hindbrain boundary (MHB)
at 24 hpf. (C’) Optical section of the area outlined in gray. At this stage, the neuroepithelium is
stratified and densely packed, but autofluorescence excited by ultrashort pulses can still be used to
identify individual cells. Nuclei, lacking endogenous fluorophores, remain dark. (C’’) Different
cellular organization in different brain compartments, such as the tectum (tc) and cerebellum (cb),
including a special non-stratified epithelium at the MHB. Scale bars are 100 pm.

3.3.3 Label-free imaging of pigmented cells

Melanocytes, derived from the multi-potent neural crest cell linage, have been a prominent model for the
study of cell differentiation and of the establishment of adult stem cell populations during development
(177). We have observed strong (10-20 fold stronger than cellular autofluorescence) 2P excited
fluorescence from melanocytes (commonly called melanophores in fish) as shown in a volumetric

maximum intensity projection in Fig 3.3A. Live embryos that were not treated to block melanin
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production were imaged at 24 hpf. We observed brightly fluorescing cells distributed throughout the
cranial region underneath the periderm displaying expected differentiated cranial melanocyte morphology
and positioning (174). Neural crest delamination and migration occurs with varying dynamics along the
anterior-posterior axis and, at a specific spatial location, neural crest may delaminate in temporally
sequential waves. For example, in the zebrafish trunk, at least two different temporal waves give rise to
neural crest migration along a medial and, later, a more lateral pathway (178). In the cranial region these
dynamics are not well characterized and could be significantly more complex.

Optical sections in Fig 3.3B-D reveal a striking population in the optic tectum localized at the
dorsolateral hinge points of the neural tube, which appear pigmented while still integrated in the neural
epithelium. This finding is unusual because melanocytes are generally thought to differentiate from
melanoblast precursors that have already delaminated from the neuroepithelium (179). Some neurons,
such as dopaminergic neurons, are known to be pigmented (180) but no pigmented neurons have been
reported in this region of the optic tectum in zebrafish. One interpretation of this data is that ultrashort
pulses provide significantly more sensitive detection of melanin than can be achieved with standard light
microscopy and that, at least for a sub-population of melanocytes, differentiation occurs prior to or during
the epithelial-to-mesenchyme transition. Efficient 2P excitation of melanin using conventional pulses and
resulting in bright fluorescent signals has been reported in cell culture (181) and in a concentration
dependent manner in vivo (182). It would be interesting to use a combination of autofluorescence and
melanin fluorescence to track the origin and eventual fate of this unique population, although the
overwhelming melanin signal would impede the addition of any fluorescent protein gene reporters

simultaneously.
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Fig 3.3 Label-free imaging of melanocytes and other pigment cells. (A) Dorsal view of a three-
dimensional maximum intensity projection of the embryonic zebrafish brain at 24 hpf. At this stage,
cells derived from the neural crest have differentiated into melanocytes in a characteristic pattern in
the cranial region. A strong signal (4-5 fold brighter than tissue autofluorescence) excited by
ultrashort pulses matches this characteristic pattern. (B-D) Optical sections (B — lateral, C - dorsal,
D - transverse) from volume in A also reveal a population of pigmented cells in the neural
epithelium that is localized at dorsolateral hinge points in the tectal primordium. Cells appear to be
undergoing an epithelial-to-mesenchyme transition. Scale bars are 100 pm.

3.3.4 Time-lapse imaging of genetically labeled cell lineages

We next demonstrated imaging the dynamics of a genetically labeled cell lineage simultaneously with
morphogenetic events in the embryonic brain. Stable transgenic embryos expressing eGFP under the
control of regulatory elements from the wnt/ gene were imaged during segmentation over a period of 12-
13 hours. During segmentation, wnt/ is expressed in the midbrain and at the MHB and is important for
proper development of the region. In mice lacking Wntl, the entire midbrain and hindbrain region (known
as mes/r1) is deleted (18). In zebrafish, other Wnts have redundant roles to wntl, however, loss of these
Whnts in combination also results in the deletion of midbrain and hindbrain structures (20, 21). Thus, wntl

has an important role in the specification of these embryonic brain tissues.
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Morphogenesis of the MHB region imaged with UPM progressed in step with previous reports
(183). We show in Fig 3.4 the dynamics of the wnt/-expressing lineage in this complex structural
environment of the mes/r1 region. When the MHB is initially formed, genetic determinants from either
side of the boundary initially overlap and their expression subsequently sharpens. This sharpening
coincides with the development of a morphologically visible constriction at the boundary by the 10-somite
stage (t=0:00). We observe eGFP positive cells in the hindbrain at this stage whose fluorescence gradually
diminishes, suggesting that the boundary sharpens at least in part when cells alter their pattern of gene
expression in response to a still undetermined mechanism of spatial identity acquisition. At t=0:00 we also
observe the wntl lineage to have a longer extent along the anteroposterior axis in the dorsal neural tube
than in ventral neural tube and find that this arrangement persists throughout the periods of segmentation
and ventricle formation, suggesting this initially labeled lineage is proliferative but relatively stationary
along the anteroposterior axis within the neuroepithelium. Intensity of the eGFP signal increases over time
in cells at the boundary itself and anteriorly along the dorsal midline up to the epiphysis, indicating
continuous production of reporter transcripts in these regions, which continue to express wntl. At t=3:53
we also captured the epithelial-to-mesenchyme transition of a portion of the wnt!/ lineage comprising
neural crest cells, marked by arrowheads. After time-lapse imaging concluded, we observed disfiguration
of the tail and slight edema as expected when immobilizing zebrafish embryos with a combination of
tricaine and agarose (184), but otherwise embryos continued to develop normally through larval stages.

Photobleaching by ultrashort pulses appears to be minimal as sub-populations of the wnt! lineage
that have stopped transcribing the wnt! reporter (as indicated by in situ hybridization at previous stages)
can be tracked for several hours despite the dilution of available eGFP molecules by cell division. As
mentioned previously, ultrashort pulses do not appear to cause undue stress to the developing embryo as
evidenced by normal morphological progression of the irradiated region of the embryo throughout the
period of imaging and up to 7 days later. However, in the future it may be prudent to assess the damage
threshold for these organisms using ultrashort pulses similar to what has been reported for Drosophila

(185). Using a combination of markers including lethality, necrosis, and TUNEL staining, Saytashev et al.
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showed that for a given signal level, shorter pulses (37 fs) resulted in less thermal damage and fewer DNA

strand breaks than longer pulses (100 fs).

isometric
section

Fig 3.4 Imaging genetically labeled cell lineages in their morphological context. First panel shows a
cartoon of the region of the brain depicted in subsequent three-dimensional maximum intensity
projections from a time-lapse experiment on a stable transgenic line expressing eGFP protein under
the control of a wntl regulatory element. Time-lapse follows the midbrain (mb) and hindbrain (hb)
region during the formation of the midbrain-hindbrain boundary (mhb) constriction and brain
ventricle formation. t = 0:00 corresponds to the 10-12 somite stage, when the neural tube is still
closed. The wntl population (green) is tracked with three-dimensional resolution alongside the
dramatic reorganization of neural morphology visible by autofluorescence (white). Arrows point to
the migration of neural crest cells that are derived from a wntl lineage. Scale bar is 100 pm.
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3.3.5 Imaging a variety of labels with a single pulse source

To demonstrate the potential for capturing the dynamics of multiple fluorescently labeled genetic lineages
simultaneously during embryonic development, we obtained several fluorescent protein variants and
expressed them mosaically in independent zebrafish embryos through transient transgenesis. These
embryos were imaged at 24 hpf using our home-built 16-channel spectral detector spanning 350 to 630 nm
for capturing 2PF signals. For each pixel in a 2-D image or voxel in a 3-D image, a 16-channel lambda
stack is acquired from live embryos. The average of the spectral profile for different regions in the
embryos was compared to delineate autofluorescence contributions (acquired from areas of the embryo not
expressing the injected fluorescent protein variant) and spectral signatures from eBFP2, CFP, eGFP,
citrine, mOrange, and mRFP. Except for eGFP, the amount of plasmid injected was the same for each FP
variant, thus, the relative intensity of fluorescent protein to autofluorescence can be interpreted using the
2P overlap integral among the variants with our two-photon excitation power spectrum as in Eq. 3. As
expected for pulses centered at 800 nm, the overlap appears to be more significant for blue variants than
for red, as seen in Fig 3.5, although other red variants such as TagRFP1 (186) have been reported to have
a significant 2P action cross section near 800 nm and thus may be better suited for this application. These
spectral signatures show that we can indeed efficiently excite a wide spectrum of fluorescent protein
variants simultaneously, as all spectra were obtained with the same un-tuned ultrashort pulses. Once a
suitable transgenic line is created, it may then be possible to image the dynamics of up to five different

genetically labeled lineages.
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Fig 3.5 Excitation and spectral detection of fluorescent protein variants transiently expressed in
zebrafish embryos. The first panel shows a representative image from an embryo mosaically
expressing a fluorescent protein variant (citrine-H2B in this case, segmented and superimposed in
yellow). The dotted line represents the embryonic midline, and boxes show area from which pixel-
by-pixel 16-channel spectra have been summed. Subsequent graphs show the spectral data from
embryos injected with different variants, spanning a range from blue to red fluorescent proteins.
One spectral profile obtained from a region of the embryo with little or no exogenous label (black
line) is compared to an area where the injected fluorescent protein is present (appropriately colored
line). The autofluorescence (AF) contributes a broad and somewhat indistinct spectral profile while

peaks from individual fluorescent proteins are readily identifiable at their expected locations. Scale
bar is 50 pm.

To demonstrate the potential to accurately delineate these simultaneously excited overlapping
spectral emissions, we performed spectral time-lapse imaging with simultaneous excitation of closely
overlapping eGFP and citrine (a yellow fluorescent protein) emissions and separated them with linear
unmixing. The unmixing algorithm assumed three constituents, 1) autofluorescence 2) eGFP and 3)
citrine. Autofluorescence reference spectra were measured directly from wild-type embryos while eGFP
and citrine reference spectra are available online (Molecular Probes, Invitrogen). The stable transgenic line
marking the wnt! lineage with eGFP was injected with plasmid DNA encoding citrine-H2B at the one-cell
stage resulting in differential distribution of these two fluorescent markers across the MHB at 24 hpf.
Summed images are shown in the top row of Fig 3.6. Individual cells on either side of the boundary were

tracked (green and yellow arrowheads) and their spectral profiles unmixed revealing the expected higher
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levels of eGFP expression in the cell tracked in the midbrain (bottom row) compared to cell tracked in the
hindbrain (middle row) reflected by the respective areas underneath the unmixed eGFP reference profile.
Within the neuroepithelium, cells undergo interkinetic migration that is characterized by cell and nuclear
movements between the basal and apical surfaces with cell division occurring at the apical side. It would
be interesting to determine whether the fluorescence contribution from the citrine-H2B fusion protein,
which labels nucleosomes, could be quantified as a means to track cell cycle dynamics. Intensity from the
marker would presumably fluctuate as nuclear chromatin replicates and subsequently condenses prior to

chromosome segregation.
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Fig 3.6 Spectral unmixing of overlapping fluorescent spectra from live cells at the MHB. Stable
transgenic embryos expressing eGFP in the wntI lineage were injected at the 1-cell stage with
plasmid DNA containing a citrine-H2B fusion protein to mosaically mark inividual nuclei. Top row
shows summed spectral image and arrowheads point to cells tracked in the midbrain (green
arrowhead) and hindbrain (yellow arrohead). The spectral profiles of these cells were unmixed by
varying weighting parameters for a linear sum of reference spectra (solid curves) to minimize the
mean squared error between the proposed fit (dotted line) and measured data (solid line). Scale bar
is 50 pm.
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3.3.6 Imaging in situ hybridization with 3-D resolution

Having established that the broad 2P power spectrum of ultrashort pulses is useful for integraing
molecular, cellular, and morphogenetic information in live organisms over time, we sought to take
advantage of the short coherence length of such pulses to provide complementary data on mRNA
transcript localization. Though fluorescent staining can be employed for transcript detection and confocal
or 2PM used to image transcript localization with 3-D resolution, such protocols are notoriously fickle to
the degree that many develomental biologists continue to use the more classical chromogenic precipitate,
NBT/BCIP. There have been reports both of confocal imaging based on backscattering (187) and a deep
red fluroescence emission (188) from NBT/BCIP for determining transcript localization in 3-D. While we
were not able to detect NBT/BCIP excited with our ultrashort pulses centered at 800 nm, we were able to
detect backscattered light with OCM. Simultaneous 2PM imaging of tissue autofluorescence, which is
significantly quenched by NBT/BCIP, can be used to highlight domains of NBT/BCIP staining as shown
in Fig 3.7A-D. Fig 3.7A shows NBT/BCIP staining marking the location of krox20, which is expressed in
rhombomeres 3 and 5 in an easily distinguisable pattern. Fig 3.7B shows the quenching that occurs in that
region. Fig 3.7C shows the OCM signal from both the tissue and NBT/BCIP stain. The overlay, shown in
Fig 3.7D, highights regions stained by NBT/BCIP (low autofluorescence and high OCM signal) in red,
while tissue architecture (marked by comparable OCM and autofluorescence signal) is shown in green to

yellow.
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Fig 3.7 Imaging gene expression domains with multi-modal UPM. (A) Light microscopy image of an
in situ hybridization where the expression domain of the krox20 gene is marked by NBT/BCIP
staining (arrowheads). Combined 2PF-OCM from this embryo shows that NBT/BCIP quenches
tissue autofluorescence (B) while it enhances scattering detected by OCM (C). When these signals
are combined (D), the NBT/BCIP positive domains are marked by red, while the rest of the tissue is
visible as either green (low OCM signal in tissue relative to autofluorescence) to yellow (comparable
OCM signal in tissue relative to autofluorescence). (E-G) Optical sections of combined 2PM-OCM
using ultrashort pulses from the midbrain-hindbrain boundary, showing where egfp transcripts are
present in NBT/BCIP stained embryos with 3-D resolution. Sections correspond to placement of
cross-hairs. (E) En-face rendered image dependent on lateral resolution. Transcripts are localized
to the MHB (F — transverse, G - lateral). Optical sections dependent on axial resolution. Asterisks
point to characteristic lessening of staining intensity in the basal portion of the neural tube at the
MHB. Arrow points to NBT/BCIP staining in the most ventral portion of the neural tube, at a depth
of about 180 pm. (H) Three-dimensional maximum intensity projection of the same data set as E-G.
Scale bars are 50 pm.

To demonstrate how this OCM technique can be used to complement 2PM data, we performed
ISH to detect egfp transcripts in the stable transgenic line where eGFP is driven by wnt! enhancer
elements and imaged those embryos with combined 2PM-OCM at 24 hpf (Fig 3.7E-H). Comparing the

distribution of egfp transcripts versus eGFP protein revealed that a substantial portion of the wntI lineage

53



stopped expressing the wnt! reporter, as suggested by tracking eGFP protein signal over time. Although
this type of analysis can only be performed for a single time point in a given embryo, it will be useful for
characterization of the genetic networks governing cell fate decisions during embryogenesis, as they

involve not only the turning on of certain genes, but also the silencing of others.

3.4 Conclusion

We have provided both theoretical arguments and data in favor of the use of ultrashort pulses for imaging
the dynamic multi-parameter mechanisms of embryonic development that begin at the molecular scale and
culminate in the shaping of an entire organism. In particular, we have shown 1) the ability to image tissue
morphogenesis and individual cells and their movements within developing embryos from intrinsic
autofluorescence i.e. label-free, 2) the ability to simultaneously track tissue morphogenesis and genetically
labeled cell lineages, 3) the ability to excite a wide range of fluorescent protein markers simultaneously for
tracking multiple genetically labeled lineages in their morphological context, and 4) the ability to image
mRNA transcript localization marked by NBT/BCIP staining with 3-D resolution. These capabilities,
summarized in Fig 3.8, are available with a simple implementation for dispersion control, double chirped
mirrors which are relatively easy to align and produce less unwanted third-order dispersion (TOD) than
prism pairs (189).

In reality, it is highly unlikely we have achieved the theoretical enhancement predicted for
transform limited pulses. It will be interesting in the future to implement more sophisticated pulse control
methods for managing TOD and other sources of propagation time delay such as MIIPs pulse shaping
(190), MEMs (191), or a grating/prism compressor (192) that could be used to tune second and third order
dispersion simultaneously. Such improvements may be used to more precisely account for varying
imaging conditions and biological samples, further increase imaging speed, or if needed, decrease

irradiation to the embryo while maintaining the same signal level.
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Fig 3.8 Integrated imaging of multi-scale embryonic development using multi-modal UPM. Left
diagram depicts the components that drive embryogenesis in a dynamic, responsive manner. Right
diagram highlights the components that can be visualized simultaneously with multi-modal UPM.
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4. COMBINED LINEAGE MAPPING AND EXPRESSION PROFILING WITH UPM

It cannot be overstated enough that embryonic development is a thoroughly dynamic process, in which a
combination of proliferation and programmed death, morphogenetic choreography and individual
migrations, genetic programs and environmental influences intersect to grow a single cell into a living
organism. Attempts to understand the interactions of these varying processes have driven advances in
imaging and labeling techniques, with a push toward multi-dimensional approaches (1). However, despite
recent advances in in toto microscopy techniques, the imaging of morphogenetic movements with their
underlying gene expression remains to be demonstrated. Here, we describe the development and
application of a method for combined lineage mapping and genetic profiling of tissues in the embryonic
brain using integrated 2-photon excited fluorescence-optical coherence microscopy (2PF-OCM) with sub-
10-fs pulses, which we have termed Ultrashort Pulse Microscopy (UPM), and image registration. Our
approach to combine data from lineage mapping and in situ hybridization into the same context of live
embryo morphology provides a new and more comprehensive analysis of dynamic changes during

vertebrate brain development.

4.1 Background

4.1.1 Lineage mapping and fate specification

Lineage mapping techniques are used to find the dynamic address (time, place) from which specific fates
(identities) arise during embryogenesis. These techniques require two capabilities: i) a method to label
progenitor cells so their lineage can be subsequently traced and ii) an instrument to visualize the marked
lineage within the embryo. Having only a light microscope available, some of the first lineage mapping
experiments were performed by combining embryos from different color newts, so the tissues arising from

the donor embryo would be easily distinguishable by eye (142). With the advent of fluorescence
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microscopy, several other labeling strategies have been devised, including manual injection of fluorescent
dyes, photoactivatable fluorophores (193), and transgenic strategies utilizing fluorescent proteins (108).
Transgenic strategies that rely on gene-specific enhancer elements to drive transcription of
reporter genes, such as GFP, mark a lineage only once that specific gene is turned on. Thus, the lineage
map gains an additional dimension of data, the role of particular gene of interest in embryogenesis. For
mapping, however, a reporter necessarily must remain present in the lineage (unless the lineage is
characterized in foto), either by means of unconditional activation (194) or by reliance on a lengthy half-
life of the reporter transcript and/or fluorescent reporter protein (195). As a consequence of this stability,
when a gene is transiently expressed, the reporter’s presence no longer reflects the current activity of the
gene of interest within its initially marked lineage. Transient gene expression arises as a normal part of
development, as tissues are specified by both activation and repression of genes. Thus, this approach to
lineage mapping reveals the unique pathway of gene activation through which a population of
differentiated cells has journeyed, but does not necessarily reveal gene expression dynamics or the unique
set of genes that continue to be expressed in a particular cell type. In addition, while fluctuations in the
intensity of a reporter are quantifiable, interpreting these fluctuations as changes in gene expression levels
can be difficult for several reasons, including a lack of characterization of the dynamics of reporter protein
maturation and degradation, dilution of the reporter protein by cell division, and potential photobleaching,
all processes that contribute to the amount of fluorescent protein in a cell at any given time. Yet,
understanding both this history of gene expression and the genes actively expressed by a particular cell

type will be important for understanding the regulatory networks governing specification (196, 197).

4.1.2 Imaging NBT/BCIP localization

In contrast to reporter protein lineage mapping, whole-mount in situ hybridization (ISH) can be used to
visualize endogenous mRNA transcripts in embryos, reflecting the most current gene expression profiles
of developing tissues. Because this technique requires fixation, however, it is not suitable for subsequent

temporal analysis of the genetic profile in the same embryo. Rapidly maturing and unstabilized fluorescent
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protein reporter variants can be used to better reflect dynamic changes in gene expression in live embryos
compared to a stable lineage reporter (198), however, ISH is inherently more sensitive to gene expression
and remains the gold standard for such analysis.

Chromogenic and fluorogenic approaches to ISH are common, but light microscopy of dark
purple NBT/BCIP stain remains one of the most robust and widely used visualization methods for ISH in
developmental biology laboratories. Unlike fluorogeneic ISH, chromogenic ISH with NBT/BCIP has not
been utilized as broadly for 3-D imaging, but several reports have shown NBT/BCIP can be imaged with
3-D resolution. Confocal reflectance microscopy has been used to image NBT/BCIP staining in 3-D (187),
and previously unknown red fluorescence of the stain has also been characterized (188). As OCM, like
confocal reflectance microscopy, relies on detecting backscattered light from biological samples (138), we
have investigated its potential in combination with 2PF as another useful technique to image NBT/BCIP

with 3-D resolution.

4.1.3 Data registration using morphological landmarks
Since lineage reporters can be imaged live, but precise domains of gene expression can be imaged only
after fixation, to compare these data to each other requires image registration, even when they are acquired
from the same embryo. Much work has been done to develop registration techniques for medical images
acquired by modalities such as CT, MRI, PET, and ultrasound (199-201) that has been recently extended
to microscopy images (202-204) including 3-D images of model organism embryos (205). Specifically,
nonrigid or elastic registration techniques (206) have been of interest for correcting motion or pressure
artifacts from live imaging for diagnostics and image-guided intervention (207, 208), merging data sets
acquired from different samples to generate virtual models and atlases (69), and, as in our present case,
merging data sets obtained from the same sample under different conditions and with different detectors
(209).

The ideal registration tool for this application will be familiar to the biology community, will be

open-source, may be operated cross-platform, will perform registration on 3-D image stacks, and will
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require minimal computational time. One such tool is found in the image processing software package
FIJI, an extended version of ImageJ, with a system for review and submission of custom plugins (171).
The plugin “Name Landmarks and Register” allows users to easily mark correspondences in two data sets
and register one onto another. Both rigid and nonrigid registration can be performed with this plugin, but
as there were considerable deformation between our data sets, we chose to apply and evaluate a nonrigid
registration algorithm based on thin-plate splines, radial basis functions that model a thin metal sheet
(210). To interpolate deformations, chosen landmarks were constrained to perfect correspondence and,
away from these landmarks, the transformation minimized the “bending energy” of the metal sheet. This
approach has the advantage of requiring relatively few landmarks, resulting in tractable computation
times, and has been widely applied to study neuroanatomy (211-213), and thus should be suitable for

registering gene expression data onto live lineage tracing data in the early zebrafish brain.

4.1 4 Midbrain-hindbrain patterning

Nervous system patterning may be a particularly suitable biological system for combined lineage mapping
and fate profiling analysis. During segmentation, the divisions of the early brain are marked by unique
expression of genes overlapping at presumptive boundaries that are subsequently refined to sharp abutting
domains of gene expression. Concomitantly, the early brain also begins to develop its complex
morphological architecture. Once the final architecture is roughly in place, specific neurons then mature in
their respective regions. The process is highly dynamic — gene expression and tissue architecture are
constantly changing the environment of a cell, with each unique environment resulting in unique cell
types.

In particular, the midbrain and hindbrain of vertebrates are patterned by a conserved organizing
center called the midbrain-hindbrain boundary (MHB), or isthmic organizer, and these tissues collectively
are known as the midbrain-hindbrain domain (MHD) or mes/r1 (175). In zebrafish, within mes/r1, the
midbrain and the anterior hindbrain give rise to the optic tectum and the cerebellum, respectively, each

developing on either side of a constricted ring of cells. While the identity of the genes important for the
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formation of this organizer and subsequent tissue specification has been elucidated with gain and loss of
function experiments in vivo, the precise roles and relationships of these genes have not yet been
uncovered. Dynamic characterization of changes in gene expression in 3-D correlated with
morphogenesis, however, could reveal important relationships between these regulatory networks and
MHD development.

The MHB is positioned by overlapping expression of the homeobox genes o7x2, expressed in the
anterior neural plate, and gbx/ in the posterior neural plate. wat! is first expressed in zebrafish during
gastrulation in the presumptive midbrain of the neural plate epithelium, and like o#x2, also initially
overlaps the presumptive anterior hindbrain. During neurulation, convergence/extension movements cause
the neural plate to lengthen and thicken into the neural keel and the otx2 and gbx1/2 domains become
exclusive by an unknown mechanism. By the end of segmentation, within mes/r1, wntl expression also
recedes anteriorly to the MHB, becoming confined to a small ring of cells around the neural tube at the
posterior limit of the midbrain and a group of cells positioned along the dorsal midbrain. Here we used a
fluorescent protein reporter for wntl as a method to track lineages across the MHB and compared this to

gene expression data for insight into how the boundary is sharpened.

4.2 Materials and methods

4.2.1 Generation and maintenance of transgenic zebrafish lines, in situ hybridization, mock in situ
hybridization, and immunohistochemistry

Fish care and maintenance were performed according to standard protocols (169). The stable transgenic
line Tg(wntl:eGFP) has been described elsewhere (170). Briefly, a transgene construct was generated with
an upstream 110 bp, major evolutionarily conserved (214) wntl enhancer region driving eGFP expression
and injected into wild type embryos at the 1-cell stage. Parent lines were crossed and the expression
patterns of identified founders were compared to endogenous wntl expression at bud stage, mid-

somitogenesis, and 24 hours post fertilization (hpf). The reporter construct recapitulates the spatiotemporal
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expression of wnt/ within the MHD. ISH was performed as previously described (21) using NBT/BCIP
(Roche, Indianapolis, IN). To minimize morphological distortions, embryos were never dehydrated in
MeOH for storage.

To compare GFP protein distribution before and after fixation and ISH, embryos were imaged
live with our UPM system at 24 hpf and immediately placed in 4% paraformaldehyde at 4°C and left
overnight. Embryos were washed in PTW 3X for 5 minutes and, to protect the antigenicity of the GFP
protein against heat denaturation (215), incubated in 150mM Tris-HCI at pH 9.0 for 5 minutes and heated
to 70°C for 15 minutes. Embryos were washed again in PTW 3X for 5 minutes and mock ISH was
performed exactly as a standard in situ hybridization, but no probe was used. For subsequent
immunodetection of GFP, embryos were blocked in 1% BSA in PTW for 1 hour at room temperature and
incubated with 1:100 Rabbit anti-GFP primary antibody (A-11122, Invitrogen, Life Technologies
Corporation, Grand Island, NY) overnight at 4°C. Embryos were then washed in PTW 6X for 20 min and
blocked again in 1% BS in PTW for 1 hour at room temperature and incubated with 1:50 Alexa Fluor 488
goat anti-rabbit secondary antibody (A-11008, Invitrogen) overnight at 4°C. After washing again 6X for

20 min in PTW, embryos were washed 3X for 5 min in PBS and re-imaged with our UPM system.

4.2.2 Time-lapse 2PF imaging

For time-lapse imaging, Tg(wntl:eGFP) embryos were intercrossed and maintained at 25°C with 0.003%
(w/v) phenylthiourea to prevent melanization until the 10 somite stage, when they were dechorionated and
mounted in a dorsal orientation in 1.2% low melt agarose in a 2-3 mm deep well constructed from 1.2%
standard agarose using a p200 tip (to allow room for tail growth). During imaging, embryos were
maintained at 27°C using a temperature controller (Cole Parmer, Vernon Hills, IL) in a feedback loop with
a heating pad placed underneath the embryo (Omega, Stamford, CT) and thermocouple (Omega) placed in
the embryo medium which contained 200 mg/L tricaine. Z-stacks were acquired every 30 minutes at a step
size of 3 um with a pixel dwell time of 488 us using a 20X objective with 1.0 NA (Carl Zeiss, Thornwood,

NY) and 40 mW of power.
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The UPM system has been described in previous sections. Briefly, sub-10-fs pulses from a
passively mode-locked Ti:Sapphire oscillator (800 nm center wavelength, 133 nm full-width half
maximum) were pre-compensated with dispersion compensating mirrors (GSM 270, Femtolasers) and
coupled by a galvanometer driven x-y scanner (Cambridge Technology, Cambridge MA) into an upright
microscope (Axioskop2 MAT, Carl Ziess). The beam was directed by a 635 nm short pass dichroic mirror
(Chroma, Bellows Falls, VT) through the imaging objective to the sample. Autofluorescence and eGFP
signals were collected through the imaging objective and separated using a 490 nm long-pass dichroic
mirror, further discriminated with bandpass filters (450/60 nm for autofluorescence and 525/50 nm for
eGFP) (Chroma), and detected with PMTs (Hammamatsu. Bridgewater, NJ). Data acquisition was

controlled with custom LabVIEW software (National Instruments, Austin, TX).

4.2.3 2PF-OCM imaging

For 2PF-OCM imaging after ISH, embryos were mounted in agarose the same as for time-lapse imaging
except for samples cleared with glycerol, for which a coverslip was placed over the well containing the
embryo and coupled to the water immersion objective with PBS. In the 2PF-OCM setup, a 5%
beamsplitter introduced in the path of the beam of the UPM system described above created a Michelson
interferometer in which the sample and reference beams were recombined, coupled into a single mode
fiber and sent to a home-built spectrometer that has been described in previous sections for Fourier domain
detection. Z-stacks were acquired with a step size of 3 um using a 40X, 0.8 NA objective (Carl Zeiss), and
OCM images generated by integrating the FFT of the spectral interferogram acquired for each pixel as
images were rendered en face simultaneously with 2PF collection. Pre-compensation of the sub-10-fs

pulses was adjusted to account for the beam splitter and 40X objective.

4.2 4 Image processing and registration

Image stacks (256 x 256 x 60 voxels) were scaled in FIJI to account for different sampling along the in-

plane dimensions versus the axial dimension, so that each voxel was equivalent to 1.6 x 1.6 x 1.6 um®.

62



Stacks obtained of the MHD region of developing embryos were rotated in FIJI to an optimal orientation
in which the entire dorsoventral axis of the MHB constriction was aligned parallel to the z-axis. This
standard orientation ensured that measurements taken from the same embryo over time, or from the same
embryo imaged under different conditions, were repeatable. Multi-channel and multi-modal 3-D
renderings were created in V3D, known now as Vaa3D (172, 216).

OCM images contained contrast from both the embryonic tissue and from the NBT/BCIP stain.
To produce images exclusively of gene expression domains marked by the deposition of NBT/BCIP stain
from combined 2PF-OCM, we took advantage of quenching of embryonic tissue autofluorescence by the
NBT/BCIP precipitate. First, we measured the average value of the signal from the tissue in regions where
no NBT/BCIP was expected in both the 2PF and OCM images. We normalized the intensity of tissue in
the 2PF image to the intensity of the tissue in the OCM image and subtracted it from the OCM image in
order to subtract the contribution from the embryonic tissue and isolate the NBT/BCIP signal. Since the
autofluorescence was quenched in regions where NBT/BCIP was deposited, values subtracted from the
OCM image were much lower in these regions, additionally enhancing the contrast.

Processed post ISH image stacks of NBT/BCIP marked gene expression were registered to image
stacks of GFP marked lineage using the mutual morphological information in each stack from tissue
autofluorescence with the “Name and Register Landmarks” plugin in FIJI. Global accuracy of registration
was evaluated by manually segmenting the neuroepithelium in each transverse section of the 3-D data
along the anteroposterior axis, converting these to a black and white image, and calculating an overlap
coefficient defined as the ratio of the sum of the intersection of the transformed image and the live
template image divided by twice the sum of the live template image. Local accuracy was determined by
comparing the alignment of the peaks of GFP from anti-GFP immunostained embryos post mock ISH

registered to live Tg(wntl:eGFP) embryos along the dorsoventral axis.
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4.3 Results and discussion

We combined lineage mapping and gene expression profiling using 2PF-OCM and image registration to
study the formation of the MHB constriction with the approach shown in Fig 4.1. We hypothesized that
distinct midbrain and hindbrain compartments are created by changes in gene expression within lineages at
the MHB. To test this hypothesis, we quantified the dynamics of wntI enhancer driven GFP signal in
mes/rl during the segmentation period and registered the end point with a subsequent ISH for wnt/
mRNA. We also used 2PF to quantify the effects of fixation and ISH on mes/r1 morphology and the
accuracy of registration. We found this approach provided a good approximation of the 3-D distribution of
a particular genetic lineage compared to the subset of the lineage still actively expressing the gene of
interest, within the context of live brain morphology, and that the subset of the wnt/ lineage found initially
in the hindbrain behaved differently depending on its dorsoventral position in the neural tube to sharpen

the MHB.

4.3.1 MHD morphogenesis and mapping the wntl lineage with time-lapse 2PF

We utilized the broad power spectra of 10 fs pulses, compared to those used in conventional 2PF (129), to
image the MHD of embryos from mid-somitogenesis to early pharyngula stages in order to capture the
dynamics of neuroepithelium morphogenesis and the wnt! lineage. As a control to measure whether this
imaging regimen affected normal development, transgenic and wild type embryos were imaged under the
same conditions and allowed to develop until the swim bladder had inflated at 5 days post fertilization
(n=3/3). No apparent damage was observed, apart from mild edema from extended exposure to tricaine
and restricted growth of the tail from embedding in agarose similar to what has been previously reported

(184). For combined 2PF-OCM, embryos were immediately fixed after time-lapse imaging.
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Fig 4.1 Combined lineage mapping and expression profiling. Using a combined 2PF-OCM system
utilizing ultrashort pulses, complementary data sets of the spatial distribution of a genetic
fluorescent protein (FP) reporter used as a lineage tracer and regions of active gene expression
(mRNA stain) are collected from the same embryo live and post-fixation, respectively. Subsequent
co-registration of the data using morphological landmarks from the neuroepithelium
autofluorescence (AF) enables direct comparison of the active and historical gene expression profiles
of a particular cell lineage in a live morphological context.

We set the initial time point, t=0:00 at the 12 somite stage (ss), when the MHB is
morphologically visible, but the neural keel is closed along the anterior-posterior axis (Fig 4.2A, t=0:00),
and acquired 180 wm z-stacks with a step size of 3 um approximately every half hour. Fig 42A shows
three views of this progression, a dorsal section (D) through the center of the neural keel at the MHB, a
transverse section at the MHB constriction (T), and a lateral section lateral to the midline (L). The
hindbrain ventricle opens first, initiating at the roof plate and extending ventrally while the neural keel of
the midbrain and MHB remains closed (Fig 4.2A, t=1:22). Subsequently, the midbrain vesicle opens while
the neural keel/tube remains shut at the MHB constriction (Fig 2A, t=2:02) until it opens at t=3:13, and the
constriction becomes more pronounced, giving rise to the primordia of the tectum and cerebellum in the
midbrain and hindbrain respectively (Fig 4.2A, t=7:34). This sequence of events is in correspondence with

what has been previously reported (217) and further demonstrates the viability of embryos imaged with
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2PF using sub-10-fs pulses over long periods of time. We also observed the retraction of fine cellular
processes during ventricle formation, marked by an arrow in Fig 4.2A (t=3:13) in both midbrain and
hindbrain formation, as has been previously shown (217).

Within this evolving architecture of the embryonic brain, the wnt/ lineage is marked by the
expression of a reporter GFP molecule under the control of a wnt/ enhancer such that once the wntl gene
is activated in a cell, that cell and its progeny will remain fluorescent for the lifetime of the GFP proteins
that were generated, even if wntl expression ceases. Thus, all cells in the embryo that have expressed wnt!
under the control of this enhancer are marked by GFP for >24 hours (218) and we simultaneously
followed this lineage throughout somitogenesis.

We quantified fluorescence intensity profiles of the wnt/ lineage from the neuroepithelial tissue
in dorsal and ventral regions of the embryo using the freehand line tool, allowing us to profile the same
tissue over time despite dramatically changing morphology. At t=0:00, the wnt! lineage extends into the
anterior hindbrain as shown by the position of the bars in Fig 4.2A and quantitatively in Fig 4.2B,C. As
development progresses, cells in the midbrain just anterior to the sharpening physical constriction build up
increasing amounts of GFP protein regardless of dorsoventral position in the neural tube (-50 to O um, Fig
4.2B,C). In the dorsal midbrain neuroepithelium, the lineage proliferates at a higher rate than in nearby
tissues (217), possibly contributing the bowing of the developing tectal lobes, as the overall length of this
domain increases (Fig 4.2B) despite its confinement to the same space along the anterior-posterior axis
(bars, Fig 4.2A). In the anterior of the dorsal midbrain neuroepithelium, reporter intensity increases at the

presumptive epiphysis, (-250 to -300 um, Fig 4.2B) a sensory region involved in circadian rhythms.
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Fig 4.2 wntl lineage mapping during morphogenesis using time-lapse 2PF indicates different
mechanisms for boundary refinement depending on dorso-ventral position in the neuroepithelium.
(A) Dorsal, lateral, and transverse sections of the wntI lineage in the developing midbrain-hindbrain
domain (MHD) over time. As the midbrain-hindbrain boundary (MHB) forms dividing the
midbrain (mb) and hindbrain (hb) primordia, the hindbrain ventricle (hbv) opens first, followed by
the midbrain ventricle (mbv) that are subsequently connected by the opening of the isthmus region
(asterisk). Cellular processes retract during ventricle formation (arrowhead). By +7:34, regions that
will develop into the optic tectum and cerebellum are clearly morphologically distinct. Bars indicate
the wntl lineage within the neuroepithelium is stationary in the A/P direction. A portion of the wntl
lineage in the midbrain undergoes epithelial-to-mesenchyme transition at +7:45 (not shown). Scale
bar = 100 ym. (B) Quantification of reporter fluorescence intensity changes from dorsal and ventral
regions of the MHD over time shows steady increase of reporter intensity just anterior to the MHB
(0 to -30 xm) within the midbrain as well as more anteriorly near the epiphysis (dorsal plot, -200 to -
300 pm). Intensity within the midbrain and hindbrain are slowly (dorsal, asterisk) or sharply
(ventral) decreasing.
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In the dorsal hindbrain neuroepithelium, reporter intensity fluctuates and appears to decrease
slightly by 24 hpf (asterisk, 0 to 100 um, Fig 4.2B). We measured similar dynamics in the ventral
midbrain neuroepithelium, however, in the ventral hindbrain neuroepithelium, the reporter fluorescence
drops sharply over time (0 to 100 um, Fig 4.2C).

Measurable changes in intensity of reporter fluorescence can be due to the combination of several
independent factors. Continuing transcription would contribute to an increase in fluorescence intensity, as
can be seen in the wnt/ lineage just anterior to the MHB and in the presumptive epiphysis. In these tissues,
we can conclude that wnt/ remains actively expressed if the activity of the native and reporter mRNA
transcripts are similar. Unchanging or decreasing reporter intensity is more difficult to interpret. GFP
degradation, photobleaching, or redistribution during cell proliferation all would cause a decrease in
intensity. Since the rates of these different options are difficult to measure independently, we cannot make
definitive conclusions about which cells in the lineage are still actively expressing the gene of interest if
the intensity is unchanging or decreasing. With respect to MHB refinement, our results suggest that in the
dorsal neuroepithelium, the MHB is refined as a small group of cells continue or increase their rate of
wntl transcription while cells away from the boundary reach a steady-state or stop transcription by the end
of somitogenesis. In the ventral neuroepithelium, the sharp decline of GFP signal could indicate cells
sorting to sharpen the boundary, as the wntl lineage is no longer physically present in the anterior
hindbrain to generate GFP signal. The ability to see the regions where wnt/ remains actively expressed by

imaging wnt] mRNA distribution would help to distinguish between these possibilities.

4.3.2 Quantification of morphological distortion due to in situ hybridization

Although ISH is a common technique, there has been little work done to quantify how the protocol affects
embryo morphology. Fixation is already known to shrink biological tissues (219-221), but how fixation
and further processing with ISH may affect tissue morphology, specifically of the early embryonic brain,

has not been examined.
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To quantify the distortions we would need to correct in order to register mRNA transcript data
acquired post ISH to fluorescent reporter protein data acquired from live embryos, we imaged five 24 hpf
embryos with 2PF at different points in the processing. Autofluorescence from the neuroepithelium was
collected 1) live, 2) post fixation, 3) after in situ hybridization, and 4) after optical clearing with glycerol.
Qualitative analysis of the images, shown in Fig 4.3A, reveal a dramatic and additive change in brain
morphology.

We selected four parameters to characterize brain morphology deformation within mes/rl. A/P
distance is the distance from the widest point of the midbrain to the widest point of the hindbrain (Fig
4.3B) and provides a measure of changes in the anteroposterior aspect of the embryo, which we refer to as
longitudinal changes. The MHB angle characterizes changes in the structure of the constriction and as this
value changes with depth, is measured always in the dorsal plane of the sulcus limitans, identified in the
transverse section where the midbrain is widest. The midbrain tissue parameter is the cross sectional area
of the tissue in a transverse section at the widest point of the midbrain, and is a measure of distortions of
the neural tube radially. Finally, the midbrain ventricle parameter is the cross sectional area of the
ventricle in the same transverse section, and provides a measure of ventricle collapse. How these
parameters change would then inform potential registration strategies.

We found that for each of these four parameters, measured using FIJI, each step in the processing
produced a significant change, with effects cumulating in 31% average longitudinal shrinkage, 77%
increase in the MHB angle, 53% shrinkage in the radial direction and 79% ventricle collapse. Notable is
the significant increase in MHB angle, altering the conformation of the morphologically complex
constriction after ISH when compared to live embryos. With this information, we decided to concentrate
more registration landmarks near the MHB to compensate for these drastic distortions. We also noted that
even though the MHB angle increased, which possibly has the effect of increasing A/P distance, the
overall distance we measured decreased. We considered this might lead us to underestimate the shrinkage
in the A/P direction, making it difficult to assess if the embryo shrinks uniformly. For this reason, we did

not attempt to scale embryos prior to image registration. In the future, it may be useful to use fiduciary
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markers, such as GFP-H2B and/or DAPI stained nuclei, to characterize strain fields within the tissue, as
has been done in human brains (222) and avian embryos (223), to quantify local tissue-dependent

differences in the deformations induced by ISH.

lateral

transverse

Fig 4.3 Processing for in situ hybridization introduces significant morphometric distortions,
including longitudinal and radial shrinkage of the tubular neuroepithelium, diminishing
constriction angle and ventricle collapse. (A) Dorsal, lateral, and transverse sections of
autofluorescence signal from the same embryo imaged with 2PM live, after fixation in 4%
paraformaldehyde, after performing mock in situ hybridization, and after equilibration in 100 %
glycerol shows striking distortion of early brain morphology at 24 hpf. Scale bar = 100 zm. (B) Four
morphometric parameters were measured from the same individual embryo to quantify significant
(p>0.95) contributions of each processing step toward longitudinal and radial tissue shrinkage (A/P
distance and Midbrain tissue area), disruption of the constriction (MHB angle), and ventricle
collapse (Midbrain ventricle area). These distortions will need to be corrected to combine the spatial
distributions of the live reporter and mRNA for direct comparison.
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Fig 4.3 Continued.

To utilize the robustness of NBT/BCIP staining for analyzing gene expression domains in 3-D, we imaged
embryos after performing ISH to detect wnt/ mRNA using combined 2PF-OCM. Using both modalities
provides the advantage of simultaneously imaging tissue morphology with gene expression domains.
Subsequent image registration may also be simpler with both data sets acquired on the same UPM

platform.
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Fig 4 4A shows the results of imaging wntI gene expression domains in zebrafish embryos fixed
at 24 hpf that were not optically cleared after ISH. Two-photon excited autofluorescence (AF) signal is
quenched in regions of the embryo, outlined in yellow, where a strong contrast in the OCM image shows
the presence of NBT/BCIP compared to areas where wnt! is not expected to be expressed, unstained tissue
outlined in blue. The neuroepithelium, which in the zebrafish embryo at this stage of development is quite
transparent, is also visible with OCM. In the resulting overlay, red to yellow indicates the tissue unstained
and unquenched by NBT/BCIP, while green regions are where NBT/BCIP is present.

OCM has been used to image retinal regeneration in adult zebrafish (224) and to evaluate the
effects of ethanol on embryonic brain development in larval zebrafish (225, 226). These tissues are turbid
compared to the 24 hpf embryo, and we could only find one report of OCM imaging on 24 hpf zebrafish
(227) in which the signal seemed comparable to our data, relatively weak, presumably due to the
transparency of the embryo. In these cases, OCM provides only structural information about tissue
morphology. There have been efforts to use OCM for imaging with molecular contrast such as detecting
backscattered light from gold nanoparticles conjugate to antibodies for immunodetection (228) and using
spectral domain detection to look for absorption signatures of specific molecules such as hemoglobin
(229), but to our knowledge, this is the first report of the application of OCM to image molecular contrast
using NBT/BCIP.

By omitting the clearing step that requires equilibration in glycerol, morphological distortions of
the early brain from ISH processing could be drastically reduced. A/P shrinkage, MHB angle relaxation,
radial shrinkage, and ventricle collapse could be reduced 14%, 30%, 38%, and 29% respectively, reducing
demands on image registration significantly. Yet optical clearing agents such as glycerol are known to
reduce tissue attenuation and improve contrast in OCM on a variety of biological specimens (230, 231),
and we considered whether clearing could preferentially improve the OCM signal from the NBT/BCIP
precipitate over the neuroepithelium tissue. To determine if there was indeed any benefit to clearing the

tissue toward enhancing the NBT/BCIP contrast and decide if that benefit was worth correcting for the
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additional distortions to the embryo, we performed ISH for wntl on embryos and compared the signals

from ones that were subsequently cleared to those that were not (n=10).
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Fig 4.4 Imaging gene expression in the midbrain-hindbrain domain with 2PF-OCM using ultrashort
pulses is not enhanced with glycerol optical clearing treatment. (A) Dorsal section from a 24 hpf
embryonic brain after in situ hybridization to detect wntl shows quenched autofluorescence (AF)
and increased backscattering detected by OCM in regions where the NBT-BCIP precipitate is
deposited (yellow outlined region). Unstained neuroepithelial tissue generates positive AF and OCM
signals (blue outlined region). Combining these images results in brain tissue appearing red to
yellow and the precipitate marking regions actively expressing wntl in green in the midbrain
anterior to the MHB constriction. Scale bar = 100 zm. (B) Signals from embryos treated with or
without glycerol after in situ hybridization were quantitatively compared. Tissue autofluorescence,
AF , is significantly increased with glycerol treatment, and to a lesser extent, the intensity ratio from
unstained tissue relative to areas of quenching from the precipitate, AF,, (p>0.95). Glycerol
treatment increased OCM signal from unstained tissue and areas where the precipitate were
deposited similarly, resulting in no significant difference in the intensity ratio OCM,,,. When both
quenched 2PF and positive OCM signals are combined, OCM,,, + AF ,,, NBT/BCIP can be detected
from embryos not treated with glycerol just as well as those that have been cleared, so that
morphological distortions can be minimized.
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Fig 4 4B shows a comparison of relative potential for NBT/BCIP specific contrast based on the
use of positive OCM signal from and quenching of autofluorescence signal by NBT/BCIP in embryos that
were equilibrated in 100% glycerol after ISH and those that were stored in PBS. In agreement with
previous reports, tissue autofluorescence measured from unstained neuroepithelial tissue in the region
outlined in blue, AF,, increased significantly with glycerol treatment (232). OCM signal in stained and
unstained regions of the embryo both increased significantly (not shown), but not preferentially, for
unstained tissue as the ratio of the signal from stained versus unstained tissue, OCM,,,, did not change
significantly. Clearing did cause a small but significant increase in quenching of autofluorescence signal in
stained areas of the embryo, AF,,, but when the two modes of contrast were combined, there was no

significant improvement in NBT/BCIP detection in cleared embryos.

4.3 4 Landmark co-registration of different data sets from the same embryo

After quantifying the effects of ISH on tissue morphogenesis and determining that there was no benefit to
optically clearing the embryos, we defined landmarks in the late somitogenesis zebrafish MHD for 3-D
image registration. Constantly changing morphology made selection of reliable landmarks non-trivial, and
since thin-plate spline registration can be computationally costly, it was desirable to minimize the number
of landmarks. In studies on the rhesus hippocampus, 10 landmarks was a sufficient number for accurate
registration (233) while in prostate samples, 22 landmarks provided sufficient accuracy (234). In Fig 4.5,
we present a set of 24 landmarks for registration of the zebrafish mes/r1.

Fig 4 5A shows an X-slice rendering of the 24 hpf MHD imaged live with 2PF. Three transverse
planes were readily identifiable during the morphogenesis of the MHD from mid to late somitogenesis
within the same embryo imaged over time and from the same embryo imaged under different conditions,
ta, for transverse anterior, tm, for transverse middle, and #p, for transverse posterior. fa was the same plane
used for quantifying embryo distortions due to ISH, the transverse plane in the midbrain where the neural
tube is widest. tm is the narrowest point of the constriction, and zp was the transverse plane in the

hindbrain where the neural tube is widest. These transverse sections, shown in Fig 4.5B, provided several
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obvious choices of morphological landmarks, which we chose to concentrate close to the boundary where
deformations between data sets to be registered were predicted to be greatest. We applied thin-plate spline
registration in FIJI to register the neuroepithelium of embryos imaged post ISH to those imaged live, using
the autofluorescence signal to obtain this mutual information. Fig 4.5C shows an overlay of the live
(magenta) and registered post ISH (green) morphology and suggests qualitatively that the registration is
reasonably accurate. We then sought to quantitatively determine registration accuracy at different scales

relevant to the goals of our registration.

Fig 4.5 Qualitative performance of morphological landmark registration of different data sets from
the embryonic zebrafish brain at 24-28 hpf. (A) To find the same landmarks in different data sets,
point were selected from autofluorescence data in the anterior region of the MHD from the widest
transverse section of the midbrain, #,, from the narrowest section of the constriction, 7,,, and
posteriorly from the widest section of the hindbrain, ¢,. (B) From each section, 6-11 landmarks can
be identified from the distinct morphology introduced by the ventricles and the dorsolateral hinge
points of the neural tube and the lobes of the expanding tectum. (C) Overlay of co-registered
transverse sections of live (magenta) and post in situ hybridization (green) data sets, where the
distorted morphology is restored onto the live morphology. Scale bar = 100 pzm.
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Analysis of registration accuracy depends highly on the application (235). We first evaluated the
accuracy of registration of the data at the scale of the tissue, to characterize the global accuracy. Fig 4.6A
shows the effect of registration on the parameters previously used to characterize deformations in the
MHD due to ISH. In all cases, parameter values matching those for live embryos were recovered with
registration. Target registration error (236) is a common method to quantify registration accuracy, but it is
not suitable for this thin-plate spline implementation since it constrained our landmarks of interest to
correspond exactly which would result in zero error unless alternative targets were measured. As we
already implemented our most reliably identifiable landmarks (targets) for registration, it seemed more
appropriate to use an overlap coefficient, o.c., based on the Dice Similarity Index (237) that quantifies
overlap between objects. Our results, ranging between 0.77 and 0.99 with an average of 0.89, fell within
what is clinically considered useful for medical image registration (238).

To address registration accuracy at the level of the gene expression domain, we imaged
Tg(wntl:eGFP) embryos live with 2PF at 24 hpf, subsequently processed them with a mock ISH protocol,
immunostained for GFP, and then re-imaged and registered the data sets. Immunostaining for GFP using
FITC for secondary detection was necessary since the hybridization step in ISH required heating to 76°C
which denatured the GFP protein. With these data, shown in Fig 4.7, we compared the lineage boundary of
highest GFP expression at the MHB in the template and registered images. Using the same plotting tool
we implemented to trace the dynamics of the GFP marked wnt! lineage, we plotted the live GFP
distribution and post-ISH a-GFP distribution from different dorsal planes along the dorsoventral axis. The
boundaries coincided within 3.2-8 um, equivalent to 1-5 pixels, with best performance near the sulcus
limitans that corresponds with many of our landmarks. These results suggested we can register the MHB
in 3-D with an accuracy within 1-3 cells, given the density and orientation of the cells within the

neuroepithelium at this stage of development.
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Fig 4.6 Quantitative analysis of the global accuracy of morphological landmark registration. (A) The
significant tissue shrinkage and morphological distortions (p>0.5) to brain morphology measured
from autofluorescence and introduced by in situ hybridization can be restored to values matching
live morphology using landmark registration. (B) The overlap coefficient, o.c., of binary transverse
sections of manually segmented coregistered data sets was calculated to quantify the accuracy of the
registration algorithm at the global or tissue level. Accuracy is comparable in both the constraining
planes where the landmarks are selected and planes in between.

While our first application of thin-plate spline registration was reasonably accurate,
improvements and further quantification of registration accuracy should be considered. If it can be
determined that ISH caused the MHD tissue to shrink uniformly, scaling the embryos prior to registration
could potentially improve accuracy. Also, an affine registration could be implemented prior to non-rigid
registration to potentially increase performance and landmark selection could be automated to remove user
error. Optimization of the registration approach should account for accuracy at the cellular scale. For
example, morphological landmarks could be used for registration and individual cell positions, marked by

mosaic expression of H2B-GFP for example, used to calculate target registration error.
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Fig 4.7 Qualitative and quantitative analysis of the local accuracy of morphological landmark
registration. (A) Dorsal sections at varying depths from coregistered overlay of live GFP reporter
distribution (green) and o.-GFP immunostaining post mock in situ hybridization (pink). Outlined
yellow lines correspond to normalized intensity plots depicted in (B) which show the MHB
boundary, marked by peak GFP intensity, can be accurately aligned within one to two cell
diameters. Scale bar = 50 pm.

4.3.5 Registration of the wntl lineage and the sub-population of the wntl lineage still actively expressing
wntl in a live morphological context

Having shown that the our registration approach using morphological landmarks from 2PF
autofluorescence will allow us to compare the distribution of the GFP marked wnt/ lineage in
Tg(wntl:eGFP) embryos to the distribution of egfp mRNA, we sought to determine which cells within
mes/rl were still actively expressing wnt! in order to shed light on how the MHB is sharpened. Fig 4.8A
shows the results of registration of these data. Optical sections in the dorsal neuroepithelium of
autofluorescence, GFP, and NBT-BCIP show the morphology, wnt! lineage, and wntl expressing cells,
respectively. Maximum intensity projection of the data registered in 3-D show GFP lineage tracer
perdurance away from the boundary (green) while NBT/BCIP is exclusive to a group of boundary cells

anterior to the constriction within the wnt/ lineage (yellow). Punctate NBT/BCIP signal in the dorsal

78



hindbrain may correspond to a small number of cells known to express wnt/ as part of the initiation of a

program of migration and differentiation to tegmental nuclei (34).
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Fig 4.8 Visualization and quantification of the subset of the wntI lineage actively transcribing wntl
mRNA in a live morphological context. (A) Dorsal sections of the autofluorescence, live GFP
reporter, and coregistered NBT/BCIP signal from combined 2PM-OCM showing the live
morphology, wntl lineage, and actively wntl expressing cells respectively in the MHD region at 24
hpf. A maximum-intensity projection of the 3-D pseudo-colored overlay shows that active gene
expression is restricted to a subpopulation of the initially specified wntI lineage in the posterior
midbrain, just anterior to the MHB constriction, and isolated cells in the anterior hindbrain. Scale
bar = 100 zm. (B) Intensity profiles of the live reporter fluorescence and NBT-BCIP signal from
dorsal sections in the neuroepithelium show that dorsally there is still a significant presence of wntl
lineage that has stopped expressing wntl as evidenced by the GFP signal in the absence of
NBT/BCIP. Ventrally, the anterior hindbrain does not have significant GFP or NBT/BCIP signal,
indicating the wntI lineage previously present has moved physically from the location, perhaps
migrating into the midbrain or sorting to the dorsal region of the anterior hindbrain.
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Similarly to previous dynamic lineage tracing, we quantified the distribution of GFP and
NBT/BCIP across the MHB in the dorsal and ventral regions of the neural tube, respectively, shown in Fig
4.8B. Now it is possible to ascertain whether or not the wnt! lineage in the dorsal hindbrain has stopped
expressing wntl, which it appears the majority of the cells in that lineage have done. These results show
that while wnt/ was initially expressed across the presumptive MHB, cells in that region received signals
telling them to stay in place and turn wnt/ off, resulting in a sharp boundary of gene expression at the
dorsal MHB constriction. In contrast, in the ventral neuroepithelium, we know from dynamic lineage
tracing that the wntl lineage is initially present in the ventral hindbrain but by the end of segmentation, no
perduring GFP is found there. The lack of GFP in this region once occupied by part of the wnt/ lineage
suggests that those cells have physically moved to a new location, potentially by sorting either anteriorly
across the MHB into the midbrain, or also possibly dorsally into the dorsal hindbrain, leading to the
refinement of the ventral MHB. As the dorsal and ventral environments of the neuroepithelium are known
to differ in terms of gene expression and subsequent fates, it is not surprising that the mechanism for
refining the MHB should differ along the dorsoventral axis. What is remarkable is that two different
mechanisms may exist to segment the midbrain and hindbrain along the anteroposterior axis, highlighting

the importance of this evolutionarily conserved boundary.

4.4 Conclusion

We have discussed the importance of two common techniques used to study embryonic development,
lineage tracing and in situ hybridization, and the potential for uncovering mechanisms of neural patterning
by combining these analyses. To date, ISH data are rarely linked to lineage mapping data, and when they
are, the fluorescent protein reporter is detected with immunostaining after ISH (34). We now know that
while this approach provides a good comparison of lineage distribution and gene expression, the
morphological context in which it is evaluated is significantly different from that in vivo. We have also
used our approach to characterize dorsoventral differences in the mechanism of MHB boundary

sharpening.
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Combined 2PF-OCM using UPM can be used to examine both genetic lineages and gene
expression patterns in their morphological context when intravital imaging is followed by in situ
hybridization and registration. Several important, unique aspects of our approach enabled such analysis.
First, this analysis was enabled by the preservation of eGFP perdurance throughout 2PF time-lapse
imaging. Lack of photobleaching was apparent by comparison of the broad distribution of eGFP
fluorescence and contrastingly narrow distribution of egfp mRNA transcripts from co-registration of the
last time-lapse frame, that accurately reflected the historical and the instantaneous expression of wnt/,
respectively, within the MHD. We also demonstrated embryo viability under these imaging conditions,
showing that development of the MHD region progresses as expected in embryos that further develop
normally to larval stages. Finally, we showed that sub-10-fs pulses excite autofluorescence signal well
enough to see clearly the morphology of embryonic tissues, providing important context for analysis of
cell lineage and molecular fate. The autofluorescence signal was strong enough to even visualize
individual cell nuclei (239), data that could potentially be used for tracking individual cell behaviors label-
free. Of particular importance was its usefulness both in vivo and post ISH for visualizing morphological
landmark correspondences.

Our approach will also be useful for evaluating aberrant neural patterning. For example, fgf8a is
an important signaling molecule in the MHD program expressed in a narrow ring at the MHB in the
anterior hindbrain, as a counterpoint to wnt!. The major feature of the fgfSa mutant phenotype,
acerebellar, is lack of a cerebellum. In these mutants, several MHB genes including wntl, pax2a, and
engr2 are activated properly, but their expression at the MHB is not maintained after mid-somitogenesis
(240). The subsequent fate of these lineages has not been well characterized, but since expression is
properly activated, the perdurance of a reporter gene could be used to track these populations and,
combined with ISH, to reveal morphogenetic and molecular alterations of their developmental programs
due to lack of fgf8a activity. In such cases, combined 2PF-OCM could provide important insights into the

roles and regulatory relationships of MHB genes.
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Multi-modal image registration also provides a way to integrate various morphometric and
molecular data collected from different embryos and build up systematic models of developmental
processes (241, 242). Atlas and virtual embryo generation in model organisms have been areas of interest
especially with the dawning of systems biology and bioimage informatics. Atlases in mice (243), chick
(244), fly (69), worm (245), ascidians (246), frog (247), zebrafish (248), and even humans (249) have
been reported targeting different developmental stages and structures. Here we demonstrated the
beginnings toward a dynamic zebrafish atlas of early brain patterning that incorporates both gene
expression and lineage information. With the development of UPM to dynamically image several
fluorescent protein reporters at once (250), our lineage mapping experiments have the potential, with the
requisite multi-color transgenic lines, to monitor the spatiotemporal distribution of multiple lineages
simultaneously and map the unique pathways of gene expression leading to specification of different cell
types. Subsequent ISH and image registration would reveal unique gene expression signatures within those
lineages that could simultaneously be correlated with morphogenesis within a complex 3-D brain
architecture. We conclude this approach will be generally useful for integrating the analysis of neural

patterning at the morphological, cellular, and molecular levels.
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5. MORPHOLOGICAL AND GENETIC DYNAMICS IN FGF8 LOSS OF FUNCTION

DURING MES/R1 FORMATION

5.1 Background

To understand the mechanisms that pattern the embryonic brain and lead to the morphogenesis of proper
brain structure, it is useful to study perturbed systems in which the function of a gene is disrupted.
Zebrafish are excellent models for such study as large-scale mutagenesis screens (the only performed in a
vertebrate model) have identified many useful mutant phenotypes, morpholinos can be used to knockdown
specific genes, and several new promising strategies have recently been published for site-directed
mutagenesis (251). Traditional methods for analyzing loss of function experiments affecting neural
patterning include standard light microscopy to evaluate morphological responses followed by in situ
hybridization to evaluate shifts in gene expression domains. These techniques, while having played an
important role in constructing the current model for understanding neural patterning, typically fail to
provide the resolution in space and time to fully capture the interplay between genetic programs and their
resultant morphological phenotypes. Yet, the complexity of these developing systems warrants more
detailed examination in order to elucidate the regulatory networks governing patterning and how they

translate into specific cell behaviors that drive brain morphogenesis.

5.1.1 Molecular characterization of ace phenotype

The ace phenotype was originally reported from one of the first large-scale mutagenesis screens in
zebrafish (22) and later linked with the fgf8a locus (240). The null phenotype, caused by mutations that
result in deletion of the receptor-binding segment of the Fgf8 protein, is described (relating to CNS
development) as completely lacking the morphological midbrain-hindbrain boundary (MHB) constriction
(i.e. isthmic constriction) as well as the cerebellum, which arises from the most anterior segment of the
hindbrain, r1. fgf8a itself is initially expressed in a broad domain spanning much of the presumptive

anterior hindbrain at 70% and subsequently resolves into several distinct domains including a narrow ring
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at the MHB. Further analysis of the ace phenotype showed that genes expressed at the MHB, including
fef8a, wntl, pax2a, engl/2/3, and her5, are initiated normally but appear to weaken at the 5 somite stage
and are no longer expressed in the boundary region by 13 somites, indicating that fgf8a is not required to
initiate the genetic MHB program but is required for its maintenance. Closer examination of wnt!/
expression in ace revealed that although expression in the MHB is lost, a population of wnt! cells in the
dorsal midbrain stripe extends posteriorly, blending into the wnt/ domain in the posterior of r1 (22). This
observation, in combination with the enlarged tectum in ace embryos, led researchers to suggest that
without fgf8a, the MHB and cerebellum were transformed to a mesencephalic fate (252). To demonstrate
this transformation, Jaszai et al. showed the posterior expansion of fore/midbrain marker otx2 to the
anterior limit of epha4a at the r1/r2 boundary in ace by 9 somites accompanied by a lack of expression of
the cerebellar markers zath! and gap43 in presumptive rl1 (252). The authors argued that early molecular
transformation of the presumptive boundary precluded the formation of a physical constriction at the
MHB. This cerebellar-to-tectal transformation was further confirmed with lineage tracing experiments in
which boundary cells were injected with dil at 10 somites and their positions evaluated at 24 hpf. Results
of this experiment showed that the labeled cells marked the posterior limit of the expanded tectum in the

ace phenotype.

5.1.2 Roles for fgfSa and wntl in mes/rl development

The line of investigation described above suggests a prominent role for fgf8a either directly or indirectly in
the initiation of the isthmic constriction in accordance with previous reports that fgf8a is sufficient to
induce a new MHB organizer and isthmic structures when expressed ectopically in chick and zebrafish
(23). Indeed, fgf8 was put forward as “the organizer molecule” responsible for orchestrating the boundary
and patterning surrounding tissues, but more recently the prominence of its role has been questioned. Otx
morphants are able to specify some cerebellar neuron differentiation with (24) and without Gbx (17) in an

fgf8a loss of function background.
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Whtl, like Fgf§, is a secreted signaling molecule that is expressed at the MHB and in mice, loss
of wntl leads to deletion of the mes/r1 region (18). In zebrafish, several Wnts are expressed in mes/r1 and
function redundantly. Combined loss of wntl, 10b, and 3a results in loss of MHB (20, 21). Wntl has
recently been proposed to mediate the timing of neurogenesis in the midbrain by driving Fgf8 expression
at the boundary and gradually suppressing it away from the boundary by inducing Sprouty expression so
that Fgf dependent her5 also recedes to a narrow stripe at the boundary (253). It has also been shown to
have an important role in axon guidance in the CNS (26).

Whnt and Fgf have also been recently implicated in changes in epithelial cell adhesion during
cranial placode formation (254) and may also have a similar role at the MHB constriction. Some would
argue, however, that other “non-classical” MHB genes, such as the grainy head-like 2 transcription factor,
give rise to mes/r1 morphogenesis largely independently of major patterning molecules like Wnt and Fgf

(255). Several lines of evidence, including the data we present in this section, suggest otherwise.

5.1.3 Using UPM for combined lineage tracing and gene expression analysis during disrupted
morphogenesis at the perturbed MHB

Mes/r1 patterning by the MHB organizer may be a particularly suitable biological system for combined
lineage mapping and fate profiling analysis with UPM. During normal development, the MHB is first
specified with overlapping gene expression profiles that subsequently resolve into abutting exclusive
domains, and as seen the in the previous section, UPM can be used to integrate the analysis of both the
history of gene expression and the current state of gene expression within a live morphological context. In
cases of aberrant development, such as in ace, the boundary is also first specified with overlapping gene
expression profiles, but the expression of these MHB genes fails to be maintained. However, since the
genes were activated, fluorescent protein reporters constructed to mark specific lineages would also be
activated, and the fluorescent protein perdurance can be used to differentiate whether the loss of

expression is due to the loss of a structure or if the tissue is still present and the expression profiles of the
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constituent cells have changed. This distinction is difficult to make with ISH alone. UPM could also be

used to profile the switch in gene expression in any identified transformed cell populations.

5.2. Materials and methods

5.2.1 Generation of transgenic fgf8a morphants and mutant zebrafish lines
To induce fgf8a morphants (fgfSa MO+ and fgfS8a MO++), 5-10 ng of translation-blocking fgf8a
morpholino oligonucleotides (256) were injected into established Tg(wnt:eGFP) lines (170) at the one-
cell stage.

To create a Tg(wntl :eGFP);fgf8a‘”5/ * line, the same Tg(wntl:eGFP) line as above was outcrossed
to identified carriers of the fgf8a*” allele (257). Progeny were screened for eGFP and raised to adulthood

x15/+

according to standard protocols. Tg(wntl :eGFP);fgf8a™""" carriers were then identified by outcrossing to

previously identified carriers and checking for ace phenotype at 24 hpf.

5.2.2 Chromogenic in situ hybridization
To test if the response of the wntl:eGFP reporter in stable Tg(wntI:eGFP) lines to fgf8a loss of function
resembles the response of endogenous wntl transcripts, in situ hybridization depositing NBT/BCIP at the

x15/x15

site of egfp transcripts was performed on Tg(wntl:eGFP) and Tg(wntl:eGFP):fgfSa embryos as

described in previous sections.

5.2.3 Fluorescent in situ hybridization

For combined lineage tracing and gene expression analysis, in situ hybridization was performed as
described in previous sections with the exception that digoxegenin-labeled wntl antisense probe was
detected by deposition of FITC-conjugated tyramides, synthesized in house, at the site of wnt/ transcripts

according to a previously described protocol (258). Sheep anti-dig POD Ab (Roche, 11207733910) was
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diluted 1:500 and incubated with embryos at 4° C overnight. FITC-tyramide conjugates were diluted 1:250

and tyramine signal amplification reaction performed for 1 hour at room temperature.

5.2.4 Ultrashort pulse microscopy

Time-lapse UPM was performed as described in Section 4 for both Tg(wntI:eGFP) and
Tg(wnt1:eGFP);fgf8a**"’ embryos. Embryos subsequently processed for FISH were re-imaged using the
same mounting method, objective lens, and filter configuration to simultaneously collect and discriminate

tissue autofluorescence and fluorescence from deposited FITC.

5.2.5 Image processing

Image processing was performed as described in Section 4.

5.3. Results and discussion

5.3.1 Label-free 3-D imaging of mes/r1 in wild-type and fgf8 loss of function with UPM
We first examined changes in the morphology of the mes/rl region due to fgf8a loss of function at 24 hpf
by imaging live embryos with UPM. The results, shown in Fig 5.1, captured the progressive loss of the
isthmic constriction with decreasing fgf8a activity at 24 hpf. This dorsal view was taken at the
dorsoventral position of the sulcus limitans. A lateral section through the neuroepithelium shows the
posteriorly expanded tectum, presumably at the expense of the dorsal rl region (252). A transverse
section through presumptive r1 shows that in wild-type embryos, the epithelial tissue is tightly adhered at
the midline, but in both morphant and ace embryos, a large gap separates the left and right sides of the
presumptive rl (white asterisk).

The most obvious difference comparing the morphant phenotype in fgf8a knockdown (fgf8a
MO+) to the ace phenotype in fgf8a loss of function (fgf8a***'%) is the clear presence of a constriction
(white arrowhead). Based on the conclusions from previous studies, we interpreted this result to be the

activation of a constriction morphogenesis program in the presence of low levels of fgf8a activity that
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failed to execute to completion. However, it was curious that the presence of this constriction could not be
deduced from examining the lateral sections or a dorsal maximum-intensity projection (3-D view) of the

same embryo, the views most generally used to characterize mes/r1 morphology in zebrafish.

fgf8a MO++

fgf8 axl Six15

2

dorsal

lateral

transverse

Fig 5.1 3-D comparison of the morphology in the mes/r1 region in wild-type, fgf8a knockdown, and
fgf8a loss of function embryos at 24 hpf using label-free UPM. The midbrain-hindbrain boundary
(MHB) constriction separating the midbrain (mb) and hindbrain (hb) (ie. Mesencephalon (mes) and
rhombomere 1 (rl)) is progressively lost with decreasing fgf8a activity (white arrowheads), as well
as cell adhesion at the midline in r1 (asterisk) marked by the presence of cellular processes in the
gap in morphant embryos (red arrowheads). 10 ng/nl of translation-blocking fgf8a morpholino
phenocopies (fgf8a MO++) but also induces cell stress marked by clumps of strongly autofluorescent
cells (yellow arrowheads). Scale bar=100 pm.

Another feature of the morphant phenotype at 24 hpf was the presence of cell processes between
the gap in dorsal r1 that are reminiscent of the processes seen during brain ventricle opening (Fig 5.1,
dorsal and transverse insets). Their presence suggests a potential role for fgf8a or an fgf8a dependent
process in maintaining cell adhesion at the midline in the boundary region during normal brain ventricle

morphogenesis, as insufficient signaling may render dorsal r1 competent to a signal emanating from the
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r1/r2 boundary that triggers hindbrain ventricle opening (Gutzman 2010). We did not observe these
cellular processes in fgf8a MO++ or fgf8a*”** embryos at 24 hpf, perhaps because they had already

x15/x15

retracted. In general, fgf8a MO++ embryos appeared to phenocopy fgf8a embryos, with the important

difference that groups of highly autofluorescent cells were dispersed around the neuroepithelial brain tube

x15/x15

(yellow arrowheads) that were not present in fgfSa embryos. As increasing autofluorescence has been

associated with changes in cell metabolic state and cell stress (259), we were concerned about potential

morpholino toxicity and used only fgf8a*""""

embryos for subsequent loss of function analysis.

5.3.2 Transient constriction in fgf8 loss of function revealed with 4-D UPM

To further examine the dynamics of these morphogenetic features, we conducted time-lapse imaging with
UPM in the mes/r1 region from 12 somites (t=0:00) to early pharyngula stage in wild type, fgf8a MO+,
and fgf8a*""""’ embryos. Fig 5.2 shows these dynamics as maximum intensity projections of the embryo at
relevant time points excluding the roof plate. Surprisingly, a physical constriction was present at the 12
somite stage in wild type, fgfSa MO+, and fgf8a*"""” embryos (yellow arrowheads). In wild type embryos,
as expected, the constriction matured into a narrow ring of cells separating the mesencephalon and r1.
When fgf8a activity was diminished (fgfSa MO+), the constriction matured up until 8:02 at which point it

began to relax. When no fgf8a activity was present (fgfSa*"'"”

embryos), the constriction matured up to
5:00 at which point it also failed to continue forming. At the end of the time-lapse, residual constrictions

are still evident in both morphant and mutant embryos, especially on the basal side of the neuroepithelium

(yellow arrowheads).
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Fig 5.2 Time-lapse UPM reveals transient constriction in fgf8a loss of function ace phenotype. Wild-
type, morphant (fgf8a MO+), and mutant (fgf8a™>*°) embryos were imaged with UPM from 12 ss
(t=0:00) to early pharyngula stage. 3-D reconstructions generated using maximum intensity
projection from autofluorescence signals (with sections from the roof plate removed so interior
dynamics could be visualized) reveal the formation of an isthmic indentation (yellow arrowheads)
that fails to mature without fgf8a in what appears to be a dose-dependent manner as isthmic
relaxation occurs later in the presence of low levels of fgf8a signaling. Scale bar=100 pm.

Notably, visualizing these dynamics made it apparent that despite previous claims that the isthmic
constriction fails to form in fgf8a loss of function embryos, a mechanism independent of fgf8a was able to

appropriately position and initialize this physical boundary in fgf8a*"”""?

embryos. The possibility of a
transient constriction may have been disregarded previously due to results of gain of function studies in
chick where Fgf8 soaked beads implanted in the forebrain and hindbrain were sufficient to induce ectopic
MHB organizers including expression of MHB genes and a physical constriction (23), leading some to
assume that fgf8a is necessary to initiate the constriction. However, as the dependencies of the genetic

regulatory networks at the boundary shift over time, it may be the case that the morphogenetic program

also has changing requirements and begins earlier than previously thought. Su et al. recently reported that
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embryos lacking a combination of otx2, gbx1/2, and Fgf signaling initated cerebellar plate morphogenesis
and Upper Rhombic Lip (URL) specification properly (17). What may be responsible for this initation is
not clear. Under these conditions, although morphogenesis and induction occur, without Fgf signaling the
MHB genetic program (by proxy of pax2a expression) halts and the URL fails to further develop and
differentiate. Thus, the authors suggested a dual role for fgf8a in morphogenesis and specification, with the
roles likely changing over time. Our results also indicate that fgf8a serves dual roles- a morphogenetic role
to maintain the isthmic constriction, in addition to its role in maintaining gene regulatory networks at the
MHB.

We do not know the exact cellular processes that may account for the relaxation of the transient
isthmus in fgf8a*"*""> mutant embryos, but in hindbrain rhombomeres, which are transient in normal
development, relaxation of the physical constriction at the boundaries is mediated by regulation of myosin
IT by myptl (260). In mypt] mutants, hindbrain ventricles open as the midline separates, but the
rhombomeres retain their constricted morphology. It would be interesting to see if mypt/ is expressed near
the MHB in fgf8a loss of function and could potentially disrupt a myosin-dependent contribution to the
maintenance of the isthmic constriction. Gutzman et al. also showed the myptI phenotype in hindbrain
rhombomeres could be rescued by treatment with blebbistatin, a selective inhibitor of non-muscle myosin
II. In this experiment, the MHB was not disrupted by attenuation of myosin II activity; however, the dose
was low and not applied until late somitogenesis. Unpublished results by Gutzman et al. show morpholino
knockdown of myosin Ila/b at the MHB induces a strikingly similar phenotype as ace, and differences in

myosin contractility have been implicated in the evolution of brain ventricle morphology (48).

5.3.3 Brain ventricle opening begins normally but fails to be restricted in the boundary region

in fgf8aloss of function

To analyze the dynamics of adhesion in the neuroepithelium of mes/r1 in wild type compared to fgfSa loss
of function embryos, we examined lateral sections of our time-lapse data taken at the midline shown in Fig

5.3. During normal morphogenesis, hindbrain ventricle opening (ventricle IV) was initiated in the roof
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plate above 12 and spread anteriorly to the r1/r2 boundary before changing axis to move ventrally. Shortly
afterwards, ventricle opening spreading posteriorly from the fore- and midbrain (ventricle III) was
apparent, with the midline remaining closed at the boundary (yellow arrows). Subsequently, a canal opens
to connect the two ventricles in the ventral part of the boundary region. In both fgf8 MO+ and fgf8a*">"*"
embryos, this progression appears to initiate normally, albeit slightly delayed, compared to wild type
controls, but by 3:00 the opening of the canal has progressed farther than in wild type (yellow arrows) and
by 8:00 the dorsal neuroepithelium at the boundary has separated (asterisk). This aspect of the ace
phenotype does not appear to be overtly dose-dependent, although a very slight anterior-most portion of
dorsal r1 remained adhered at 8:33 and to the end of the time-lapse in the fgf8a MO+ embryo. This slight
adhesion retained in low levels of fgf8a activity (red arrowhead) may account for the difference in the
relative onset of isthmic relaxation shown in Fig 5.2. When fgf8a activity was knocked down, the majority
of delamination in the boundary region preceded relaxation of the constriction but when fgf8a activity was
completely lost, delamination and isthmic relaxation occurred in tandem.

Previously, increased levels of cell death were observed in dorsal r1 in ace mutants during mid-
somitogenesis using TUNEL staining (240) and attributed to apoptosis following an r1-to-mesencephalic
identity change. A similar Fgf8” phenotype was in mice (19). While such a phenomenon could potentially
explain the loss of adhesion we have seen in dorsal r1, we have not observed any increase in

autofluorescence signals that may indicate such events occurring in fgf8a*”""

embryos. Instead, we argue
that fgf8a plays a role in maintaining adhesion during normal development. Interestingly, the limits to
which the initially broad fgf8a domain narrow (initially spanning r1-r4 and narrowed to discrete domains
inrl, ventral r2, and r4) (240), mirrors the curious sequence of hindbrain ventricle opening in more
posterior rhombomeres. Ventricles open first at the dorsal r1/r2 interface (our observations), followed by
small openings at the r3/r4 and r4/5 boundaries (260). In Gutzman et al., r4 subsequently separates at
seemingly the same time fgf8a expression is lost in r4 (261) and forebrain domains of fgf8a expression

also correspond with areas that shape forebrain ventricle morphology. Also, in the combined otx/gbx loss

of function experiments conducted by Su et al., during somitogenesis, a large fgf8a domain at the
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boundary corresponded with an abnormally long constriction where cells seemed unable to properly
delaminate at their apical interface. These results, combined with the dynamics we have captured, point to

f8f8a as a necessary factor for maintaining adhesion at brain ventricle boundaries.

fgfg axl S/xl5

Fig 5.3 fgf8a is required for maintaining adhesion of the neuroepithelium in the boundary region
during brain ventricle formation and mes/r1 morphogenesis. Opening of ventricle IV initiates
normally, but slightly delayed (yellow arrowhead), with diminished and abolished fgf8a activity at
relatively the same position posterior to the MHB constriction (yellow line) in the roof plate of r2.
Later, accelerated delamination of the ventral boundary region is evident (yellow arrows) compared
to wild-type embryos and spreads to the dorsal boundary region (yellow asterisk) on both sides of
the physical constriction. A small portion of r1 remains adhered in fgf8a MO+ embryos (red
arrowhead). Scale bar=100 pm.
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Hindbrain opening initiates normally, but spreads anteriorly, possibly due to the failure to
maintain the MHB genetic program without fgf8a. Thus, the role played by fgfS8a in maintaining adhesion
is likely indirect- fgf8a may be required to maintain the expression of directly responsible genes during
this part of MHB formation. Adhesion loss at the midline progresses strikingly in step with the loss of
eng2 and pax2a expression patterns in ace at the MHB (240) and eng2, like fgf8a, is not present in r4
when ventricle IV opens there. It would be interesting to examine these patterns in detail to see if eng2 or
pax2a are expressed more in cells at the midline and potentially mediate adhesion maintenance. wntl,
engl.b, pax2a, and il17rd overlap with fgf8a in that region and would be candidates genes that help to

mediate this fgfSa dependent separation in mes/rl.

5.3.4 Proper formation of dorsoventral and anteroposterior morphology in mes/r1 require fgfSa
Having already discovered surprising features in fgfS8a knockdown and loss of function embryos, we
examined the data to generally characterize dynamic morphological differences along the anteroposterior
and dorsoventral boundary. In the study described in the previous section, we noticed qualitative
differences in the sharpness of the MHB constriction depending on dorsoventral position, which is not
surprising considering the dorsal and ventral regions give rise to different structures in the adult brain
(optic tectum and cerebellum, and tegmentum respectively). We first examined the angle of the MHB
constriction quantitatively from dorsal sections in the roof plate, at the alar/basal boundary (which
generally coincides with the sulcus limitans), and in the floor plate. These values, taken from a single
embryo over time, are displayed in Fig 5.4. Each semicircle represents the right side of mes/r1 in an
embryo at a specific point in time, with the different color outlines corresponding to the position and value
of the constriction angle in different dorsoventral locations (Fig 5.4A B).

In all embryos, the constriction is already present at 12 somites (t=0:00). In wild-type embryos,
there was little variation in the constriction angle along the dorsoventral axis initially, but as time
progressed, the behavior of the tissue surrounding the constriction began to diverge with dorsal tissues

creating the sharpest constriction and ventral tissues creating only a moderate constriction. This difference

94



is presumably due to the rapid growth of the tectal lobes in the dorsal mesencephalon. When fgf8a activity
is knocked down or lost, at 12 somites the mesencephalon has a similar constriction angle in the dorsal
region of the boundary but is more relaxed in the middle and ventral region. This difference reflects the
taller, narrower mesencephalon characteristic of the ace phenotype at this stage (see also transverse
sections in Fig 5.5). As time progressed, in both fgf8a knockdown and loss of function embryos, the
morphogenesis of the tectal lobes failed as can be seen by the fact the posterior limit of the lobes never
crossed the transverse plane of the constriction as seen in wild type. This failure could be due to
insufficient growth of the tectal tissue, lack of mechanical stability of the boundary, or a combination of
both. Interestingly, in fgfS8a knock down, there is a regression of the constriction at 3:57, which
corresponds to the time that adhesion at the midline of r1 begins to be lost, but then the tectum apparently
re-stabilizes. The regression and recovery of the MHB angle in the dorsal region of the fgf8a MO+ embryo
may reflect the retention of epithelial constriction by low levels of fgfSa signaling despite the loss of
adhesion at most of the midline at r1. Dynamics of the constriction at the alar/basal boundary show a less
sharp constriction, while the constriction in the floor plate is comparable to wild type. In fgf8a loss of
function embryos, in the roof plate the constriction does not mature appreciably, but at the alar/basal
boundary it sharpens until about 5:00 and relaxes. In the floor plate the angle is similar to wild type until
7:34, but it also relaxes during the rest of the time course.

From this analysis, it would seem there are different mechanical forces exerted on the isthmic
constriction along the dorsoventral axis of the tube during somitogenesis, which would potentially lead to
different strategies in the dorsal and ventral compartments to maintain the mechanical integrity of the
boundary for proper formation of the surrounding tissue. Shortening and subsequent basal-constriction of
cells at the MHB has been implicated as one mechanism to mechanically stabilize the constriction (262);
however, as the constriction is treated as virtually a two-dimensional object in most literature, it is difficult
to interpret from where along the dorsoventral axis data is reported. It seems reasonable to assume that
most reports focus on the dorsal compartment as, even in the relatively transparent zebrafish, it is easier to

image.
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Fig 5.4 Differences in MHB angle sharpness depending on dorsoventral position. (A) Three different
dorsal sections, one through the roof plate (red), one at the alar/basal boundary (green), and one in
the floor plate (blue) of the neuroepithelium were used to quantify MHB angle sharpness. (B) The
dorsoventral dynamics of the constriction angle show that in normal development, the constriction is
sharpest in the dorsal region, which also corresponds to the region most disrupted in fgf8a knock
down and loss of function. Scale bar = 50 pm.
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Fig 5.5 Boundary and r1 ventricle morphogenesis resembles mesencephalon ventricle
morphogenesis in fgf8 loss of function. Along the A/P axis, neuroepithelial morphology is initially
uniform but diverges to distinct transverse morphologies in wild type embryos. In comparison, fgf8a
knock down dampens these difference (white markers) and fgf8a loss of function results in no
appreciable morphological difference along the A/P boundary except for a gap in the dorsal region
of r1 (asterisk). A denser mesenchyme surrounded the boundary and r1 compartments in
fef8ax15/x15 embryos (yellow arrow), which may be due to more neural crest migration from these
compartments than in wild type embryos. Scale bar = 100 pum.
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Fig 5.5 Continued.

We next examined the dynamics of the transverse morphology of the brain ventricles along the
anteroposterior axis in wild type, fgf8a knock down, and fgf8a loss of function embryos shown in Fig 5.5.
Along this axis, sections were taken through the widest point of the mesencephalon (red panel), at the
narrowest point of the MHB constriction (green panel), and at the widest point in rl (blue panel). Before
brain ventricle morphogenesis, the transverse morphology of the neural tube is similar along the entire
anteroposterior axis in all groups of embryos. When ventricles III and IV connect, there is still relatively
little difference between wild type and fgf8a MO+ embryos that have begun to take on distinct

morphologies in the different anteroposterior compartments; however, in fgf8a*”"*"?

embryos, the
morphology still appears consistent along the entire axis. By 8:00, wild-type embryos have a characteristic
kite-shaped transverse ventricle morphology in the mesencephalon (red outline), a narrow isthmus at the
MHB constriction with a cap of tightly adhered cells in the dorsal part of the constriction (green outline,
white marker), and a thickened epithelium in r1 known as the thombic lips (blue outline). fgf8a MO+
embryos at this point have transverse morphology that resembles wild type embryos in the
mesencephalon, and an intermediate appearance between wild type and mutant morphology at the MHB

constriction and r1. fgf8a*>"*"’ embryos retain the transverse morphology of the midbrain compared to wild

type, and this same morphology propagates along the anteroposterior axis through the boundary and r1,
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with the notable exception of the gap separating the left and right portions of r1. In fgf8a*>""

embryos, we
also observed a higher occupancy of autofluorescence signal in the mesenchyme surrounding the
neuroepithelium near the boundary and r1 (yellow arrow), which suggests there could be more neural crest
migration from these regions in fgf8a*"*"’ embryos compared to fgfSa knock down or wild type embryos.

From these results, we conclude that the default morphology in rl is mesencephalic in nature
without fgf8a and the MHB genetic program to properly maintain the MHB constriction. This result is
consistent with a cerebellar-to-tectal transformation of the boundary/r1 region. We were, however,
surprised to see what appeared to be more neural crest migrating from the boundary/rl when fgf8a
signaling was not present. It is interesting to consider whether the narrower epithelium in the dorsal region
of r1 in fgf8a*"""** embryos may be due to its depletion from a larger than normal population of neural crest
cells migrating from r1, possibly resulting in a smaller than necessary progenitor pool within the cerebellar
plate primordium similar to what has been seen in spinal cord dorsoventral patterning (263).

Having examined in detail the dynamics of brain ventricle opening relative to MHB
morphogenesis, it appears that one function of the MHB constriction is to serve as a node for a transition
between different anterior and posterior brain ventricle morphogenesis programs converging at the
boundary. Such a structure would need to maintain cell adhesion at the boundary until brain ventricle
morphology was established on the limits of either side to prevent misspecification of the surrounding
tissues and could also mediate the timing of signaling between anterior and posterior brain compartments
in the case of signaling molecules secreted in the cerebrospinal fluid. Such phenomena are not without
precedent; for example, in mouse embryos it is well known that left/right asymmetry is broken by cilia-
directed fluid flow in the node, though it is not known if the signal mediated through the unidirectional
fluid flow is mechanical or chemical in nature (264). Brain ventricles have been shown to have cilia, and
in zebrafish cilia in the developing telencephalon were shown to direct neuronal migration (265). Some
such mechanism may account for the evolution of the closed primary neurulation strategy that transitions

through a neural keel seen in zebrafish compared to neural tube infolding seen in other vertebrates.
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5.3.5 Neural crest differences in fgf8a loss of function

To further examine the hypothesis that the denser mesenchyme surrounding the MHB and rlin fg8a*""""
embryos is due to enhanced neural crest migration from those regions, we examined dorsal sections of
wild type, fgf8a MO+, and fgf8a***"’ embryos near the roof plate shown in Fig 5.6. At the beginning of the
time-lapse experiments at the 12 ss, neural crest streams from r1 were already evident, as well as some

x15/x15

neural crest cells migrating from the mesencephalon in wild type, fgfSa MO+, and fgf8a embryos. By

5:00, neural crest migration from rl appears to have stopped in wild-type embryos, compared to the

corresponding time in fgf8a™**

embryos in which we observed cells in dorsal r1 still transitioning from
an epithelial to mesenchymal nature (green arrow). In fgf8a knock down, we could not conclude if any
cells were still migrating from r1 at 5:00.

Another feature of neural crest migration we observed that differed in these groups was the
avoidance of a particular area in the head mesenchyme adjacent to the anterior mesencephalon (asterisk)
and posterior to the optic cup that may correspond to the trigeminal placode (156). In fgf8a knock down,
this region was reduced and in fgf8a loss of function, this area was absent.

Cranial neural crest have not been well-studied in zebrafish, so it is difficult to tell if our
interpretation of the dynamics of the waves of neural crest migration observed match what is previously
known. From this data, however, it appears that small levels of fgf8a signaling may restrict neural crest
migration during late somitogenesis and loss of fgfS8a signaling may contribute to the failure of this
restriction. This behavior corresponds with constriction relaxation, and thus could be a consequence of the
reprogramming of r1 to mesencephalic fate. Acquiring a mesencephalic identity may trigger a wave of
migration associated with a more anterior position despite normal r1 migration having already taken place.

Alternatively, this observation could represent a premature and aberrant migration of another group of

cells from the URL, such as the wntl+ cells that migrate to tegmental hindbrain nuclei (34).
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12 ss late somitogenesis

Fig 5.6 Cell migration from r1 persists longer in fgf8a loss of function embryos. Neural crest streams
from the boundary (yellow arrowhead, constriction) and r1 seem to have ceased migration by 5:00,
whereas in fgf8a loss of function there are still cells migrating from r1 (green arrow). What may be
the trigeminal placode (yellow asterisk) is diminished with increasing loss of fgf8a activity. Scale bar
=100 pm.
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5.3.6 wntl reporter transgene responds to fgf8a loss of function

We next set out to determine how these morphological changes in fgf8a loss of function correlated with
changes in the behavior of the wntI lineage using a stable Tg(wnt1:eGFP);fgf8a*"""* line. We tested
whether the Tg(wntI:eGFP) construct in these lines responds to fgf8a loss of function similarly to wild
type by performing in situ hybridization on embryos at 24 hpf and comparing the location of egfp
transcripts to the previously reported location of wnt/ transcripts in fgf8a loss of function. Fig 5.7 shows
these results, where at 24 hpf in Tg(wntl:eGFP);fgf8a*”"* embryos, the egfp reporter transcript is found in
a dorsal stripe along the midbrain and hindbrain, except for a gap (asterisk) in anterior r1, as well as
throughout the dorsoventral axis of the MHB boundary (black arrowhead), which matches the expression
of endogenous wnt! in a wild-type background (170). In Tg(wnt1:eGFP);fgf8a*"*"’ embryos, the
expression at the MHB boundary is lost (asterisk) and the dorsal stripe runs continuously from the

midbrain through the presumptive transformed r1 region to the hindbrain (black arrowhead).
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Fig 5.7 wntl reporter is responsive to fgf8a loss of function in a stable Tg(wnt1:eGFP);fgf8a*"" line.
With normal fgf8a function, egfp transcripts in Tg(wntl:eGFP);fgf8a*"** embryos match endogenous
wntl expression at the MHB boundary (black arrowhead) and in the dorsal midbrain and
hindbrain, including a gap in anterior r1 (asterisk). Without fgf8a, egfp transcripts in
Tg(wntl:eGFP);fgf8a**"*"* were found in the dorsal midbrain in a continuous stripe through the
transformed r1 region into the hindbrain (black arrowhead), but not at the MHB boundary
(asterisk), matching the wntI expression pattern in ace phenotype. Scale bar = 200 um.
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We concluded this transgenic line was suitable for analyzing the dynamics of wnt! in fgf8a loss
of function as the reporter transcript responds the same as the endogenous wnt/ transcript. Therefore, we
could use time-lapse UPM of this Tg(wntl:eGFP);fgf8a*”"* line to visualize the eGFP marked wnt]
lineage within mes/r1 during normal morphogenesis and during the isthmo/cerebellar-to-tectal

transformation when fgf8a function was lost.

5.3.7 Lineage tracing dynamics show a genetic boundary forms at the transient constriction

but does not sharpen properly

We previously showed that the narrow ring of wnt/ expression is refined from a broader domain of
expression by different cell behaviors depending on their dorsoventral position. During normal
development, the wnt] lineage was present throughout dorsal r1 and these cells remained marked by GFP
up to early pharyngula stages, though active wntl expression marked by the deposition of NBT/BCIP in
those embryos had receded to the dorsal stripe in the mesencephalon and in a ring just anterior to the
boundary. In contrast, in the ventral part of r1, the wnt/ lineage extended less posteriorly and over time the
GFP signal dropped sharply, indicating the movement of these cells relative to the MHB boundary,
perhaps either sorting into the midbrain or dorsal r1. The MHB boundary has been shown to be lineage
restricted during this phase of development (44) but the data presented in that study extended only to the

most upper portion of the ventral compartment.
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Fig 5.8 wntl lineage is present but unpolarized in Tg(wntl :eGFP);fgf8a***** embryos. During

normal development, the wntI lineage increases expression of wntl visualized by increasing eGFP

200

reporter signal at the MHB boundary in both the dorsal and ventral neuroepithelium. In fgf8a loss

of function, this genetic wntl lineage is present but its anteroposterior polarization is disorganized

and GFP intensity increases and then decreases over time. Scale bar = 100 pm.

104



We observed the same behavior of the wntI lineage in the dorsal and ventral neuroepithelium in
Tg(wntl:eGFP) embryos shown in Fig 5.8. Maximum intensity projections of overlaid autofluorescence
and GFP signals show the dramatic morphological development of the mes/r1 neuroepithelium during
somitogenesis. Tracing the GFP intensity profile of cells in the mes/r1 neuroepithlium over time showed
increasing GFP signal at the MHB boundary (from the 12 ss at t=0:00 to early pharyngula at 13:13) in

both dorsal and ventral compartments. In contrast, in Tg(wntl :eGFP);fgf8a*""*"

embryos, we observed a
bounded wnt! lineage in the dorsal and ventral neuroepithelium, but GFP intensity at the anterior and
posterior boundaries was similar, suggesting an unpolarized domain of wntl expression, and appreciable
amounts of GFP did not build up over time at the boundary. Similar to normal development, GFP
perdurance marked a wnt/ sublineage remaining in dorsal r1 while the wnt/ lineage in ventral r1 appeared
to move from that compartment to a new location as GFP intensity dropped appreciably in ventral r1.

It has been suggested previously that an Fgf signaling gradient from the MHB organizer serves to
polarize the developing midbrain (266) resulting in proper growth of the tectal lobes and differentiation of
cell types along the A/P axis. Our results are consistent with this hypothesis, showing a mirrored
distribution of GFP signal intensity in the mesencephalic neuroepithelium that suggests the boundaries are
present, but the cells lack positional cues to be able to determine whether they are at the anterior or

posterior boundary. Alternatively, when faced with the loss of the posterior boundary, the cells may

acquire a default mesencephalic nature.

5.3.8 Integrated analysis of morphogenesis and lineage tracing in fgf8a loss of function reveals wntl
reporter intensity increases in rl preceding boundary relaxation

We next analyzed the genetic and morphological basis of the isthmo/tectal-to-cerebellar transformation
that has been reported in fgf8a loss of function by tracking the fluorescence intensity of Tg(wntl :eGFP) in
dorsal r1 relative to the MHB constriction angle taken at the sulcus limitans, as shown in Fig 5.9. We
found that in wild type embryos, the intensity of the wnt! reporter, measured from the dorsal region of a

transverse section in anterior rl, decreased slowly over time, while the MHB angle steadily sharpened. In
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contrast, in Tg(wntl:eGFP);fgf8a*"*"’ embryos, wntl reporter intensity in dorsal r1 increased steadily over
time, and this increase preceded the relaxation of the boundary that began at approximately 300 minutes

(red arrowhead).
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Fig 5.9 Increased reporter intensity in dorsal r1 precedes boundary relaxation in

Tg(wntl :eGFP);fgf8a**"** embryos. Transverse sections were taken in the anterior of r1 just
posterior to the MHB boundary and the GFP intensity in the dorsal region (outline in red) and
MHB constriction angle at the sulcus limitans were measured over time. Plots of these
morphological (black line) and genetic (green line) dynamics show that in fgf8a loss of function,
MHB boundary relaxation (red arrowhead) occurs after the reporter intensity in r1 has begun
increasing. Scale bar = 150 pm.
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The dynamics we measured support previous reports of an isthmo/cerebellar-to-tectal
transformation that occurs with genetic reprogramming, as the wntI lineage in dorsal rl that should have
stopped expressing wntl and acquire a cerebellar identity (except for a handful of cells that will continue
to express wntl in the cerebellar plate (34)) rather continued to express wntl, reflecting a potential dorsal
mesencephalic identity. We observed that this reprogramming caused by a lack of fgf8a does not preclude

the initiation of the morphogenesis of the boundary, but it does prevent it from executing properly.

5.3.9 Dorsoventral differences in response of wntl sublineages to fgf8a loss of function

We noted that there appeared to be two different responses among the wnt! lineage to fgf8a loss of
function depending on spatial position. The above results from dynamic lineage tracing showed that cells
of the wntI lineage in dorsal r1 appear to either fail to stop expressing wnt! to resolve the genetic MHB
boundary or briefly stop and then begin re-expressing wnt/ as part of the isthmo/cerebellar-to-tectal
transformation. This behavior differs from the wnt/ sublineage at the MHB boundary in the
mesencephalon that loses expression of wnt/ as seen by ISH analysis. It was intriguing to us that, unlike
other genes in the MHB program that completely lose expression in mes/r1 without fgf8a, such as eng and
pax genes, wntl responds in part to fgf8a loss of function by sustaining or reactivating expression in a
population of cells in the presumptive dorsal r1 region.

We looked more closely at fluctuations in GFP intensity from individual cells in the dorsal mes/r1
as shown in Fig 5.10. By 7:00 (t = 0:00 at the 12 ss), adhesion has been lost and the constriction has
started relaxing in fgf8a loss of function. When we examined the GFP intensity distribution (green line)
from dorsal sections in Tg(wntl:¢eGFP) compared to Tg(wntI:eGFP);fgf8a*"”"*"’ embryos at this point, we
observed in both cases the presence of individual boundary cells with high levels of GFP anterior to the
physical constriction (red rectangle). In both cases, we also observed individual cells in r1that had higher
GFP intensity than their neighbors (red asterisk) and could observe peaks from the cell in r1 posterior to
the physical constriction (yellow arrowheads). In Tg(wntI:eGFP) embryos, we observed that from 7:00 to

13:00, the cell from the wnt! lineage in the mesencephalon maintained a high GFP intensity relative to its
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neighbor in r1, concomitant with the maintenance of a basal-constricted cell morphology and increasing
sharpness of MHB constriction. In contrast, from 7:00 to 13:00 in Tg(wntI:eGFP);fgf8a*”"*’ embryos, we
observed the cell from the wnt/ lineage in rlincreased in GFP intensity relative to its neighbor in the
mesencephalon, corresponding with what appears to also be a basal-constricted morphology that correlates
with decreasing MHB angle. In both Tg(wnt1:¢eGFP) and Tg(wnt1:eGFP);fgf8a*’*"’ embryos, cells at more
posterior positions in dorsal r1 (red asterisk) that initially have higher GFP intensity decrease over time.
This combination of behaviors may reflect the spread of a response to fgf8a loss of function from the
anterior to posterior limits of r1, in which cells having determined to be specified to r1fate are
reprogrammed to mesencephalic fate.

Though the results above show the increases in reporter intensity happening at nearly the same
time the constriction physically relaxes, when using a reporter gene such as GFP, there is a delay between
when the gene expression changes occur and when they are translated into changes in reporter intensity.
This delay can lead to difficulties interpreting whether morphological changes are preceded by, occur
concomitantly with, or precede changes changes in gene expression and the translation of a protein
product, though such knowledge would be useful in understanding the regulatory interactions between
cells and their mechanical environments. In our results shown in Fig 5.9 and Fig 5.10, increases in reporter
intensity occurred at the same time the morphological environment is changed. If we assume an hour is
required for fluorescent protein maturation (267), then it is reasonable to conclude that gene expression
changes precede these morphological failures, but it is unclear if those changes in gene expression have
been translated into changes in signaling protein and transcription factor to effect morphological change.
In this context, it is reasonable to hypothesize that early posterior expansion of otx2 in ace embryos
signaled a fate transformation that precluded the morphogenetic program driving the constriction;
however, we find that when fgf8a is not present to maintain expression of MHB genes, the morphogenetic
program is initiated but responds to loss MHB gene expression by relaxing the dorsal boundary. In light of
this, it would also be interesting to consider whether changes in mechanical environment in fgf8a mutants

could be the change sensed by boundary cells that subsequently results in loss of MHB gene expression.
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Fig 5.10 Individual cell tracking reveals increases in intensity in cells in r1 occurs with the relaxation
of the boundary in dorsal mes/r1 in Tg(wntl :eGFP);fgf8a****> embryos. (A, B) During mid-
somitogeneis to early pharyngula, Tg(wntl:eGFP) embryos maintained and sharpened the isthmic
constriction in part by basal-constriction of boundary cells (red rectangle) while neighbors in r1
(yellow arrowhead) displayed decreasing wntl reporter fluorescence intensity (intensity profile
measured form the green line). (C, D) At corresponding stages, in Tg(wntl:eGFP);fgf8a>"*"

embryos, boundary cell fluorescence intensity decreases relative to its r1 neighbor as MHB angle
relaxes. Scale bar = 100 um.

With the visualization of individual cells shown in Fig 5.10, we also can deduce that adhesion

and epithelial relaxation are decoupled from each other during dorsal isthmic relaxation in fgf8a loss of
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function, which was suggested by the relative dynamics of these processes in the fgf8a MO+ embryo. The
time point at which the tracking began in Fig 5.10 was after adhesion was already lost in r1, yet the
orientation of the cells at the boundary changed over time from perpendicular to oblique relative to the
A/P axis. We interpret these changes in orientation as reflecting another mechanism that contributes to
continued change in the morphology of the boundary independent of adhesion loss. One possibility is a
myosin mediated epithelial relaxation step similar to the mechanism used to create transient constrictions
between hindbrain rhombomeres (260). Another possibility would be the failure of the boundary cells to
initiate or maintain basal constriction, although from our data the cells appear to have a basal-restricted
morphology in Tg(wntl:eGFP);fgf8a™**"° embryos. A more interesting possibility is that basal constriction
that fails to be mechanically stabilized by surrounding tissues leads to a loss of proper boundary
morphology. We have observed that the wnt] expressing cells in the dorsal posterior mesencephalon of
Tg(wntl:eGFP) embryos organize into a simple epithelium (Fig 5.10, blue marker) that is not present in
Tg(wnt1:eGFP);fgf8a**"’ embryos. Perhaps this special epithelium provides a local mechanical stiffness
in the posterior mesencephalon that allows basal constriction (wedging) of boundary cells to result in a
movement in the anterior versus the posterior direction. Or, perhaps the basement membrane of that
epithelium interacts with the basement membrane of r1 to stabilize the area during cell wedging.

We also tracked similar dynamics in the ventral region of mes/rl in Tg(wntl:eGFP) and
Tg(wnt1:eGFP);fgf8a***"’ embryos, shown in Fig 5.11, though signal attenuation at these imaging depths
made it difficult to track individual cells. We observed that in Tg(wnt/:eGFP) embryos, the wnt! lineage
initially spread across the boundary was subsequently compressed into a more narrow region as the
boundary angle sharpened (black markers). It was not clear if this behavior was a result of cell wedging. In
contrast, in Tg(wnt1:eGFP);fgf8a™”""’ embryos, the wntI lineage initially spanning the boundary failed to
compress and organize into a ring of cells, though their orientation did seem to transition from
perpendicular to oblique, perhaps as a result of forces resulting from constriction failure in the dorsal

neuroepithelium.
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From these data, we can clearly see different behaviors of the wnt! lineage in the dorsal and
ventral compartments of mes/r1 both during normal development and in response to fgf8a loss of function

that suggest different epithelial organization and mechanical environments in these two compartments.
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Fig 5.11 Lineage tracing reveals loss of organization of the wntI lineage in the ventral
neuroepithelium in Tg(wntl:eGFP);fgf8a*"*" compared to Tg(wntl:eGFP) embryos. (A, B) During
mid-somitogenesis to early pharyngula, the wntI lineage in the ventral neuroepithelium of
Tg(wntl:eGFP) embryos compresses to a narrow ring of cells anterior to the physical MHB
constriction (black markers) while in Tg(wntI:eGFP);fgf8**** embryos (C, D), this reorganization
fails to occur. Scale bar = 100 pm.

111



5.3.10 Registration of wntl lineage and expression domains in ace phenotype

x15/x15

Tracking the ventral wnt! lineage in Tg(wntl:eGFP);fgf8a embryos was enabled by the perdurance of
the GFP protein as wntl expression was already lost in these cells by mid-somitogenesis according to
previous reports. Based on the behavior of the dorsal mes/r1 tissue and wnt/ in response to fgf8a loss of
function, however, it was not clear to us that the continuous dorsal stripe along the transformed r1 region
was due solely to a re-expression of wnt! in the roof plate of r1 or that the dorsal component of the ring of
cells expressing wnt! at the boundary cease to express wntl without fgf8a.

From lineage tracing, we characterized wnt/+ cells in the dorsal boundary that continued to
express wntl and were displaced posteriorly by the mechanical instability of the constriction. At the same
time, the more posterior neighbors of these cells began increasing wnt! expression. These results, in
combination with our observation of the depleted morphology of the dorsal region of r1 (Fig 5.5, 5.6), lead
us to suspect the dorsal region of the ring of wntl+ cells at the boundary contributed to the continuous
stripe in the transformed rl region in addition to the reactivation of wntI in more posterior cells. To
differentiate between these interpretations, we therefore integrated our dynamic lineage tracing data with
domains of active wntl expression using the method we developed in Section 4.

We previously identified landmarks in mes/r1 that allowed for sufficiently reliable registration of
images obtained from embryos live and post in situ hybridization, however, many of these landmarks are
missing in fgf8a loss of function. We redefined new landmarks shown in Fig 5.12 to allow us to register

x15/x15

lineage dynamics and gene expression domains in Tg(wntl:eGFP);fgf8a embryos.
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Fig 5.12 Morphological landmarks for registration of fgf8a embryos. Four reliably identifiable
transverse planes along the A/P axis, ta, tml, tm2, and tp, were used to constrain landmarks selected
from transverse morphology at each point.

We then imaged Tg(wnt1:eGFP) and Tg(wntl:eGFP);fgf8a*>*"’ embryos live and preformed
fluorescence in situ hybridization (FISH) to deposit FITC where wnt! transcripts were located and
reimaged the same embryos. We processed the images to optimize the orientation of the embryos and
registered the FISH images onto the live morphology and GFP distribution using the landmarks shown
above with a thin-plate spine elastic registration tool in FIJI. The resulting overlay, shown in Fig 5.13,
depicts the current distribution of all cells that have expressed wntl :GFP (lineage) as well as where cells

are still currently expressing wnt/ (gene expression) within the live ace mes/r1 morphology.
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Fig 5.13 Comparison of wntl:eGFP marked lineage compared to regions of active wntl expression in
mes/rl in Tg(wntl:eGFP) and Tg(wntl:eGFP);fgf8a***"> embryos. Maximum intensity projections
of a dorsal view of combined autofluorescence (white), wntl:eGFP (green) and registered FITC (red)
signal show overlap between wntl lineage and active wntl expression in the dorsal part of r1 (yellow
arrowheads) at the MHB constriction (white arrowhead) in Tg(wntl:eGFP) fgf8a**** embryos
while the ventral part of the wntI lineage at the boundary no longer expresses wntl (yellow asterisk)
compared to Tg(wntl:eGPF) embryos (yellow arrow). Scale bar = 100 pm.

Comparing the distribution of wnt/:eGFP in the dorsal and ventral parts of r1 to the location of

FITC labeled wntl transcript in Tg(wntl:eGFP);fgf8a*"*"’ embryos, we found that most of the initially
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specified boundary cells appear to have stopped wnt! transcription, suggesting that though the relaxing
boundary cells have moved slightly posteriorly, the dorsal portion of the ring has not collapsed
significantly in the dorsoventral axis to contribute to the tissue that appeared to be presumptive r1. Rather,
most of the boundary cells in the dorsal compartment do indeed stop expressing wnt! in the absence of
fgf8a. Further optimization of the registration algorithm for ace phenotype may be required to show this
more definitely, as registration accuracy was sub-optimal when compared to the performance of the
landmarks for the wild-type phenotype. Optimizing the FISH protocol may improve registration accuracy

also, as Tg(wnt1:eGFP);fgf8a*”** embryos appeared more distorted at the MHB boundary after FISH.

5.4 Conclusion

Our discovery of this transient constriction in fgf8a loss of function shows that using a combination of
standard light microscopy techniques and ISH for analysis, even at multiple time points, can lead to the
oversight of important morphological dynamics. This oversight is due to two main limitations- lack of 4-D
resolution and significant morphological distortions due to tissue fixing and subsequent processing.

By examining morphological dynamics in fgf8a loss of function simultaneously with the behavior
of the wntI lineage, we have revealed several new important requirements for proper mes/r1 formation
including cell adhesion during brain ventricle formation, regulation of epithelial tissue stiffness, and
organization of cell morphology and epithelial structure. We have also shown the reliance of proper
morphogenesis on the underlying genetic program of the mes/r1 tissue from early somitogenesis.

With these data combining dynamic lineage tracing and gene expression within a live three-
dimensional context, we refined the idea that rl is transformed from cerebellar to tectal fate in fgf8a loss
of function. We found the transformation is evident, but precedes rather than precludes the formation of
the isthmus, and that failure of the initiated morphogenetic program to execute properly contributes to the
ace phenotype by apparently compromising the structural integrity of the tectum and dorsal boundary.

In the future, it will be of use to examine the potential roles of patterning genes with

morphogenetic cell behaviors in mind, as patterning happens within a continuously changing 3-D
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environment and it is reasonable to assume genes may have evolved roles to both govern shape changes in

tissues and subsequently specify surrounding cell identities.
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6. SUMMARY

In this dissertation, I have discussed the complexity of embryonic development in order to motivate the
continued development of new imaging modalities that can simultaneously capture molecular and
morphological information from live developing embryos. I have shown that Ultrashort Pulse Microscopy
is a useful tool for this purpose in developing zebrafish embryos, with the potential for simultaneously
imaging up to 5 genetically labeled lineages (marked with different fluorescent protein variants) alongside
tissue morphology dynamics in vivo. I have also shown that the multiplexed capabilities of UPM enable
the integration of data sets from different experiments on the same embryo through image registration.
With these tools, I have begun to investigate the roles of wnt! and fgf8a in the formation of the midbrain-
hindbrain boundary in a more complete manner than has been previously conducted and revealed a
transient morphogenetic program initiated independently of fgf8a. I have also characterized differences in
the behavior of the wntl lineage in mes/r1 during both normal and aberrant development depending on
their dorsoventral position.
I have taken steps towards demonstrating the potential of UPM for integrating the analysis of
embryonic development at the tissue, cellular, and molecular scales. This demonstration includes:
* Robust label-free visualization of embryonic tissues by 2-photon excited autofluorescence with
no damage to the embryo.
* Time-lapse experiments to characterize tissue dynamics.
* Time-lapse experiments to characterize a single genetically labeled cell lineage within its
morphological context.
* Injection experiments and preliminary spectral unmixing showing the potential for imaging
several genetically labeled cell lineages in time-lapse experiments simultaneously.
* OCM and 2PF imaging to visualize domains of gene expression labeled with NBT/BCIP or

FITC, respectively, within tissue morphology.
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* Registration of gene expression domains onto live embryo morphology and genetic reporter
lineage distribution.
With even just these preliminary steps, we have gained new and important insight into the genetic
control of morphogenesis in the mes/rl region in zebrafish including:
* Dorsal and ventral compartments of the mes/rl region may have different strategies for refining
the boundary and perhaps different lineage restriction properties.
* There is a transient constriction that relaxes concomitant with changes in genetic program in
fgf8a loss of function.
*  The fgf8a loss of function phenotype includes dysregulation of cell adhesion.
e The fgf8a loss of function phenotype may also include aberrant cell migrations from rl.
* Infgf8a loss of function, there are two different responses of the wnt/ lineage depending on
their location that correlate with the failure of the MHB constriction to continue forming.
I conclude, based on these works, that UPM will continue to be a useful tool for studying
developmental processes in the future.
Based on the experience described in this dissertation, I make the following recommendations. In
terms of the imaging instrumentation, I suggest:
* Implementing spectral SPIM using 10 fs pulses to increase imaging speed, in accordance with
the recommendation of Dr. Alvin Yeh.
* Adding different scan options to the acquisition software for scanning 256 x 256 and 512 x 512
pixels per image.
* Automate time-lapse acquisition with a tool that relocates the embryos position at each new
time point (because it will have certainly moved a bit).
* Improve the axial resolution of the OCT/M system by matching dispersion in both arms, in

accordance with the recommendation of Dr. Alvin Yeh.
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In terms of the imaging application for studying embryonic development, I suggest:
*  Characterizing the possibility of femtosecond microsurgery and/or photoactivation of heat-
shock inducible genes.
In terms of image processing, I suggest:
*  Automation of rigid registration of embryos to optimal orientation.
*  Automation of image segmentation to isolate the neuroepithelium from 3-D image stacks.
*  Automation of landmark detection for image registration.
¢ Improvement on registration accuracy for both wild type and mutant embryos.
* Investigation of algorithms to use the neuroepithelial autofluorescence for cell tracking.
* Initial building of a dynamic “average embryo” to begin creating a virtual atlas of gene
expression and morphogenesis during mes/r1 formation.
In terms of genetic tools, I suggest:
*  Using nuclear localized fluorescent protein reporters for lineage tracing.
*  Characterizing the turnover rate of fluorescent protein reporters localized to different structures
(free floating, versus nuclear or membrane localized).
*  Consideration of the use of reporter proteins that have faster maturation rates (ex. TurboGreen).
*  Consideration of the use of reporter proteins that have faster turnover rates.
*  Optimizing fluorescent protein reporter selection to match the two-photon power spectrum of
our 10 fs pulses.
*  Comparing reporter constructs in stable transgenic lines to endogenous gene expression with 3-
D resolution, so any subtle differences in expression will be characterized before experiments
are performed.
*  Development of a method for labeling and imaging mRNA transcripts live.
I also recommend following up on the possibility suggested by this work that Wnt and/or Fgf
participate in morphogenesis during mes/r1 formation, especially to re-examine the literature concerning

the evolutionary conservation of the MHB organizer.
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Finally, I recommend the further collaboration of developmental biologists and those developing
the frontier of biomedical optics instrumentation so that endless signals most beautiful can be used to

understand the beginnings of endless forms most beautiful (268).
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