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ABSTRACT

The brain ventricles are a conserved system of fluid-filled cavities within the brain that
form during the earliest stages of brain development. Abnormal brain ventricle development has
been correlated with neurodevelopmental disorders including hydrocephalus and schizophrenia.
The mechanisms which regulate formation of the brain ventricles and the embryonic
cerebrospinal fluid are poorly understood. Using the zebrafish, I initiated a study of brain
ventricle development to define the genes required for this process. The zebrafish neural tube
expands into the forebrain, midbrain, and hindbrain ventricles rapidly, over a four-hour window
during mid-somitogenesis. In order to determine the genetic mechanisms that affect brain
ventricle development, I studied 17 mutants previously-identified as having embryonic brain
morphology defects and identified 3 additional brain ventricle mutants in a retroviral-insertion
shelf-screen. Characterization of these mutants highlighted several processes involved in brain
ventricle development, including cell proliferation, neuroepithelial shape changes (requiring
epithelial integrity, cytoskeletal dynamics, and extracellular matrix function), embryonic
cerebrospinal fluid secretion, and neuronal development. In particular, I investigated the role of
the Na'K ATPase alpha subunit, Atplal, in brain ventricle formation, elucidating novel roles for
its function during brain development. This study was facilitated by the snakehead mutant,
which has a mutation in the atplal gene and undergoes normal brain ventricle morphogenesis
but lacks ventricle inflation. Analysis of the temporal and spatial requirements of atplal
revealed an early requirement during formation, but not maintenance, of the neuroepithelium. I
also demonstrated a later neuroepithelial requirement for Atplal-driven ion pumping that leads
to brain ventricle inflation, likely by forming an osmotic gradient that drives fluid flow into the
ventricle space. Moreover, I have discovered that the forebrain ventricle is particularly sensitive
to Na ' K"ATPase function, and reducing or increasing Atplal levels leads to a corresponding
decrease or increase in ventricle size. Intriguingly, the Na' K ATPase beta subunit atp1b3a,
expressed in the forebrain and midbrain, is specifically required for their inflation, and thus may
highlight a distinct regulatory mechanism for the forebrain and midbrain ventricles. In
conclusion, my work has begun to define the complex mechanisms governing brain ventricle
development, and I suggest that these mechanisms are conserved throughout the vertebrates.
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Chapter One

A Discussion of the Formation and Function
of the Embryonic Brain Ventricles

Contributions: I wrote this introductory chapter. Members of the Sive lab provided comments,

critiques, and editing support.
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INTRODUCTION

The vertebrate brain has a characteristic and complex three-dimensional structure, whose

development is not well understood. One highly conserved aspect of brain structure are the brain
ventricles, a system of cerebrospinal fluid (CSF)-filled cavities within the brain (Fig. 1.1)
(Davson and Segal 1996). While brain ventricle descriptions and proposed functions have
existed for over two thousand years (reviewed in (Finger 1994)), our knowledge of the function
and development of the brain ventricles is far from complete.

Abnormalities in brain ventricle structure and CSF regulation can lead to hydrocephaly,
one of the most common birth defects (Zhang et al 2006), and abnormal brain ventricle size and
structure have been correlated with a wide range of neurodevelopmental disorders including
schizophrenia (Shenton et al 2001). Although the correlation between brain ventricle structure
and brain function is unclear, brain ventricle abnormalities often arise during early stages of
brain ventricle development (Gilmore et al 2001). Thus, discovering the mechanisms which
regulate brain ventricle development may provide insights into the causes of
neurodevelopmental disorders.

While adult brain ventricles have a complex shape, the embryonic brain begins as a
straight tube, the lumen of which will form the brain ventricles (Fig. 1.2). During and after
neurulation, the anterior neural tube dilates in three specific locations to form the future
forebrain, midbrain, and hindbrain ventricles. This dilation pattern is highly conserved in all
vertebrates. Until recently, the molecular mechanisms that regulate brain ventricle formation
were essentially unknown. This has been due, in part, to lack of a genetic model in which early
brain ventricle development could be observed. Furthermore, analysis of the formation and
function of the embryonic CSF (eCSF) within the brain ventricles has been strikingly neglected,
even though much evidence points to a critical role for eCSF during neural development (Miyan
et al 2003).

In this introductory chapter, I will describe the current state of the field of embryonic
brain ventricle development and function. First, I will describe the brain ventricular system,
including abnormalities which can occur. Then, I will explain the morphological process by
which the neural tube forms the embryonic brain ventricles. Finally, I will discuss the multiple
mechanisms shown to affect brain ventricle development, including patterning of the neural tube,

regulated cell proliferation, tissue morphogenesis, neuronal differentiation, and regulation of
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eCSF formation. In the final section, I will also discuss possible functions of the eCSF within

the embryonic brain ventricles.

THE BRAIN VENTRICULAR SYSTEM

The brain ventricles, a highly conserved system of cavities within the brain that contain

CSF and form a circulatory system throughout the brain (Cushing 1914; Milhorat et al 1971;
Pollay and Curl 1967), were first described over two thousand years ago by the ancient Greek
physician Herophilus (335-280 BC) (Tascioglu and Tascioglu 2005). In the adult human brain,
there are four ventricles: two lateral ventricles within the cerebrum, a third ventricle within the
diencephalon, and a fourth ventricle lying between the cerebellum and pons (Fig. 1.1) (Millen
and Woollam 1962). The lateral ventricles are connected to the third ventricle by the foramen of
Munroe, while the third and fourth ventricles are connected via the cerebral aqueduct. The
fourth ventricle connects to the spinal cord canal and the subarachnoid space that envelops the
brain.

Since their discovery, the function of the brain ventricles have been the subject of much
debate. For over a thousand years, it was believed that higher mental functioning resided within
the brain ventricles, although this was finally refuted during the Renaissance period (Finger
1994). While the ancient Greek physician Hippocrates (460-375 BC) first commented on
“water” surrounding the brain, the anatomist Galen (130-200 AD) recognized that the fluid was
located within the brain ventricles as well (Hajdu 2003). The discovery of CSF secretion is often
attributed to Swedenborg (1688-1772) whose manuscript referred to CSF as a “highly gifted
juice” that is secreted from the roof of the fourth ventricle, although the term “cerebrospinal
fluid” was first coined by Magendie (Hajdu 2003).

CSF is produced mainly by the choroid plexuses, highly vascular undulating structures
located within the ventricles (Fig. 1.1C) (Emerich et al 2005). It is assumed that a small amount
of CSF is made by cells lining the ventricles, as well as from secretory circumventricular organs
(Perez-Figares et al 2001; Vigh et al 2004). Total CSF volume in humans is roughly 140 ml, and
of this, only about 23 ml is within the ventricles; the remainder surrounds the brain (Davson and
Segal 1996). The choroid plexuses produce about 500 ml per day, suggesting that the fluid is
exchanged 3-4 times per day (Davson and Segal 1996). CSF is believed to flow in a directional
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manner through the ventricles (Fig. 1.1C) and then out into the subarachnoid space covering the
brain outer surface where it is likely absorbed into the circulatory and lymphatic systems. This
flow may be directed by pressure gradients produced by the one-way secretion and absorption as
well as by uniformly-oriented beating cilia located on the ependymal epithelium that lines the
ventricles (Nicholson 1999).

Numerous functions have been attributed to the brain ventricles and CSF. It was
proposed by Magendie in the 1800s that the outside fluid cushions the brain, thus protecting it
from injury (Hajdu 2003). In fact, this idea is one of the only proposed functions for which there
has been general agreement for some time (Segal 2001). The CSF has also been called a “sink”
for brain waste removal, as well as a source of nutrition for the brain (Segal 2001). Today, the
currently accepted view is that CSF plays a role in controlling homeostatic, hormonal, and
signaling mechanisms involved in brain function (Miyan et al 2003). For example, a
circumventricular system of neurons sends dendrites and axons into the ventricular space to
either sense or secrete neurotransmitters and other signals in the CSF (Vigh and Vigh-
Teichmann 1998). Furthermore, there has been extensive work documenting that growth factors
and other signals circulate within the CSF and have an effect on brain function (Chodobski and
Szmydynger-Chodobska 2001; Emerich et al 2005). Finally, recent work has shown that cilia-
mediated CSF flow in the lateral ventricles directs migration of developing neurons in the adult
rat brain (Sawamoto et al 2006). Overall, these data indicate that the CSF within the brain
ventricles plays more important and complex roles in brain function and development than

previously appreciated.
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BRAIN VENTRICLE ABNORMALITIES

Abnormalities in brain ventricle structure and CSF regulation are some of the most

common birth defects and can have severe consequences for brain function. These abnormalities

include neural tube closure defects, hydrocephaly, and neurodevelopmental disorders.

Cranial neural tube closure defects

During formation of the embryonic brain, the flat neural plate folds under and rolls into
the neural tube. Neural tube defects arise when the process does not occur normally, often
during closure of the neural tube. When the neural tube fails to close in the brain, the defect is
called anencephaly. The brain ventricle system is abnormally open, eCSF can escape, and the
brain is exposed to the outside environment. As a result, the brain region closest to the opening,
usually the forebrain, does not form and exposed tissue degenerates (Moore 2006). Infants with

anencephaly are either stillborn or die shortly after birth (Moore 2006).

Hydrocephalus

Hydrocephalus is a neurological disorder characterized by an excess of CSF and dilation of
the brain ventricles, and it is one of the most common birth defects, occurring in up to 1/300
births (Dirks 2004; Zhang et al 2006). It often results in severe disruption of brain development
including decreased neurogenesis (Mashayekhi et al 2002). There are numerous possible origins
and effects, depending on when hydrocephalus occurs during brain development. Late onset
hydrocephaly (occurring in the adult) can cause intracranial pressure, damaging brain tissue that
is already formed, whereas early onset hydrocephaly (in the fetus or infant) affects growth and
development of the brain (Pourghasem et al 2001). Multiple genes have been implicated in
human and mammalian models of hydrocephalus (Zhang et al 2006), but the underlying causal
mechanisms have remained elusive. In approximately 40% of human cases, no specific cause for
hydrocephaly can be identified. It has been suggested that hydrocephalus may result from too
much CSF production, too little CSF absorption, impaired CSF flow, and/or abnormal brain
shaping leading to blockages of narrow canals, especially the cerebral aqueduct (Pourghasem et
al 2001; Ibanez-Tallon et al 2004; Zhang et al 2006). All of these cases would lead to excessive
CSF within the brain ventricles and increased intracranial pressure. Interestingly, in cases of

early onset hydrocephalus where shunts are used to relieve pressure prior to tissue damage, brain

18



development is still abnormal, suggesting that some aspect of CSF function is abnormal

(McAllister and Chovan 1998; Mashayekhi et al 2002).

Neurodevelopmental disorders with altered brain ventricle structure

In addition to neural tube defects and hydrocephalus, a wide range of
neurodevelopmental disorders have been correlated with more subtle abnormalities in brain
ventricle size and shape. These disorders include schizophrenia, autism, idiopathic and
syndromal mental retardation, fragile X syndrome, Down’s syndrome, attention-deficit-
hyperactivity disorder, and other learning disorders (Piven et al 1995; Reiss et al 1995;
Castellanos et al 1996; Prassopoulos et al 1996; Frangou et al 1997; Sanderson et al 1999;
Kurokawa et al 2000; Wright et al 2000; Gilmore et al 2001; Hardan et al 2001; Shenton et al
2001; Rehn and Rees 2005; Nopoulos et al 2007). Even mild ventricle enlargements are
associated with developmental abnormalities, including motor and language delays in the first
two years of life (Bromley et al 1991; Patel et al 1994; Bloom et al 1997; Whitaker et al 1997;
Vergani et al 1998; Pilu et al 1999). In addition, ventricular enlargement is one of the earliest
and most consistently reported structural brain abnormalities found in schizophrenia (Jeste et al
1982; Suddath et al 1990; Marsh et al 1994; Nelson et al 1998; Kurokawa et al 2000; Wright et
al 2000; Malla et al 2002).

Although it is not obvious how brain ventricle abnormalities and these mental health
disorders are correlated, in particular, whether loss of neural tissue leads to ventricle enlargement
or whether ventricle enlargement is a proximal cause, clear possibilities for interplay between
brain ventricle formation and brain function exist. For example, in many disorders, it has been
demonstrated that brain ventricle abnormalities arise during early stages of brain ventricle
development (Gilmore et al 2001; Malla et al 2002). Thus, further study of the mechanisms
involved in brain ventricle formation may shed light on brain ventricle abnormalities and how to

prevent them.
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FORMATION OF THE EMBRYONIC BRAIN VENTRICLES

In vertebrates, the embryonic brain originates from a columnar epithelium called the

neural plate (Gray and Clemente 1985). In humans, the neural plate forms within the first few
weeks of development, and by one month, undergoes neurulation, a morphogenetic process by
which the neural plate changes shape to form the neural tube (O'Rahilly and Muller 1994). The
anterior portion of the tube becomes the brain, and the posterior becomes the spinal cord.
During and after neurulation, the anterior portion undergoes a series of bends, constrictions, and
dilations to subdivide the brain into the future forebrain (prosencephalon, which splits into
telencephalon and diencephalon), midbrain (mesencephalon), and hindbrain (rhombencephalon).
These three brain regions have been called the primary embryonic “brain vesicles” (Fig. 1.2A)
(Gray and Clemente 1985).

Inside the brain vesicles lie the embryonic brain ventricles (Fig. 1.2), which have
stereotypic shape due to folding of the neuroepithelium. During the next few weeks of brain
development, the ventricles undergo massive expansion, with ventricle volume increasing
significantly faster than brain tissue growth (Bayer and Altman 2008). Upon reaching maximal
ventricle-to-tissue ratio, the ratio then reduces as brain tissue growth out-paces ventricle
expansion until the ventricles eventually assume the adult size and configuration (Fig. 1.2C).
This occurs in a caudal to rostral direction, with hindbrain ventricle development leading and
forebrain ventricle development trailing. The embryonic forebrain ventricle splits into the two
lateral ventricles (inside the telencephalon, which forms the cerebrum) and the third ventricle
(inside the diencephalon). The midbrain ventricle becomes the narrow cerebral aqueduct, and
the hindbrain ventricle becomes the fourth ventricle (Fig. 1.2B,C) (Gray and Clemente 1985).

While the shape changes of the embryonic brain as it undergoes morphogenesis are well-
documented, the molecular mechanisms which control this developmental process have not been
well-studied. This has been due, in part, to difficulty in accessing and observing the brain at
early developmental stages in most vertebrate systems. However, the structure of the early
embryonic brain ventricles is highly conserved in all vertebrates, including the zebrafish (Fig.
1.3). My work, described in this thesis, establishes the zebrafish as a system to study early brain

morphogenesis and formation of the embryonic brain ventricles.
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MECHANISMS OF BRAIN VENTRICLE DEVELOPMENT

In this section, I describe multiple mechanisms required for formation of the embryonic

brain ventricles, based on my thesis work described in later chapters and incorporating research
from other studies. These mechanisms include patterning of the neural tube, localized cell
proliferation, tissue morphogenesis, neuronal differentiation, and regulation of the fluid within

the brain ventricles.

Patterning of the Neural Tube

Tissue-specific gene expression patterns provide tissue identity and positional
information necessary for morphogenesis. Initial brain patterning occurs before and during
neurulation such that by the neural tube stage, the embryonic brain tissue is subdivided into
distinct gene expression domains (Fig. 1.4A) (Lumsden and Krumlauf 1996; Darnell 2005).
Thus, brain ventricle formation takes place with neuroepithelial tissue that has already acquired
initial anteroposterior and dorsoventral patterning, and patterning genes have crucial downstream
roles in the regional morphogenesis of the brain (Rubenstein et al 1998). The precise positioning
and distinct, stereotypical shapes of the ventricles within each brain region indicate that brain
ventricle development is under direct or indirect control of brain patterning genes (Fig. 1.4B).

Several papers have discussed the roles of dorsoventral patterning genes and their direct
influence on brain ventricle development (Tannahill et al 2005). One study has shown that the
ventral neural signaling morphogen Sonic Hedgehog (Shh) is required for chick brain ventricle
expansion (Britto et al 2002). Shh is secreted from the notochord, a rod-shaped structure
underlying the neural tube. Separation of the notochord from the brain causes loss of ventral
Shh brain expression and subsequent brain ventricle collapse (Britto et al 2002). Similarly, the
homeodomain gene hIx1, expressed in a ventral midline longitudinal stripe in the rostral brain, is
also required for zebrafish brain ventricle formation (Hjorth et al 2002). Finally, the patterning
genes zicl and zic4 (zinc finger homologs of Drosophila odd-paired genes) control zebrafish
hindbrain ventricle opening by regulating fate specification in the dorsal hindbrain, and loss of
function of these genes leads to specific hindbrain ventricle defects (Elsen et al 2008). Thus,

without early establishment of tissue identity, the subsequent morphogenesis fails to occur.
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Cell Proliferation

His first suggested that differential growth could provide a morphogenetic force (His
1874), and in the last two decades, the connection between cell proliferation and tissue
morphogenesis has gained significant support (Tuckett and Morriss-Kay 1985; Schoenwolf and
Alvarez 1989; Sausedo et al 1997; Kahane and Kalcheim 1998). It has been suggested that brain
ventricle shaping is simply a result of uneven cell proliferation, migration, and differentiation
throughout the neural tube, determined by patterning mechanisms described above (Bergquist
and Kallen 1953; Gray and Clemente 1985; Bayer and Altman 2008). For example, the
telencephalic-specific transcription factor Bf-1 is required for proliferation of telencephalic
neuroepithelial cells and is essential for normal morphogenesis of the telencephalon in the rat
(Tao and Lai 1992; Xuan et al 1995). Another example is the zic family of genes. Whereas
zic2a and zic5 are required for cell proliferation in the midbrain, zicl and zic4 are required for
cell proliferation in the hindbrain, and loss of their functions lead to reduced midbrain and
hindbrain ventricles, respectively, in the zebrafish (Nyholm et al 2007; Elsen et al 2008).

For several weeks after neural tube closure, the human embryonic brain consists mainly
of proliferating neuroepithelial cells considered to be the earliest neural stem cells (Bayer and
Altman 2008). As neural development proceeds, these cells give rise to differentiating post-
mitotic daughter cells at various rates throughout the brain, which leave the proliferating zone
and migrate to form the layers of the brain (Bayer and Altman 2008). The orientation of the cell
division cleavage plane has an effect on brain shaping, as cells which divide parallel (planar) to
the tube increase the length of the tube, whereas those that divide perpendicular increase the tube
thickness. For instance, in the cerebral cortex of the ferret, planar mitoses account for most
divisions, producing progeny that remain at the ventricle and continue to divide, whereas
perpendicular mitoses result in one daughter cell migrating into the subventricular regions to
differentiate (Chenn and McConnell 1995). Thus, cell proliferation can have an effect on the
shaping of the brain, and each region of the brain may contain a genetic program for regulation
of brain morphogenesis based on cell proliferation.

Consistent with this idea, in the embryonic chick brain, the boundaries between the
forebrain and midbrain and between the two telencephalic ventricles in the forebrain are regions
of post-mitotic cells, whereas the tissue surrounding the ventricles is highly proliferative
(Kahane and Kalcheim 1998). Similarly, during initial brain ventricle formation in zebrafish, I

observed that the midbrain-hindbrain boundary (MHB) has significantly less cell proliferation
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compared to the midbrain and hindbrain surrounding it (Chapter 4), and this deficit may be one
of the reasons that the MHB does not open into a ventricular space, or it may be evidence that
CSF within the forming ventricles promotes cell proliferation.

However, regional cell proliferation is not the only mechanism directing brain ventricle
morphogenesis, as I determined that pharmacologically blocking cell proliferation results in
smaller but normally shaped brain ventricles (Chapter 4), consistent with previous studies
showing that brain ventricle constrictions persist even when cell division is blocked (Kessel
1960; Harris and Hartenstein 1991). These data show that the formation and shaping of the brain

ventricles is influenced by factors in addition to localized cell proliferation.

A note on cell death

Spatially-regulated cell death may also contribute to shaping of the brain, and it has been
postulated that loss of certain cell populations allows brain tube bending (Glucksmann 1951;
Kallen 1955). Programmed cell death has been recognized as a prominent event during
formation of the vertebrate nervous system, contributing to neural tube closure (Geelen and
Langman 1977), forebrain size and shape regulation (Haydar et al 1999), and control of cell
numbers (Homma et al 1994; Thomaidou et al 1997). When cell death is perturbed,
abnormalities in brain ventricle shape can result. For instance, blocking programmed cell death
by gene ablation causes an overgrowth of brain tissue in mice, leading to obstructed brain
ventricles (Kuida et al 1996). Conversely, mutations which cause too much cell death lead to a
reduction in brain tissue and over-expansion of the brain ventricles (Keino et al 1994).
However, I have not found evidence that localized cell death is involved in the initial bending
and shaping of the brain ventricles (Chapter 4). Thus, while regulation of cell death may have
some effect on later brain ventricle development, it does not appear to play a role in the initial

shaping events.
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Tissue Morphogenesis

Tissue morphogenesis is the major mechanism, other than cell proliferation, that drives
the shaping of the brain ventricles, and it is dependent on three processes: 1) formation and
maintenance of the epithelium (requiring cell-adhesion junctions), 2) individual cell shape
changes (requiring regulated cytoskeletal dynamics), and 3) epithelial anchoring and support
(provided by the extracellular matrix bound to the epithelium by cell-matrix adhesions) (Fig.
1.5A-C). My thesis work has identified a number of genes required for tissue morphogenesis

during brain ventricle development.

1) Formation and Maintenance of the Epithelium — Apical Junctions

Brain ventricle morphogenesis requires an intact epithelium, defined as a sheet of cells
interconnected by junctions, as the substrate for the shaping process (Fig. 1.5A-C). Thus, when
cell junction proteins are not functional, neuroepithelial morphogenesis cannot occur normally.
The resulting phenotype depends on the specific requirement for a protein during neuroepithelial
formation and function (Fig. 1.5D-G). The mildest phenotype occurs in the zebrafish mutant
heart and soul, which has a null mutation in the apical adherens junction component prkci
(Chapter 3). In this mutant, junctions are present but normal brain ventricle shaping does not
occur, suggesting that some other aspect of cell-cell coordination is missing (Fig. 1.5E). A more
severe phenotype occurs in the nagie oko mutant, which has a mutation in the apical adherens
junction component mpp5 (Chapter 3,4). In nagie oko mutants, an intact neural tube forms but
cell junctions are disorganized (Fig. 1.5F). The midline does not form or separate normally,
leading to an absence of brain ventricles. Finally, the most severe case is when junctions do not
form at all and the neuroepithelium falls apart (Fig. 1.5G). This occurs in the N-cadherin
mutant, parachute, as N-cadherin is strictly required in the zebrafish neuroepithelium to connect
the cells during neurulation. Neuroepithelial cells in the parachute mutant lack the adhesiveness
required for neural tube structure, and they become rounded and form disorganized aggregates
separated by large intercellular spaces (Lele et al 2002). As such, the tissue movement and cell
shape-driven process of neurulation cannot occur (Hong and Brewster 2006). N-cadherin
requirement specifically during brain ventricle morphogenesis has not been shown, but I
speculate that it is required at all stages of neuroepithelial development, and in fact, many
junction components shown to play a role in neurulation may also be necessary for epithelial

coordination during brain ventricle shaping.
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2) Individual Cell Shape Changes — Cytoskeletal Dynamics

Shaping of the neural tube to form the brain ventricles is at least partially driven by
individual cell shape changes in specific locations of the brain. For example, it is likely that
formation of wedge-shaped cells may be required to form the hinge-points on either side of the
forebrain, midbrain, and hindbrain ventricles, as well as the sharp folding at the MHB (Fig.
1.5B,C). Formation of such wedge-shaped cells have been shown to drive the formation of
numerous types of epithelial bends and folds, and this change in cell shape is usually driven by
cytoskeletal rearrangements (Fristrom 1988; Lecuit and Lenne 2007). Furthermore, I identified
one zebrafish brain ventricle mutant, ppplrl2a, which may have abnormal cytoskeletal
regulation. The ppplrl2a gene encodes a homolog of mouse and human Myptl (myosin
phosphatase target subunit 1), one of the subunits of myosin phosphatase and a key regulator of
myosin activity. It is implicated in integrating signaling cascades for cytoskeletal remodeling
and directly influencing cell contractility, cell morphology, and cell adhesion (Eto et al 2005;
Xia et al 2005). Loss of Myptl in other systems leads to aberrant cytoskeletal and cell shape
changes. Thus, it is likely that the brain ventricle defects seen in the ppplrl2a mutant (abnormal
opening of the brain ventricles, Chapter 3 and Gutzman JH unpublished) are likely due to

abnormal cytoskeletal dynamics.

3) Epithelial Anchoring and Support - Extracellular matrix

The extracellular matrix (ECM) has been shown to play a critical role in the epithelial
morphogenesis of many different tissues (Gullberg and Ekblom 1995; Ashkenas et al 1996).
Thus, it is not surprising that it is required for embryonic brain ventricle development as well.
ECM components are required both outside and inside of the neural tube to provide structural
support for the epithelium and newly-forming brain ventricles.

The outside of the neural tube epithelium is covered by a network of ECM called the
basement membrane (Fig. 1.5A-C), and I have discovered that brain ventricle formation requires
at least two basement membrane proteins, laminin and fibronectin. In zebrafish laminin mutants,
the MHB constriction does not form, in addition to having other morphological abnormalities,
whereas in a zebrafish fibronectin hypomorph, brain ventricle shape is normal but the ventricles
do not expand (Chapter 3, Appendix 2). These defects are consistent with the known roles of

ECM components in epithelial morphogenesis of other organs such as the heart, kidney, and lung
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(Bernfield et al 1984; Miner and Yurchenco 2004; Trinh and Stainier 2004). In the case of the
laminin mutant, we have shown that loss of laminin prevents cells at the MHB from undergoing
columnar-to-wedge cell shape changes (Appendix 2: Gutzman et al, submitted), highlighting the
importance of the extracellular matrix during tissue morphogenesis.

Extracellular matrix components reside inside the neural tube as well, at the apical
surface of the neuroepithelium. Epithelial cells often secrete proteoglycans or other molecules at
their apical surface to form specialised apical extracellular matrices (aECMs) that give apical
epithelial support, assist in epithelial morphogenesis, or provide other specialized roles (Lane et
al 1993; Bokel et al 2005; Moussian and Uv 2005). One well-studied example is the aECM of
the Drosophila trachea tube, in which the aECM provides structural support to preserve the
luminal space during tube development (Denholm and Skaer 2003). Similarly, the chick brain
ventricles contain an aECM rich in chondroitin sulfate, hyaluronic acid, and other proteoglycans,
which have been suggested to play a role in brain ventricle formation (Gato et al 1993; Ojeda
and Piedra 2000). Proteoglycans have previously been shown to play a morphogenetic role in
brain neurulation in the embryonic rat and chick, in particular by promoting neuroepithelial
integrity and cell shape changes needed for brain tissue bending (Morriss-Kay and Crutch 1982;
Schoenwolf and Fisher 1983; Tuckett and Morriss-Kay 1989; Yip et al 2002). Furthermore,
proteoglycans have been implicated in the formation of various embryonic cavities, such as otic
placode invagination and lens vesicle morphogenesis, by promoting the osmotic gradient to drive
fluid secretion into the cavities (Moro-Balbas et al 2000; Gato et al 2001). The roles of
proteoglycans in these other systems are likely similar to those utilized during brain ventricle

morphogenesis.

Neuronal Differentiation/Transcription

The decision that neuroepithelial daughter cells make, between migrating out of the
ventricular zone in order to differentiate into neurons versus remaining neuroepithelial, has a
profound effect on the shape of the brain (Bayer and Altman 2008). Thus, it follows that
regulation of neuronal differentiation by transcription or other control mechanisms can have an
effect on brain ventricle shaping. Consistent with this idea, I have discovered two zebrafish
mutants, otter and whitesnake, that lack function of the transcription factors med12 (mediator of
RNA polymerase Il transcription, subunit 12 homolog) and sfpq (splicing factor proline

glutamine rich), respectively, show abnormalities in brain tissue shaping and brain ventricle
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structure (Fig. 1.6) (Chapter 3, Appendix 1). In both mutants, the brain ventricles do not open
normally. Loss of med12 has an early effect, showing a mutant phenotype from the beginning
stages of brain ventricle opening, whereas loss of spfq does not affect early brain shaping but has
a noticeable phenotype during brain ventricle expansion. The roles that med12 and sfpq play
specifically in brain ventricle development are unclear. However, in addition to brain ventricle
defects, both otter and whitesnake mutants also show loss of specific neuronal classes (Chapter
3, Appendix 1), and thus it is possible that med12 and sfpq are directly involved in regulation of
neuronal differentiation. Interestingly, polymorphisms of the med12 gene in humans are
associated with an increased risk for schizophrenia (Philibert et al 2007), a disorder which is
correlated with abnormal brain structure and increased ventricle size (Antonova et al 2004;

Crespo-Facorro et al 2007).

Brain Ventricle Fluid Regulation and Function

An additional vital component in the formation of the brain ventricles is the presence of
fluid (eCSF) within the ventricles. Regulation of eCSF formation is not well-understood, but it
includes mechanisms within the neuroepithelium as well as outside the neuroepithelium.
Moreover, significant evidence suggests that intraluminal pressure created by eCSF, in addition
to growth factors within the fluid, may play crucial roles during brain development (Miyan et al
2003).

1) eCSF has a complex protein composition, formed from neural and non-neural sources

eCSF has a complex protein composition which differs substantially from adult CSF.
While adult CSF has only trace amounts of protein, with detectable levels usually indicating
infection, damage, or other pathology (Davson and Segal 1996), eCSF is a protein-rich fluid
whose composition changes during different developmental stages and also between ventricles
(Parada et al 2005; Parada et al 2006; Zappaterra et al 2007). Recent proteomic analysis studies
of human, rat, mouse, and chick eCSF have identified approximately 200 different proteins,
including signaling and growth factors, extracellular matrix proteins, transport and carrier
proteins, enzymes and proteases (Parada et al 2005; Parada et al 2006; Zappaterra et al 2007),
demonstrating that eCSF is a heterogeneous mixture of many classes of proteins with varying

functions.
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Just as eCSF protein composition differs from that of adult, the process of its formation is
different as well. Adult CSF is formed mainly by the choroid plexuses located in each of the
ventricles, and many of the mechanisms that regulate adult CSF production have been identified
(Speake et al 2001; Brown et al 2004; Praetorius 2007). However, substantial embryonic brain
ventricle expansion concurrent with eCSF production occurs several weeks prior to choroid
plexus formation in humans (Bayer and Altman 2008). Thus, central questions regarding eCSF
include: where does early eCSF come from, how is it regulated, and what is the functional

relevance of its composition?

2) Neuroepithelial sources of eCSF

The source of eCSF has not been confirmed, although evidence suggests that it is
produced, at least in part, by the neuroepithelium. Weiss first reported that the neuroepithelial
tissue is secretory, based on experiments using hanging-drop cultures of neuroepithelial
fragments (Weiss 1934). Additionally, secretory vesicles are present at the neuroepithelial apical
surface (Gato et al 1993). Thus, because neuroepithelial tissue is thought to be secretory, it is
presumed that eCSF secretion occurs as the neural tube elongates and enlarges at the anterior end
to form the fluid-filled brain ventricles (Miyan et al 2003). Considering that eCSF is surrounded
by neuroepithelial tissue completely, it follows that a major source of the fluid is the
neuroepithelium itself.

My research has shown that eCSF formation is an active process that requires Na' K"
ATPase ion pumping within the neuroepithelium (Chapter 5). Formation of the fluid and
concurrent inflation of the brain ventricles requires the activity of the Atplal ion pump, and it is
thought that this pump forms the osmotic gradient required for fluid movement into the
ventricular spaces, mediated at least in part through aquaporin channels (Brown et al 2004;
Lehmann et al 2004). Additionally, proteoglycans in the eCSF are secreted by the
neuroepithelium and have also been shown to osmotically regulate fluid movement into the
embryonic brain ventricles (Gato et al 1993; Alonso et al 1998). The proteoglycans are located
homogeneously throughout the brain ventricle cavities from the earliest stages of brain ventricle
development (Gato et al 1993), and perturbing proteoglycan synthesis results in changes in brain
ventricle size in chick and rat embryos (Alonso et al 1998; Alonso et al 1999). Proteoglycans
have been proposed to be fundamental molecules in the regulation of water content in numerous

biological tissues, as small variations in concentration lead to large changes in osmotic capacity
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(Alonso et al 1998). Thus, it is likely that both Na” K™ ATPase ion pumping and proteoglycan
secretion serve to form and regulate the osmotic gradient that drives fluid secretion into the

ventricles (Fig. 1.7).

3) Non-neuroepithelial sources of eCSF

It has been suggested that eCSF also has non-neuroepithelial inputs (Gato et al 2004),
and one confirmed source is the blood plasma. Circulation and blood vasculature clearly play a
role in eCSF pressure maintenance. For example, reducing hydrostatic pressure in the vascular
system leads to reduced brain ventricle expansion in the chick (Li and Desmond 1991), and my
studies show that circulation is necessary for normal brain ventricle expansion in the zebrafish
(Chapter 4). However, it is important to note that the embryonic brain ventricles initially form
and begin expansion prior to heartbeat and circulation. The choroid plexuses, which secrete
CSF, form only later in embryonic brain ventricle development. Once they form, active and
passive transport moves solutes and water from blood vessels within the choroid plexus tissue to
the eCSF (Dziegielewska et al 2001). Thus, while initial brain shaping is not dependent on
circulation, circulation plays an important role in later eCSF production and embryonic brain
ventricle expansion (Chapter 4).

Additionally, Parada et al claims that some of the gene products identified in chick eCSF
are not produced by the neuroepithelium, but by other structures such as the embryonic liver or
from yolk storage (Parada et al 2006). One study suggests that the eCSF factor Fgf2 has an non-
neuroepithelial source and is actively transported through the neuroepithelium into the brain
ventricles (Martin et al 2006). While these studies are not conclusive, it is certainly possible that
the neuroepithelium acts as a conduit for the regulated transport of factors from outside the brain
(Fig. 1.7).

4) The role of fluid pressure during brain ventricle development

Classic studies in chick embryos have suggested that intraluminal pressure resulting from
the accumulation of fluid inside the brain ventricles is necessary for normal brain ventricle
expansion and continued neural development. It was first demonstrated in 1958 that intubation
of the chick embryonic hindbrain ventricle results in a collapse of the ventricle (Coulombre and

Coulombre 1958). This was followed by demonstration that brain ventricle expansion requires a
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certain level of intraluminal pressure (Jelinek and Pexieder 1970; Pexieder and Jelinek 1970).
Desmond and colleagues further investigated the requirement of the eCSF for brain cavity
expansion in a series of publications. They showed that eCSF drainage in both chick and mice
leads to a reduction of brain tissue growth, brain tissue folding into the ventricles, reduced brain
expansion to only a fifth of its normal size, and 50% fewer neuroepithelial cells than in control
embryos (Desmond and Jacobson 1977; Desmond 1985; Inagaki et al 1997). Additionally, they
observed a 50-fold increase in intraluminal pressure during brain ventricle expansion, and
artifically increasing pressure with a saline solution leads to a greater amount of mitosis
(Desmond et al 2005). In sum, Desmond and colleagues suggest that pressure within the brain,
combined with differences in resistance of the brain wall and surrounding tissues to eCSF
pressure, leads to normal brain enlargement and brain shaping, and that the brain is blown up
like a balloon (Desmond and Jacobson 1977; Desmond et al 2005).

While the mechanisms which form and regulate eCSF remain poorly understood, these
studies suggest that fluid pressure within the brain ventricles plays a hydromechanical role in
brain ventricle expansion and brain development (Fig. 1.7). This is consistent with the
development of other organ systems such as the heart, where blood flow through the heart
modifies the morphology of the heart atrial and ventricular lumens (Berdougo et al 2003), the
flow of blood through the ventricles stimulates valve morphogenesis (Hove et al 2003), and in
tissue culture, where cell stretching increases cell proliferation (Liu et al 1992; Tanner et al

1995).

5) Factors in the eCSF are required for neuroepithelial proliferation and brain development
While the hydromechanical role of eCSF may be important, there is significant recent
data which suggest that factors within the eCSF are also required for brain development. First, it
is notable that proximity to eCSF appears to be essential for most neuroepithelial cell divisions
(Fig. 1.7). During early brain development, neuroepithelial cell proliferation occurs almost
exclusively at the ventricular surface, in contact with eCSF (Sauer 1936). Moreover, there is a
striking spatial and temporal correlation between brain ventricular size and the amount of
neuronal cell proliferation which subsequently occurs within that region (Bayer and Altman
2008). Although certain neuronal progenitors do undergo mitosis away from the ventricles (such
as the external germinal layer of the cerebellum (Altman and Bayer 1982)), these cells are fate-

restricted and late-generated, and thus, contact with the eCSF and the factors contained in it may
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be a prerequisite for the production of the early, pluripotent neuroepithelial cells that generate
most neurons (Bayer and Altman 2008).

Several studies have demonstrated that drainage of eCSF leads to significantly reduced
cell proliferation and increased apoptosis in the developing chick brain (Desmond and Jacobson
1977; Desmond 1985; Mashayekhi and Salehi 2006; Salehi and Mashayekhi 2006).
Additionally, immunodepleting the ventricles of Fgf2, a component of eCSF which is known to
play an important role in the regulation of neurogenesis, also reduces cell proliferation by 50%
(Tao et al 1997; Panchision and McKay 2002; Martin et al 2006). Similarly, in the human
cranial neural tube defect anencephaly, whereby failure of neural tube closure allows escape of
eCSF, there is reduced neuronal development and brain tissue degeneration (Moore 2006).

Just as eCSF appears to be required for brain growth in vivo, it can also promote
neuroepithelial stem cell growth in culture. Cultures of chick and rat embryonic brain cells are
not able to survive, replicate, or undergo neurogenesis alone, but addition of eCSF to the cultures
promotes neuroepithelial cell survival and induces proliferation and neurogenesis (Gato et al
2005; Miyan et al 2006). Moreover, cells behave differently depending on the embryonic age of
eCSF, suggesting that components within the eCSF regulate neurogenesis in a developmental-
stage-dependent manner (Miyan et al 2006).

In addition to promoting cell proliferation, there is evidence that eCSF collaborates with
other signaling centers to regulate gene expression. For example, Parada and colleagues have
shown that explants of chick midbrain tissue cultured with basal medium do not express
midbrain-specific genes such as otx2 and fgf8. However, when cultured with eCSF-
supplemented medium, the tissues maintain normal gene expression patterns (Parada et al 2005).

Interestingly, abnormal factors within eCSF may be directly responsible for the brain
defects which occur in some cases of hydrocephalus, contrary to the currently accepted view that
brain defects result from increased pressure. As noted earlier, hydrocephalus is a disorder
characterized by an excess of CSF and dilation of the brain ventricles. While normal eCSF
promotes cell proliferation, eCSF obtained from the enlarged ventricles of the hydrocephalic rat
model actually inhibits cell proliferation in culture (Owen-Lynch et al 2003). Furthermore,
abnormalities in the eCSF protein content, including reduced proteoglycans, are detectable prior
to any morphological brain defects (Pourghasem et al 2001). Finally, while cortical cells in the
hydrocephalic rat do not divide, they proliferate normally once they are removed from the in

vivo environment and cultured in vitro with wild-type eCSF (Owen-Lynch et al 2003). These

31



results all suggest that abnormal regulation of eCSF factors, rather than increased fluid pressure,
may be an underlying cause of hydrocephalus-related brain damage.

Investigation of the functional roles of eCSF has gained recent attention as a promising
avenue of neurodevelopment research and may play a critical role in the success of neural stem
cell technology (Cottingham 2007; Zappaterra et al 2007). Central to understanding the function
of eCSF is to determine how eCSF is produced and regulated. Future studies will likely uncover
further insights into eCSF formation, regulation, and its role in brain development, as eCSF may
hold the key to how the process of neuronal development is coordinated in the normal brain and

how it is perturbed in many neurodevelopmental abnormalities.
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Coordination between mechanisms responsible for brain ventricle development

To summarize, multiple mechanisms required for embryonic brain ventricle development
include patterning of the neural tube, localized cell proliferation, tissue morphogenesis, neuronal
differentiation, and fluid formation (Fig. 1.8). These mechanisms are not controlled
independently, as there is considerable amount of coordination between them.

At the top of the heirarchy is neural tube patterning, which confers cell identity and
position and drives all subsequent brain ventricle developmental processes.

Fluid formation is required for normal cell proliferation and, either directly or indirectly,
neuronal differentiation, as shown by the requirement of eCSF for neuronal development. This
effect of the fluid within the brain ventricles is consistent with studies demonstrating the role of
fluid pressure and flow in the epithelial morphogenesis in other systems, as discussed earlier in
the case of heart morphogenesis.

Cell proliferation has a direct effect on neuronal differentiation, since each
neuroepithelial cell makes the decision between continuing to proliferate versus differentiating.
The balance between the two outcomes affects the shape of the brain ventricles and the potential
for further brain development. Furthermore, when neuroepithelial cells make the decision to
differentiate into neurons, they migrate out of the epithelium and undergo distinct changes in cell
morphology. Finally, cell proliferation also influences tissue morphogenesis, as alterations in
cell cycle and cell proliferation can generate forces that drive cellular movements and changes in
cell shape (Kahane and Kalcheim 1998).

Together, these five mechanisms transform the straight neuroepithelial tube into the
highly conserved brain ventricular structures present during the brain development of all

vertebrates.
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PREVIEW OF THESIS

In chapter 1, I have presented an introduction to the formation and function of the embryonic
brain ventricular system.

In chapter 2, I present my considerations in choosing zebrafish as a model for analyzing the
brain morphogenetic processes of neurulation and brain ventricle development.

In chapter 3, I describe the characterization and classification of 20 brain morphology mutants,
all of which have various defects in embryonic brain ventricle structure.

In chapter 4, I characterize normal brain ventricle formation in the zebrafish and examine in
detail the phenotypes of two severe brain ventricle mutants, nagie oko and snakehead, and I
show that snakehead corresponds to the Na” K™ ATPase gene atplal.

In chapter 5, I further elucidate the temporal and spatial requirements for Na" K" ATPase
function during brain ventricle development and embryonic CSF formation.

In chapter 6, I summarize my current model of the mechanisms which regulate brain ventricle
development, and I discuss future studies and unanswered questions.

Appendix 1 presents a study of the whitesnake mutant, which shows later brain ventricle
abnormalities, and I demonstrate that sfpg, mutated in the whitesnake mutant, is required for cell

survival and neuronal differentiation.

Appendix 2 reveals that one aspect of brain morphogenesis, formation of the constriction
between the midbrain and hindbrain, requires laminin-dependent cell shape changes.
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Figure 1.1 Adult human brain ventricles.

A and B: blue represents brain tissue and yellow shows brain ventricles. C: choroid plexuses
are in red, blue arrows designate direction of CSF flow.

LV lateral ventricle, 3V third ventricle, 4V fourth ventricle.

A Anterior View B Lateral View C Lateral View with Choroid Plexuses

cerebral
aqueduct
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Figure 1.2 Cartoon schematic of vertebrate embryonic brain development.

A: Lateral views of the neural tube as it undergoes early embryonic brain morphogenesis to
form the primary brain vesicles. B: Lateral section through the brain vesicles to show the brain
ventricles within. C: Anterior view of adult brain ventricles. In B and C, colors correspond to
the same ventricle regions in the embryo and adult. Not to scale. F forebrain, M midbrain, H
hindbrain, LV lateral ventricle, 3V third ventricle, 4V fourth ventricle.

A Steps of Early Embryonic Brain Morphogenesis

Tk

B Early Embryonic Brain Ventricles C Adult Brain Ventricles

cerebral
aqueduct
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Figure 1.3 Conservation of embryonic brain ventricle structure.

Tracings of embryonic brain ventricles at similar corresponding stages in development, all lateral
views. A: Human embryo brain ventricles, stage 17 (approximately 43 days post fertilization),
traced from http://virtualhumanembryo.lsuhsc.edu/videos/JHUmorph.htm. B: Rat embryo brain
ventricles, stage E14 (14 days post fertilization), from (Altman and Bayer 1995); C: Chick
embryo brain ventricles, stage 16 (approximately 2.5 days post fertilization), from (Pacheco et al
1986); D: Zebrafish embryo brain ventricles, 24 hours post fertilization. F forebrain ventricle,
M midbrain ventricle, H hindbrain ventricle.

Human Rat C Chick D Zebrafish

KA K%
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Figure 1.4 Patterning of the neural tube is required for brain ventricle development.

A: At the neural tube stage, distinct brain regions are already specified. Different shades of blue
designate specific gene expression patterns. B: Gene expression patterns correspond to
stereotypical shape changes in the opening brain ventricles. F forebrain ventricle, M midbrain
ventricle, H hindbrain ventricle, MHB midbrain-hindbrain boundary.

A Patterned brain, closed neural tube
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Figure 1.5 Tissue morphogenesis during brain ventricle development.

A-C: Tissue morphogenesis requires maintenance of the epithelium by apical junctions (red),
cytoskeletal-induced cell shape changes (example: apical constriction at lateral hinge-points of
forebrain, midbrain, hindbrain, marked with asterisks), and structural support by extracellular
matrix (purple). D-G: Cartoons of transverse sections of midbrain ventricle depicting range of
phenotypes observed when epithelium is not maintained and coordinated. F forebrain ventricle,
M midbrain ventricle, H hindbrain ventricle, MHB midbrain-hindbrain boundary.

A Neural Tube D Junctions
Continuous
Coordinated

/

B Open Brain Ventricles

E Junctions
Continuous
Not coordinated

C Epithelium before and after bending

Maintained by Apical Junctions

F Junctions
Discontinuous

G Junctions
missing

\\ Cell Shape
Changes
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Figure 1.6 Brain ventricle development is abnormal in otter and whitesnake mutants.
These mutants have mutations in transcription factors med12 and sfpq, respectively, and both are
also required for neuronal differentiation. A: Dorsal view of wild-type zebrafish embryo at 28
hpft after ventricle injection with fluorescent-dextran. B,C: Ventricles of mutants are reduced in
size.

45



46



Figure 1.7 eCSF formation contributes to brain ventricle formation.

Neuroepithelial sources of eCSF include ion pumping and proteoglycan secretion. These form
the osmotic gradient that drives fluid secretion into the ventricles, at least in part through
aquaporin channels. Additionally, both fluid pressure and growth factors within the eCSF are
proposed to stimulate neuroepithelial cell proliferation. Non-neural sources include transport of
serum factors from the blood vasculature (after circulation begins later in brain ventricle
development) as well as possibly other embryonic sources. Not drawn to scale. Cells and
molecules are enlarged for detail. PG: proteoglycans, AQ: aquaporin

eCSF formation

~ fluid pressure
exerted on walls

<

blood vessel
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Figure 1.8 Flow-chart depicting the coordination between mechanisms that regulate brain

ventricle formation.
| PATTERNING I
FLUID
FORMATION
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INTRODUCTION

In this review, we consider whether the zebrafish, Danio rerio, is a useful model system
for uncovering the genetic and molecular basis for human neural tube defects (NTDs) and
conclude that the zebrafish is an excellent NTD model. This conclusion is based on the
similarities in development and structure of the human and zebrafish brain. It is also based on
characteristics of the zebrafish as a model, including the accessibility of early embryos, and the
ability to use both powerful genetic and molecular techniques to analyze the zebrafish nervous
system.

Neural tube defects per se refer to incorrect formation of the neural tube — the precursor
to the central nervous system. However, it is often not possible to determine whether
neurological defects result from abnormalities in the specific morphogenetic processes by which
the neural tube forms, or from other distinct processes that occur prior to neural tube formation
(e.g. neural induction) or in the early stages after the tube has formed. We therefore define NTDs
more broadly to include any abnormality of early nervous system formation. Most NTDs
manifest at birth, however late onset neurological abnormalities may have their origins in early

defects of the nervous system, and we include these in our definition.

ZEBRAFISH AS A MODEL SYSTEM

The zebrafish boasts an impressive record for providing insight into mechanisms that
control vertebrate patterning, organogenesis, physiology and behavior. Consequently,
advancements in these areas of basic research have made a great impact on our understanding of
human biology and medicine. In the next sections we provide a general overview of the zebrafish
as an experimental model. We outline the many genetic, molecular and embryological

techniques available to study this organism.

Basic features of zebrafish biology

Several basic aspects of zebrafish biology make this organism an attractive genetic and
molecular experimental model, particularly in the field of neural development. Fertilization of
zebrafish eggs is external, which allows all embryonic stages to be easily observed. Zebrafish
have a relatively short generation time of 3 months and clutch sizes from a single mating pair
range between 100 and 200 embryos (Streisinger et al 1981; Kimmel 1989). Development is

rapid, allowing rapid assays- for example the neural plate is present by 6-7 hours post-
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fertilization (hpf) and the first neurons form by 16 hpf. An important feature of zebrafish
embryos is their optical transparency, resulting from the sequestration of yolk granules into a
single, giant yolk cell. Thus, easily accessible, transparent embryos offer an unprecedented
advantage for visualizing molecular and cellular processes in live embryos. Furthermore, since
zebrafish adults grow to an average size of only 3-4 cm, a rather large number of fish can be
housed in a relatively small area and therefore the infrastructure and maintenance costs required
for housing large numbers of animals for screening for morphological or behavioral mutants is

far less than equivalent assays in mouse.

Genetic, molecular and embryological methods in zebrafish research

Experiments using zebrafish have proven to be very useful for studying fundamental
embryological processes, including morphogenesis, lineage specification (what cells will
become), timing of commitment (when cells decide to assume a certain fate) and the mechanism
by which cell fate is acquired. As a consequence of embryonic transparency, the fate of
individual cells across a broad range of developmental stages can be clearly resolved in vivo by
labeling cells with lineage tracers, such as fluorescent dyes. In addition, the external
development of zebrafish embryos allows various embryological assays, including transplant and
explant experiments (the latter developed in our lab) (Woo and Fraser 1997; Grinblat et al 1999),
to determine the cell fate and the timing of tissue-specific inductive interactions.

Furthermore, assays have been developed to perform molecular “gain of function”
experiments to determine what a gene can do, and “loss of function” experiments to determine
what it normally does. For example, microinjection of synthetic mRNA (Hyatt and Ekker 1999)
can be used during early embryogenesis in gain of function assays and to place genes in genetic
pathways. More recently, chemically modified oligonucleotides (morpholinos), which target
nascent mRNA and block translation, have been used in loss of function assays to ablate the
function of specific genes, particularly early during development (Nasevicius and Ekker 2000).

The attractive biological and economical aspects of zebrafish inspired the first large-scale
chemical mutagenesis screens in a vertebrate species (Driever et al 1996; Haffter et al 1996)
resulting in approximately 2000 mutations in developmental genes affecting a wide range of
tissues. Subsequent approaches have included viral insertional mutagenesis screens for
developmental genes in diploid embryos (Amsterdam et al 1999), for neural pattern formation

genes in haploid gynogenotes (Wiellette et al 2001), and for cocaine sensitivity based on
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behavioral phenotypes (Darland and Dowling 2001). Although reverse genetics techniques (gene
knock-outs) have not been established, an alternative approach (termed target-selected gene
inactivation) to isolating fish with a desired gene mutation has been described (Wienholds et al
2002).

Together, these and other screens have generated thousands of mutant fish with a wide
range of morphological, physiological and behavioral phenotypes, and many of which have been
shown to recapitulate various human genetic and pathological conditions (for review see Barut
and Zon 2000; Dodd et al 2000). Therefore, studying these mutants is likely to uncover the key

aspects of pathogenic processes of complex human disorders, such as NTDs.

ONTOGENY OF THE ZEBRAFISH NERVOUS SYSTEM

Specializations in brain structure and function exist between vertebrates with distinct
adaptations to specific environments. Despite these differences, however, the development and
organization of the nervous system as a whole is highly conserved among all vertebrates (Fig.
2.1). In the next sections we discuss formation of the neural tube and brain ventricles (Fig. 2.2),
including a comparison between zebrafish and mammalian systems. We then compare zebrafish
brain structure and function, highlighting the many similar organizational features that are shared
with the mammalian brain. This discussion provides a conceptual foundation for our claim that

the zebrafish is an excellent model of human brain ontogeny and neural tube defects.

Similar mechanisms underlying zebrafish and mammalian neural tube formation

During the formation of the vertebrate nervous system, the initial neuroectoderm must
form a tube that will become the future brain and spinal cord. This process is called neurulation.
Later, the initial neural tube expands in several places to form the brain ventricles. There are
many possible events during neurulation that could be perturbed, leading to neural tube defects
of varying severities.

The vertebrate neural tube develops by two distinct mechanisms. Anteriorly, in the brain
and future trunk (cervicothoracic) region, “primary neurulation” occurs, where an epithelial
sheet rolls or bends into a tube. Posteriorly, in the future lumbar and tail region, the neural tube
forms by “secondary neurulation,” where a mesenchymal cell population condenses to form a
solid rod that undergoes transformation to an epithelial tube. Teleost neurulation has been

described as different from that of other vertebrates. This is principally because the teleost trunk
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neural tube initially forms a solid rod (the neural keel) that later develops a lumen. This process
has also been termed “secondary neurulation.” However, this description is not accurate since
the teleost neural tube derives from an epithelial sheet that folds. This best fits the description of
primary neurulation. It has also been suggested that teleost neurulation is primitive, however,
both primary and secondary neurulation are found in groups with a more ancient origin than the
teleosts. The similarity between neurulation in teleosts and other vertebrates indicates that this
group includes viable models (such as the zebrafish) for understanding human neural tube

development.

The neural tube forms by joining two distinct tubes that form by different mechanisms

The vertebrate neural tube forms from two tubes that develop independently, by distinct
morphogenetic and molecular processes. An anterior (or primary) tube extends from the brain to
the cervicothoracic region, and a more posterior tube develops later in the lumbar and tail region
(Fig. 2.3A). The anterior tube forms via “primary neurulation” from an epithelial cell sheet (the
neural plate) (Colas and Schoenwolf 2001). In contrast, the posterior tube forms from the tail
bud via “secondary neurulation” in which there is a transformation of a solid rod of
mesenchymal cells to an epithelial tube (Criley 1969; Griffith et al 1992). Key to the distinction
between primary and secondary neurulation is the definition of epithelial and mesenchymal cell
populations. We define epithelial tissues as an organized and contiguous sheet of cells held
together by junctional complexes, while we define mesenchymal tissue as a loosely associated
group of cells.

For both the primary and secondary neural tubes, closure of the tube does not occur
synchronously along the anteroposterior axis, but generally progresses from anterior to posterior.
Furthermore, the precise position to which the anterior tube extends is variable in different
organisms, and a region of transition between anterior and posterior neural tubes is often
apparent. For example, in chick, there is an overlap region where primary neurulation occurs
more dorsally and secondary neurulation more ventrally within the same neural tube. Thus, in
this region, there are two neural tubes that eventually coalesce into a single tube (Schoenwolf
and Delongo 1980). As will be discussed in the following sections, primary and secondary

neurulation involve distinct morphogenetic and molecular mechanisms.
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Primary neurulation

The key characteristic of primary neurulation is that it occurs from a preexisting
epithelial substrate, which folds, rolls, or bends into a tube. The term “primary” refers to the
tissues involved in this process as derived from the three germ layers of “primary body
development” (Holmdahl 1932, see Nakao and Ishizawa 1984). Neurulation of the anterior
neural tube has been carefully described in frog, chick, mouse, and rabbit (Davidson and Keller
1999; Morriss-Kay et al 1994; Peeters et al 1998; Smith and Schoenwolf 1991), and while
slightly different in each of these animals, the basic steps which are specific to primary
neurulation are conserved in all these species (Fig. 2.4). These include columnarization of the
ectoderm to form the neural plate, thickening of the edges of the neural plate to form the neural
folds, convergent extension of the neural plate that assists bending to form the neural groove and
also elongates the future neural tube, and closure of the groove to form the neural tube (Fig.
2.3B) (Colas and Schoenwolf 2001).

While primary neurulation always starts with an epithelial substrate and ends with a tube,
some of the steps involved can be quite variable between vertebrates and within one species at
different levels of the anterior neural tube (Fig. 2.4). This variability is apparent at the point
when an “open” neural tube has formed, that is, one that is partially rolled up but where the folds
have not yet fused. In order to form the open neural tube, there can be a smooth rolling of the
epithelium (Fig. 2.4A). This occurs in the brain of the frog Xenopus and also in part of the
mouse spinal cord. Another strategy to form the open neural tube is a bending of the epithelium
at defined “hinge points,” where cells become wedge shaped (Fig. 2.4B,C). Even in a single
species it has been shown that the neural plate folds or rolls differently depending on
anteroposterior location and developmental stage (Shum and Copp 1996). For example, in
mouse, at the 12 somite stage in the region of the posterior neuropore, one median acute bend or
“hinge point” is apparent, with the two sides of the neural plate elevating and simply folding up,
leaving a slit-like lumen. Later, at the 20 somite stage, in the posterior neuropore region, there
are two additional dorsolateral hinge points. Finally, at the 29 somite stage, the neuroepithelium
at the posterior neuropore region rolls into a round tube, with no obvious hinge points (Shum and
Copp 1996). Similarly, in the chick, along the length of the anterior neural tube, a median hinge
point is located in the ventral midline (overlying the notochord), while in the brain region, two

additional dorsolateral hinge points develop. As a result of the different movements involved in
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tube closure, the appearance of the initial neural tube cavity can be quite variable (Fig. 2.4). The
lumen of the chick brain is large and diamond shaped, whereas in the spinal cord region, it is slit-
like (Smith and Schoenwolf 1991). In Xenopus, the lumen of the spinal cord is initially
occluded, and subsequently opens from ventral to dorsal (Davidson and Keller 1999). Finally,
the open neural tube may not have a medial opening but may be a solid rod of cells, the neural
“keel” (Fig. 2.4D). This is apparent in Xenopus (Davidson and Keller 1999), and, as will be
discussed below, in the teleosts. Despite these variations, the underlying morphogenetic
movements involved in the reshaping of the neuroepithelium are thought to be conserved.

A large number of candidate genes and molecules have been implicated in defects of
primary neurulation and include those that regulate cell adhesion and cytoskeletal dynamics (see
reviews Copp et al 2003; and Colas and Schoenwolf 2001). Although it is not yet clear whether
these candidate genes directly affect the neural tube or act more indirectly, recent studies have
begun to address the molecular mechanisms involved. For example, the actin binding protein
Shroom regulates apical constriction and is required for hingepoint formation during neural tube
closure in Xenopus (Haigo et al 2003). The adhesion signaling molecule p190 RhoGAP may
also play a role in neural fold closure, for its loss disrupts the apical constriction of
neuroepithelial cells (Brouns et al 2000). The non-canonical Wnt pathway plays a key role in
the convergent extension movements of the neural plate (Wallingford and Harland 2002; Wiggan
and Hamel 2002). Mutation of the cell membrane signaling molecule ephrin A5 prevents the
fusion of the neural folds at the dorsal midline, but does not effect their elevation or apposition
(Holmberg et al 2000). Moreover, a wide variety of teratogenic agents disrupt cranial but not
cervicothoracic primary neural tube closure, showing that primary neurulation may not be

regulated uniformly along the neural tube (Copp et al 1990; Shum and Copp 1996).

Secondary neurulation

In contrast to primary neurulation, the term “secondary neurulation” refers to the
“secondary body development” that occurs in vertebrates, in which the posterior or tail region of
the organism develops from tissue of the undifferentiated tail bud after more anterior regions
have developed (Griffith et al 1992; Holmdahl 1932, see Nakao and Ishizawa 1984; Schoenwolf
and Delongo 1980). The unifying concept underlying secondary neurulation is that the posterior
neural tube derives from a mesenchymal population of cells, rather than an epithelial population

as in primary neurulation. These mesenchymal cells coalesce into a rod (the medullary cord) that
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transforms to an epithelium (the presumptive neuroepithelium) and a lumen develops to form a
tube. Thus, during secondary neurulation, there is no epithelial neural plate intermediary
equivalent to the case in primary neurulation (Fig. 2.3B).

As in primary neurulation, there are a number of variations to secondary neurulation in
different species or in the same species at different stages (Fig. 2.5). In mouse, after medullary
cord formation, the secondary neural tube forms by two mechanisms. In day 9.5-10 embryos,
the entire mesenchymal region undergoing neurulation becomes epithelial, with later appearance
of a lumen (Fig. 2.5A). In older embryos (day 11-12), only the dorsal part of the medullary cord
becomes an epithelium initially- the medullary “plate” (Fig. 2.5B). Mesenchymal cells are
recruited from the edges of the plate and added to the epithelium to eventually form a tube
(Schoenwolf 1984). In chick, formation of the medullary cord is followed by a separation into
two cell populations: the central cells remain mesenchymal, while the peripheral cells become
epithelial (Fig. 2.5C). Cavitation occurs at the boundaries between these two populations, where
small cavities of varied size and shape form and coalesce into a single, central lumen (Catala et
al 1995; Schoenwolf and Delongo 1980).

It is likely that the molecular mechanisms underlying secondary neurulation are distinct
from those involved in primary neurulation, however few candidate genes implicated in
secondary neurulation have been identified. One example of a candidate gene is N-CAM.
Whereas the form of N-CAM with a low sialic acid content has been implicated in primary
neurulation, the highly sialated form has been suggested to be important for the mesenchymal to
epithelial transition of secondary neurulation (Griffith et al 1992; Sunshine et al 1987). The
secreted protein, midkine, has been implicated in the mesenchymal to epithelial transition during
formation of the chick secondary neural tube (Griffith 1997). Mesenchymal to epithelial
transitions also occur during formation of other hollow structures. For example, in the early
mouse embryo, this process transforms the solid embryonic ectoderm into the columnar
epithelium surrounding the proamniotic cavity. BMP signaling plays a role in this conversion
process (Coucouvanis and Martin 1995; Coucouvanis and Martin 1999) and it is plausible that
the molecular mechanisms underlying formation of a proamniotic cavity and secondary neural

tube are conserved.
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Mechanism of zebrafish trunk neurulation

Descriptions of teleost neurulation have been confusing. This is primarily because in the
brain and trunk region, the zebrafish neurectoderm first forms a solid rod, the neural keel, and
only later forms a tube with a lumen (Fig. 2.4D). Initially, the neural keel was thought to be a
mass of mesenchymal cells, and neurulation therefore equivalent to the secondary process that
occurs in the tailbud of most animal groups (von Kupffer 1890, see Reichenbach et al 1990).
More careful examination using several model systems, including the zebrafish, showed that this
is not correct (Geldmacher-Voss et al 2003; Kingsbury 1932; Miyayama and Fujimoto 1977;
Reichenbach et al 1990; Strahle and Blader 1994). However, teleost neurulation has continued
to be termed secondary (Geldmacher-Voss et al 2003; Handrigan 2003; Kimmel et al 1995;
Papan and Campos-Ortega 1994). Given the variations of primary and secondary neurulation in
other groups, we re-evaluated the literature and the mechanism of teleost neurulation.

In the zebrafish, which we consider as a teleost model, only the spinal cord (anterior
trunk region) has been carefully examined (Fig. 2.6). Several studies have analyzed zebrafish
neurulation using fate mapping, time-course serial sectioning, and confocal time-lapse imaging
of neurulation movements in vivo (Geldmacher-Voss et al 2003; Kimmel et al 1994; Papan and
Campos-Ortega 1994; Papan and Campos-Ortega 1999; Schmitz et al 1993). We consider the
events of zebrafish neurulation in developmental order, and highlight aspects of this process that
have led to its designation as different from that of neurulation in other vertebrates.

As in other vertebrates, an early step in zebrafish neurulation is formation of the neural
plate. It is not clear whether cells in the zebrafish neural plate are connected by tight junctions,
as expected for an epithelium. Indeed, the zebrafish neural plate does not show polarized
expression of ZO-1, a molecule that can be associated with tight junctions and/or adherens
junctions, but is not an unequivocal epithelial marker (Geldmacher-Voss et al 2003; Aaku-
Saraste et al 1996). Expression of occludin, which does always indicate the presence of tight
junctions, and is present in the neuroepithelium of other vertebrate embryos undergoing
neurulation (Aaku-Saraste et al 1996), has not been analyzed in zebrafish. However,
morphologically the zebrafish neural plate is clearly an epithelium in the sense of being a
cohesive sheet of cells which moves in an ordered manner. In particular, the lateral edges of the
neural plate thicken and neural plate cells appear to “sink” and form the neural keel, which is a

solid mass or rod of cells (Schmitz et al 1993). Recent data show that even at the neural keel
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stage, the midline is distinct (Geldmacher-Voss et al 2003), with a pseudostratified columnar
epithelium on either side. Subsequently, the lumen of the neural tube opens, beginning ventrally
and moving dorsally (Schmitz et al 1993). The initial epithelial nature of the zebrafish neural
plate suggests that zebrafish trunk neurulation occurs by a primary neurulation mode. It has
been argued that there is no obvious “rolling up” of the zebrafish neural plate, for there is no
obvious elevation of neural folds, and instead the neural plate seems to sink down into the
embryo. However, fate mapping indicates that the movements of the neural plate are equivalent
in teleosts and other vertebrates, where initial mediolateral cell position corresponds to later
dorsoventral position in the neural tube (Fig. 2.6) (Papan and Campos-Ortega 1994). Even more
convincingly, confocal time-lapse imaging in vivo shows a clear rolling of the neural plate,
characteristic of primary neurulation (Geldmacher-Voss et al 2003). Consistently, in the teleost
Chiclasoma nigrofasciatum, a dorsal median neural groove is visible once the covering
enveloping layer is removed from the embryo (Reichenbach et al 1990). Thus, both the initial
cell type and cell movements of the zebrafish are characteristic of primary neurulation.

Another phenomenon that has suggested teleost neurulation is unusual is the ability of
daughter cells to cross the midline of the zebrafish neural keel, prior to lumen formation. Some
cells have been shown to cross the midline of the Xenopus and chick neural tubes soon after
closure (Collazo et al 1993; Schoenwolf 2003), although not at the frequency which occurs in
zebrafish (Geldmacher-Voss et al 2003). The ability of cells to cross the midline and the
reorganization of the neural keel cells as the lumen opens raises the question of whether neural
keel cells have mesenchymal character that allows them to move relative to one another.
Although cells can cross the midline, the midline is always apparent, emphasizing that the neural
keel is not simply a mass of disorganized mesenchymal cells. The distinction between
mesenchymal and epithelial cells is fluid as these tissue states are interconvertible. However,
rather than being discrete states, epithelial and mesenchymal tissues may form a continuum of
cell states, where epithelial cell populations may have some mesenchymal character, and vice
versa. This may be particularly true where an epithelium is undergoing cell rearrangement. For
example, in the Xenopus neural tube during convergent extension, the epithelium transiently
consists of bipolar protrusive cells that appear much more “mesenchymal” than epithelial
(Davidson and Keller 1999). Similarly, in the zebrafish neural keel, the neuroepithelium may
comprise cells less tightly associated than some epithelia but much more organized than a typical

mesenchymal tissue.
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Perhaps the major point of confusion with regard to teleost neurulation is the opening of
a lumen in the neural keel after formation of this solid tube. This is the phenomenon that has led
to the designation of teleost trunk neurulation as secondary (Kimmel et al 1995; Papan and
Campos-Ortega 1994). However, this is not an accurate use of the term “secondary neurulation,”
since the initial substrate for the trunk neural tube is epithelial and not mesenchymal. Lumen
formation after initial primary neurulation is not a teleost-specific phenomenon, and in both
chick and Xenopus, the trunk spinal cord is initially occluded, with a lumen developing after
neural tube closure. Indeed, the developing Xenopus spinal cord appears similar to the zebrafish
neural keel (Davidson and Keller 1999). Although it has not yet been investigated, it is likely
that true secondary neurulation occurs in the tailbud region of the zebrafish as in other
vertebrates.

In conclusion, assessment of the literature has allowed us to understand the range of
variation that is found in primary neurulation. This assessment in combination with experiments
in the zebrafish strongly suggests that in the trunk region of zebrafish, the neural tube forms by a

primary neurulation mechanism.

Evolutionary considerations: is zebrafish neurulation primitive?

The distinction between primary and secondary neurulation is particularly apparent in the
stages that bracket formation of the neural tube. For example, prior to neural tube formation,
primary neurulation utilizes a flat neural plate whereas secondary neurulation begins with a
mesenchymal population of cells which condense. These early stages may best serve as
comparisons for evolutionary conservation. As discussed above, details of the precise
movements in different vertebrates show a variety of solutions to the problem of changing the
sheet of neural plate cells into a tube, and these details may be less helpful in evolutionary
comparisons.

Previous descriptions of zebrafish trunk neurulation have suggested that this process is
more primitive than neurulation in “higher” vertebrates. This does not appear to be true, since
organisms from more primitive lineages clearly undergo both primary and secondary
neurulation. For example, the sturgeon, from a more ancient lineage than zebrafish, generates
the neural tube by a direct folding of neural plate epithelium (Ginsburg and Dettlaff 1991). The
myxinoids (hagfish) and elasmobranches (sharks and rays), from even more primitive lineages,

use primary neurulation in the brain and spinal cord region and secondary neurulation in the tail
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(Nakao and Ishizawa 1984). Amphioxus and ascidians (both protochordates) roll up an
epithelial neural plate (Conklin 1932; Holland et al 1996; Swalla 1993), characteristic of primary
neurulation.

Thus, evolutionarily, teleosts are flanked by more ancient and more modern lineages that
employ primary neurulation anteriorly and secondary neurulation posteriorly. This is consistent

with conclusions that teleost trunk neurulation should be described as primary.

ZEBRAFISH AS A MODEL FOR BRAIN VENTRICLE FORMATION

After neurulation is complete, the anterior region of the neural tube dilates in three
specific locations to form the future forebrain, midbrain, and hindbrain ventricles (Fig. 2.2).
During this process, the neural tube tissue must undergo proper morphogenesis to result in the
positionally-correct three-dimensional structure, which is thought to be necessary for normal
brain function.

Like neurulation defects, defects in brain ventricle formation can have drastic effects on
brain development and survival. Hydrocephaly, a defect in which increased cerebrospinal fluid
and pressure within the brain leads to large increases in the brain ventricle space, is one of the
most common brain ventricle defects in humans, and it can lead to death without treatment
(Machado et al 1991). Chiari malformation is a developmental defect in which part of the
cerebellum protrudes into the spinal canal, due to abnormal neurulation and subsequent
ventricular abnormalities. This can lead to compression of the cerebellum and other regions, and
a variety of neurological defects and nervous system damage can result (McLone and Knepper
1989). In addition, a number of mental health disorders such as autism and schizophrenia
display brain ventricle abnormalities (Hardan et al 2001; Kurokawa et al 2000). Although it is
unknown whether the ventricular defects are primary or secondary to the mental health disorders,
it is clear that more needs to be learned regarding how brain ventricle development is controlled
at the genetic and molecular level. This has been difficult due to lack of a good model system
for studying brain ventricle morphogenesis.

Morphologically, brain ventricle development is highly conserved in all vertebrates from
fish to humans. In previous mutagenesis screens, zebrafish mutants in brain ventricle formation
were identified (Jiang et al 1996; Schier et al 1996). We have initiated a project to analyze brain

ventricle formation using these and newly defined mutant lines (Table 2.1). This is likely to
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uncover mechanisms by which defects in ventricle formation arise, and provide a means to

interpret human neural tube defects that involve brain ventricle abnormalities.

Conserved structure of the adult zebrafish and human brain

The conservation of overall adult brain structure in zebrafish, humans and other
vertebrates is also apparent after neural tube closure. As the simple neural tube structure takes
shape and begins to grow, it forms a series of transverse bulges and constrictions giving rise to a
segmented appearance, which in zebrafish occurs at ~ 16 hours post-fertilization (Kimmel et al
1995). Collectively, the segments are called neuromeres. This neuroanatomical topography was
recognized in several vertebrate species well over a century ago, and today remains as one of the
most striking examples of conserved morphology in the developing vertebrate brain.
Interestingly, pioneering studies in zebrafish were, in part, the first studies to demonstrate more
convincingly that in the hindbrain and spinal cord, a serially repeated pattern of restricted
neurogenesis existed (Eisen et al 1986; Metcalfe et al 1986; Hanneman et al 1988; Trevarrow et
al 1990). Analyses of early differentiation and axonogenesis (Chitnis and Kuwada 1990; Wilson
et al 1990; Ross et al 1992), cell proliferation (Wullimann and Puelles 1999) and early
regionalized gene expression patterns (Hauptmann and Gerster 2000; Hauptmann et al 2002a)
have firmly established that the formation of the zebrafish forebrain, midbrain and hindbrain
follow the principles of the neuromeric model (reviewed in Puelles 1995; Rubenstein et al 1998).
Thus, the neuromeric organization of the neural tube defines the fundamental subdivisions of the
embryonic brain in all vertebrates and prefigures the major functional subdivisions of the adult
brain (Fig. 2.1).

Functional conservation of the zebrafish nervous system

There are differences in neuroanatomy between teleosts and mammals. Perhaps the most
obvious difference is that the teleost telencephalon is rather small relative to the rest of the brain
and lacks the characteristic structure of the cerebral cortex, with its highly folded appearance
(resulting in the formation of gyri and sulci). Clearly, these specializations that are found in
mammals reflect the specializations in the function of the telencephalon, especially in humans.
Despite these differences, all teleosts retain the basic neural circuitry for sensory and motor

functions that are characteristic of a vertebrate nervous system.
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Zebrafish possess all of the classical sense modalities (vision, olfaction, taste, tactile,
balance and hearing) and their sensory pathways share an overall homology with humans. For
example, axons of sensory neurons expressing the same odorant receptor in the nasal epithelium
project to a common glomerulus in the olfactory bulb (Byrd et al 1996), a phenomenon that
occurs in the mammalian primary olfactory pathway (Mombaerts 2001). Similar to the
mammalian olfactory system, neurons in the olfactory bulb project to secondary and tertiary
targets in the telencephalon and diencephalon (Wullimann 1998). In the visual system, the
topographical projection of the retinotectal pathway for visual processing is highly conserved
among all vertebrates. Interestingly, second order motion perception, which in humans involves
processing of relatively complex visual information in the visual cortex, can be observed in
larval zebrafish, suggesting that higher-level cortical-like visual processing capacities are
similarly inherent in teleosts (Orger et al 2000). Although the neuroanatomical substrates for this
complex behavior are currently unresolved, the ability to test this behavior in the zebrafish may
facilitate the discovery of novel genetic pathways that are involved in mediating the function of
this visual related cognitive process. With some exceptions, the descending motor and premotor
pathways in the teleostean brain are conserved with that of mammals, including the
reticulospinal, rubrospinal and vestibulospinal projections, as well as the projections from the
midbrain tectum and cerebellum to brainstem targets (Butler and Hodos 1996).

Evidence for neuroanatomical and functional homology of integrative brain regions, such
as the cerebellum, tectum and telencephalon, between teleosts and other vertebrates offers a
broader perspective of the evolution of cognitive processing. For example, spatial memory in
mammals is critically dependent on the hippocampus (Eichenbaum et al 1999), a structure that is
developmentally derived from the medial part of the dorsal telencephalon (the medial pallium).
In mammals, the central luman of the telencephalic neural tube expands to form the lateral
ventricles as the dorsal part of the neural tube bulges out in a process of evagination. However,
in teleosts the telencephalon is everted such that the roof of the neural tube over the
telencephalic central luman thins and elongates causing the dorsal part of the tube on each side to
bend back on itself. Thus, the lateral pallium of teleosts appears to be structurally homologous to
the mammaliam hippocampus — medial pallium (Butler 2000; Rodriguez et al 2002a). Although
the theory of simple eversion accounting for the peculiar anatomy of the teleostean
telencephalon is still controversial (Bradford 1995), evidence from goldfish (a cyprinid cousin to

the zebrafish) suggests that lesions of the lateral pallium do in fact selectively impair spatial
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memory representations, like hippocampal lesions in mammals (Rodriguez et al 2002b). This is a
striking example of functional conservation between the brains of teleosts and mammals despite
a rather distinct process of telencephalic morphogenesis.

These observations indicate that the neural circuitry and function of the teleost and
mammalian nervous system are highly conserved. Thus, identifying the molecular and cellular
determinants that govern the formation of the nervous system in zebrafish will provide us with a
fundamental understanding of human brain formation, and the mechanisms by which NTDs have

devastating consequences on nervous system function (see Tropepe and Sive 2003).

LESSONS FROM ZEBRAFISH MUTANTS

The formation of neural tube is a complex cellular process subjected to perturbation by
many genetic components, thus any defects at the cellular level, including aberrant cell death,
proliferation, differentiation, migration, and adhesion during neurulation may result in NTDs.
Various studies in animal models, mouse knockouts in particular, have proven useful for
revealing the critical steps and providing candidate genes for human NTDs. However, these
mouse models have three major obstacles that discourage systematic investigations for
identifying the genetic and cellular pathways underlying human NTDs. First, in most cases, the
precise molecular mechanisms by which the loss of a particular gene function leads to NTDs are
not known. Second, the intrauterine development of mouse embryos prevents analysis of the
developmental time course of NTDs. Third, many NTDs may be caused by mutations in
multiple genes (Colas and Schoenwolf 2001; Harris and Juriloff 1997; Juriloff and Harris 2000),
and their phenotypic characterization may therefore require compound genetic analyses, such as
identification of genetic modifiers. A relatively small litter size and expensive housing costs
make it difficult to carry out such analyses in mouse. In the next sections, we discuss the
advantages of using zebrafish as a complementary genetic model system to study NTDs. We
first discuss results of zebrafish mutant screens that have yielded brain mutants, highlighting
those that may include NTD candidates. We then discuss feasible experimental strategies in

zebrafish that could help elucidate the molecular mechanisms underlying human NTDs.
Zebrafish mutants that include some with putative NTDs

Forward genetic screens in zebrafish have yielded a large number of mutants reflecting

the key aspects of various developmental problems. In Table 2.1, we list zebrafish mutants
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defective in brain morphology and neural function. We group these mutants into several
categories according to cellular function of the corresponding genes. These categories include
mutants defective in major signaling pathways and those that alter cell polarity and adhesion,
neuroectoderm specification and patterning, development of the neural crest and neurogenesis.
Importantly, some of these mutants encode zebrafish orthologs of mouse NTD genes allowing
phenotypes to be compared between species (Table 2.1). Many other zebrafish mutants with
putative NTDs have been isolated, for which the corresponding gene has not been identified
(Schier et al 1996; Schilling et al 1996).

One interesting example that lends itself to comparison is the mouse loop-tail mutant,
which corresponds to a homolog of Drosophila Strabismus (Kibar et al 2001a; Kibar et al 2001b;
Wolff and Rubin 1998), a PDZ domain transmembrane protein involved in the planar cell polarity
(PCP) pathway. The loop-tail mutant exhibits craniorachischisis, a failure of neural tube closure
from midbrain to lower spinal cord. However, the mechanisms by which loss of gene function
gives rise to neural tube defects has not been investigated, partly due to relatively inaccessible
nature of mouse embryos. Recently, the zebrafish trilobite mutant has been cloned and the gene
encodes a fish ortholog of this protein (Jessen et al 2002). In contrast to mouse, analysis of the
fish mutant was relatively simple, and by employing cell transplantation coupled with time-lapse
imaging, has revealed the mechanism by which the trilobite gene product controls cell shape
changes and movements during gastrulation and neuronal migration (Jessen et al 2002).

Further emphasizing the importance of the PCP pathway in vertebrate neurulation,
disruption of mouse orthologs of other fly PCP components also lead to neural tube defects.
Furthermore, genetic interactions between these components have been shown (Curtin et al 2003;
Hamblet et al 2002; Kibar et al 2001b; Montcouquiol et al 2003; Murdoch et al 2003). Similarly,
zebrafish mutants defective in PCP components produce varying degrees of brain and
crainiofacial defects (Heisenberg et al 2000; Jessen et al 2002; Rauch et al 1997; Topczewski et
al 2001), and these phenotypes are enhanced by inhibition of other PCP components (Carreira-
Barbosa et al 2003; Topczewski et al 2001).

Another appealing attribute of zebrafish is the ability to isolate multiple mutant alleles,
allowing detailed analyses of gene dosage and structure-function relationships leading to brain
phenotypes. For example, the zebrafish foggy encodes transcription elongation factor Spt5, and
three alleles (m806, sk8, and s30) have been reported (Guo et al 2000; Keegan et al 2002). The

m806 allele contains a mis-sense mutation (V1012D), still leaving significant aspects of Spt5
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function, whereas both the sk8 and s30 alleles are thought to be null. The differences in nature of
molecular lesion correlate with the phenotypic strength of mutant alleles: m806 exhibits
neurogenesis defects without significant abnormalities in brain shape (Guo et al 2000) whereas
both sk8 and s30 manifest some degrees of the altered brain morphology (Keegan et al 2002). In
a striking example, 12 alleles of zebrafish grumpy and 19 alleles of zebrafish sleepy mutants have
been isolated, encoding laminin beta 1 and gamma 1, respectively, components of basal laminae
(see http://zfin.org).

Relative inexpensive maintenance of zebrafish mutant stocks and a large clutch size
facilitate compound genetic analyses to determine genetic interactions (i.e. epistatic, synergistic,
or antagonistic relationships) between NTD genes. For example, the zebrafish knypek, encoding
a heparan sulfate proteoglycan, shows craniofacial defects with no cyclopic phenotype
(Topczewski et al 2001). Double mutants of knypek and silberlick, which encodes wnt 11 (that is
involved in PCP signaling (Heisenberg et al 2000)), manifests strong cyclopic phenotypes,
identifying Kny as a component of PCP pathway. Such analyses can either be performed by
making "classical" double mutants or by using reverse genetics tools, such as antisense
morpholino oligomers.

Epithelial cells display apical-basal cell polarization, by a mechanism conserved between
vertebrates and invertebrates. In fly, localization of apical determinants, such as Crumb, is
controlled by Scribble (Bilder and Perrimon 2000). A mouse ortholog of fly Scribble is a
component of PCP (Montcouquiol et al 2003), indicating a direct link between apical-basal
polarization and PCP pathways. The zebrafish mutants in apical-basal polarity have been isolated
and include nagie oko, heart and soul, and parachute (glass onion) (Horne-Badovinac et al 2001;
Lele et al 2002; Malicki et al 2003; Peterson et al 2001; Wei and Malicki 2002a). These mutants
exhibit a certain degree of neural tube defects, suggesting that genetic components involved in
apical-basal cell polarity are candidates for NTDs and phenotypic analyses of these mutants may

provide new insights into cellular defects of NTDs.

Strategies to study neural tube defects in zebrafish

What experimental strategies in zebrafish would help better understand the molecular
etiology of human NTDs? First, a "candidate" gene approach can be employed in the zebrafish,
where function of genes correlating with human NTD candidates is analyzed in the fish. Reverse

genetic approaches will be very useful in this regard, as it is possible to generate partial loss of
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function phenotypes that may correspond to the situation in the human NTD. Partial loss of
function phenotypes can be generated by injecting varying amounts of antisense morpholino or
via target-selected gene inactivation (Wienholds et al 2002; Wienholds et al 2003), which allows
isolation of multiple alleles of a single gene that may display different severity. Multiple alleles
will also facilitate structure/function analysis of a given protein.

NTD phenotypes could be due either to direct effects of a given gene on the neural tube or
to secondary effects of its early function. In situ hybridization and immunocytochemistry to
determine where the protein is expressed is clearly essential. However, for ubiquitously
expressed gene products, asking when the gene product is required will help narrow down the
target of the gene. Temporally controlled expression can be effected using a heat-shock-inducible
promoter driving the gene of interest, allowing its controlled expression in a mutant line and
assaying for rescue of the phenotype (Halloran et al 2000; Yeo et al 2001). Another mechanism to
address the target of a gene product is to ask where this is required. Spatially restricted expression
is possible using tissue-specific promoters and deriving lines of such fish that can be used to
attempt rescue mutant lines.

Second, a forward genetics approach (random mutagenesis) will lead to identification of
potential NTD genes in a relatively unbiased manner. Several forward genetic screens have
yielded mutants affecting the brain morphology and neural function (Table 2.1), however a
directed screen for mutants displaying NTDs has not been performed. Such a screen will be
extremely useful in expanding the collection of potential NTD risk genes in human. Some NTDs
may be caused by mutations in multiple genes, perhaps in association with environmental
factors. Mutation in one NTD risk gene therefore may not cause an obvious phenotype. A
crucial issue is then how to define genes that must act in concert with others to cause a NTD.

One promising avenue is the use of genetic modifier screens. These would start with a weak
allele of a locus that gives a NTD when null. Forward genetic approaches could then be used to
isolate other genes that strengthen or further weaken the phenotype.

Another approach with potential therapeutic ramifications, uses small molecules of
defined or unknown specificity could be applied to mutant embryos, in an effort to strengthen or
weaken the phenotype. Such an approach has been taken with wild-type zebrafish embryos
(Peterson et al 2000). For example, in zebrafish heart and soul mutant, neuroepithelial polarity

is disrupted due to loss of aPKC lambda. A chemical inhibitor of this kinase has been identified

and shown to cause has phenotypes in wild-type embryos (Peterson et al 2001). Since aPKC
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lambda is a good candidate for NTD, genetic screens could be designed to look for suppressors
(or enhancers) of the chemical inhibitor. This chemical approach could not only be used to
define pathways that alter the NTD phenotype, but could provide potential therapeutic agents
that may abrogate neonatal NTD phenotypes.

CONCLUSION

In summary, we have discussed the utility of the zebrafish as a model for identifying and
analyzing genes that cause human neural tube defects. Multiple zebrafish mutants that give
NTDs have already been isolated and some show similar defects to the mouse model. The
powerful forward and reverse genetic approaches available in the zebrafish make this a highly

promising model for clarifying the mechanisms underlying human NTDs.
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Table 2.1

Mutant Gene

Function/Phenotype (Reference)

Planar cell polarity pathway

knypek kny

trilobite(a) vangl2
pipe tail wntb5a
silberblick wntll

Cell polarity and adhesion

grumpy lambl
heart and soul aPKC 4
nagie oko mpp5
parachute/ cdh2
glass onion

sleepy lamcl

Hedgehog signaling

detour glil

slow muscle smoothened
omitted

sonic you® shh

you too gli2

heparan sulfate proteoglycan, craniofacial defects
(Topczewski et al 2001)

transmembrane protein, associated with PCP,
NTD in mouse (loop tail) knockout
(Jessen et al 2002; Kibar et al 2001a)

impaired development of head skeleton
(Rauch et al 1997)

cyclopia and midline defects in the head
(Heisenberg et al 2000)

laminin beta 1, notochord and brain defects
(Parsons et al 2002)

defects in the polarized epithelia of the retina/neural tube
(Horne-Badovinac et al 2001; Peterson et al 2001)

MAGUK, abnormal brain, retinal cell patterning defects
(Wei and Malicki 2002b)

cell adhesion, defects in neural tube and eye
(Lele et al 2002; Malicki et al 2003)

laminin gamma 1, irregular brain shape
(Parsons et al 2002)

zinc finger TF, defects in ventral neuroectoderm
(Karlstrom et al 2003)

lateral floor plate and subpopulation of hypothalamic cells
(Varga et al 2001)

motorneuron axons and ganglion cells, NTD in mouse
knockout (Harris and Juriloff 1997; Schauerte et al 1998)

zinc finger TF, midline development, retinal axon
guidance, ectopic lens, interfere with hh signaling
(Karlstrom et al 2003)
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Table 2.1 Continued

Mutant Gene

Function/Phenotype (Reference)

Nodal signaling

bonnie and clyde mixer
cyclops ndr2
schmalspur foxh1/fastl
squint ndrl

one eyed pinhead oep

paired-class homeodomain TF, abnormal brain shape
(Kikuchi et al 2000)

nodal related 2, ventral midline patterning
(Rebagliati et al 1998; Sampath et al 1998)

winged-helix transcription factor,
prechordal plate and ventral neuroectoderm
(Pogoda et al 2000; Sirotkin et al 2000)

nodal related 1, mild eye cyclopia
(Feldman et al 1998)

EGF-CFC member and a co-receptor for nodal,
cyclopia, mutation in human holoprosencephaly
(Zhang et al 1998)

Neuroectoderm specification and patterning

acerebellar fgf8
bozozok dharma
chokh rx3
dino chordin
headless tcf3
lazarus pbx
masterblind® axinl
neckless® aldhl1a2

84

defects in MHB and cerebellum (Reifers et al 1998)

homeodomain TF, loss of neural fate anterior to MHB
(Fekany et al 1999)

homeodomain TF, loss of eye (Loosli et al 2003)

BMP antagonist, reduced brain size
(Schulte-Merker et al 1997)

truncation of forebrain structures (Kim et al 2000)

segmental patterning of hindbrain and anterior trunk
(Popperl et al 2000)

reduced eye and forebrain, NTD in mouse knockout
(Heisenberg et al 2001; Zeng et al 1997)

retinaldehydrogenase type 2, defects in neural tube
and paraxial mesoderm, NTD in mouse knockout_
(Begemann et al 2001; Niederreither et al 1999)



Table 2.1 Continued

Mutant Gene Function/Phenotype (Reference)
no isthmus pax2.1 no MHB, dorsal and ventral midbrain are abnormal
(Brand et al 1996)
snailhouse bmp7 expansion of neuroectoderm
(Dick et al 2000; Schmid et al 2000)
somitabun®® smadb5 expansion of neuroectoderm, NTD in mouse knockout
(Chang et al 1999; Hild et al 1999)
spiel ohne pou2 POU-domain transcription factor, MHB midbrain size
grenzen and patterning of hind brain
(Hauptmann et al 2002b; Reim and Brand 2002)
swirl bmp2b expansion of neuroectoderm (Kishimoto et al 1997)
too few fezl zinc finger transcription factor, defects in hypothalamic
DA and SHT neurons (Levkowitz et al 2003)
valentino val

Neural crest

lock jaw / tfap2a
mont blanc®®

van gogh tbx1

Neurogenesis

foggy spt5

mind bomb mib

bZip transcription factor, required for r5 and 6,
defects in inner ear (Moens et al 1998)

hind brain and sympathetic noradrenergic neurons,

neural crest development, NTD in knockout
(Harris and Juriloff 1997; Holzschuh et al 2003;
Knight et al 2003)

T-box gene, pharyngeal mesoderm, neural crest
derived cartilages, Di George syndrome
(Piotrowski et al 2003)

transcription elongation factor, reduction of DA neurons
and surplus of 5ht neurons, notochord defects
(Guo et al 2000)

ring ubiquitin ligase, Notch signaling, excessive
neuronal differentiation (Itoh et al 2003)
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Table 2.1 Continued

Mutant Gene Function/Phenotype (Reference)

pandora Spt6 transcription elongation factor, defects in brain
ventricle, eye and ear (Keegan et al 2002)

Subtle neural function

ache ache acetylcholinesterase; muscle fiber formation and
innervation, primary sensory neurons death
(Behra et al 2002)
astray robo2 roundabout homolog 2, defects in axon pathfinding
(Fricke et al 2001)
lakritz athb basic helix-loop-helix transcription factor,
retinal ganglion cell determination
(Kay et al 2001)
mariner myosin 7a hair bundles, Usher 1B syndrome (Ernest et al 2000)
nicotinic chrnal cholinergic receptor nicotinic alpha polypeptide 1, receptor

nonmotile, no clustering of acetylcholine receptors
(Sepich et al 1998)

no optokientic gnat2 G protein alpha transducing activity polypeptide 2
response f defects in cone photoreceptor, mutation in human
achromatopsia (color blindness) (Brockerhoff et al 2003)

soulless phox2a homeodomain transcription factor, reduction in
locus coeruleus noradrenergic neurons

(Guo et al 1999)

twich once rapsyn inhibition of formation of acetylcholine receptor
clusters, reduced synaptic strength
(Ono et al 2002)

young smarca4 chromatin remodeling complex, retinal cell

differentiation (Gregg et al 2003)

(a) indicates zebrafish mutants carrying mutations in zebrafish orthologs of mouse NTD
genes (Juriloff and Harris 2000)
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Figure 2.1 Brain development and structure is conserved between zebrafish and humans
The overall organization of the many parts of the vertebrate brain is similar among all
vertebrates. (A) Here we provide a schematic representation of an embryonic and adult zebrafish
brain and compare it to a schematic of the human embryonic and adult brain (anterior to the left,
dorsal to the top). The figure depicts the segmental (neuromeric) organization of the embryonic
brain highlighting only a few of the proposed subdivisions (separated by black dashed lines). As
a reference point, the boundary between the main alar (dorsal) and basal (ventral) subdivision of
the brain and spinal cord is shown as a grey dashed line and the location of four cranial nerve
primordia are depicted as black dots (II, optic nerve; III, oculomotor nerve; V, trigeminal nerve;
VIII, octaval or vestibulocochlear nerve). (B) Despite the numerous morphological changes that
occur during the course of development and the eventual size differences in a number of regions,
the adult zebrafish and human brain share similar features. tel, telencephalon; hyp,
hypothalamus; dt/vt, dorsal thalamus/ventral thalamus; m, midbrain; is, isthmus; r1-r7,
rhombomeres 1-7; sc, spinal cord; ce, cerebellum (a derivative of the dorsal r1); h, hindbrain (the
combined derivative of 12-17).

Zebrafish (~28 hours p.f) Human (~28 days p.f.)

Adult Zebrafish Adult Human
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Figure 2.2 Steps in Early Brain Development

The first step of brain development is neural determination, in which cells of the neural plate
make the decision to form neural tissue, but do not yet differentiate as neurons. The neural plate
then undergoes neurulation, in which the epithelial neural plate rolls or bends to form the closed
neural tube. During and after neural tube closure, the anterior portion of the tube dilates in three
specific locations to form the future forebrain, midbrain, and hindbrain ventricles, which later
undergo rapid expansion. ep = eye primordium.
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Figure 2.3 The neural tube forms by two different mechanisms along the anteroposterior

axis

A. Level of the neural tube at which primary and secondary neurulation occur. In a transition
zone near the junction of primary and secondary tubes, a mix of the mechanisms may be present.
B. Comparison of primary and secondary neurulation. a: primary neurulation involves
columnarization of an existing epithelium, and then rolling or folding the epithelium (blue). b:
secondary neurulation is characterized by condensation of mesenchyme (brown) to form a rod,

which then undergoes an epithelial transition to form the neural tube.
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Figure 2.4 Variations of primary neurulation

The neural tube is shown at the open stage (top row) and after initial closure (bottom row) (see
also Fig. 2.3). The initial flat neuroepithelium may roll smoothly into a tube (a), bend sharply at
one (b) or more (c) hinge points, or form a solid rod of cells (d). See text for details.

b. multiple c. single
hinge points hinge point

d. neural keel

a. rolling

round diamond-shaped slit-like slit-like
lumen lumen lumen lumen
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Figure 2.5 Variations of secondary neurulation

The neural tube is shown subsequent to condensation of the starting mesenchyme into the
medullary cord (see also Fig. 2.3). In one variation (a) a solid mass of epithelium (the medullary
rosette) expands to form a lumen. (b) A medullary plate comprises an epithelium abutting
mesenchyme with a space between. The epithelium expands to replace the mesenchyme with
concomitant lumen expansion. (¢) The medullary cord may form an epithelium at its edges while
mesenchyme remains centrally. A lumen forms by expansion of spaces between the epithelium
and mesenchyme and by loss of the mesenchyme. See text for details.
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Figure 2.6 Zebrafish trunk neurulation

An initial epithelium columnarizes to form the neural plate, which then forms a solid neural keel
and solid tube. The midline of the tube becomes distinct and a lumen opens from ventral to
dorsal. Neural plate cells lineage labeled prior to neural keel formation (red and green) maintain
their relative positions during neural tube formation, indicating that cells form the keel by cryptic
rolling or folding. The derivation of the zebrafish neural tube from an epithelium and the cell
movements involved are typical of primary neurulation.
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Abstract

The mechanisms by which the vertebrate brain achieves its three-dimensional structure
are clearly complex, requiring the functions of many genes. Using the zebrafish as a model, we
have begun to define genes required for brain morphogenesis, including brain ventricle
formation, by studying 17 mutants previously identified as having embryonic brain morphology
defects and identifying 3 additional brain morphology mutants in a shelf-screen of retroviral
insertion mutants. We report the phenotypic characterization of these 20 mutants at several
time-points using brain ventricle injection and imaging and immunohistochemistry with neuronal
markers. These mutants can be broadly classified into two groups, one affecting initial brain
shaping and the other affecting later brain ventricle expansion. Within these two classes,
mutants can be further subdivided based on the specific brain phenotypes. This study defines
several functions that are required for brain morphogenesis. During initial brain shaping, these
include midline separation (requiring epithelial junction formation and maintenance, cell
proliferation, and cell shape changes), ventricle inflation (requiring ion pumping), midbrain-
hindbrain boundary constriction (requiring basement membrane), and a requirement for
transcriptional regulation. Later brain ventricle expansion requires cardiovascular circulation,
the extracellular matrix, and transcription/splicing-dependent events. We suggest that these

processes are likely to be used during brain morphogenesis throughout the vertebrates.
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Background

Organ function is dependent not only on proper tissue specification, but also on the three-
dimensional organization of those tissues, directed by morphogenetic processes. In vertebrates,
the embryonic brain originates from a simple columnar epithelium that forms a tube which will
become the brain and spinal cord (Gray and Clemente 1985). Brain morphogenesis occurs as the
anterior neural tube undergoes a series of bends and constrictions to subdivide the brain into the
future forebrain, midbrain, and hindbrain that allow it to pack into the skull. The first
morphogenetic event is formation of a constriction at the midbrain-hindbrain boundary (Lowery
and Sive 2004; Lowery and Sive 2005). Another key event in brain morphogenesis is the
opening of the brain ventricles, cavities inside the brain which contain cerebrospinal fluid
(Lowery and Sive 2005). Correct brain structure is intimately connected to normal brain
function, as abnormalities in brain structure during development are correlated with a wide range
of neurodevelopmental disorders (Kurokawa et al 2000; Gilmore et al 2001; Hardan et al 2001;
Rehn and Rees 2005; Nopoulos et al 2007).

Brain morphogenesis requires the function of many genes, but these have generally not
been well-characterized. The zebrafish is an ideal model system for these studies, since brain
morphogenesis can be live-imaged at single cell resolution, and mutants defective in brain
morphogenesis can be identified. Furthermore, the early structure of the zebrafish brain is very
similar to that of other vertebrates, including chicken, rat and human, further indicating that this
is a useful model system (Tropepe and Sive 2003; Lowery and Sive 2004; Jo et al 2005). In
order to identify the genetic mechanisms that regulate brain morphogenesis, we have examined
20 zebrafish brain mutants previously suggested to have abnormal embryonic brain morphology
or newly identified in a shelf-screen for brain morphology phenotypes (Jiang et al 1996; Schier
et al 1996; Amsterdam et al 2004). Seventeen of these mutants were identified in two large-scale
mutagenesis screens (Jiang et al 1996; Schier et al 1996). Together, Schier et al. and Jiang et al.
identified 33 mutants with various embryonic brain morphology defects, 23 of which were
described as having defects in embryonic brain ventricle morphology but their specific brain
ventricle phenotypes were not reported. Through the generous sharing of the zebrafish
community, we established 17 of these lines in our lab. Additionally, we conducted a shelf-
screen of 300 retroviral insertion mutants (Amsterdam et al 2004), identifying three mutants with

brain ventricle phenotypes. In this report, we describe the brain phenotypes of all 20 of these

114



mutants, including three mutants, nagie oko, snakehead, and whitesnake, on which we have
previously published (Lowery and Sive 2005; Lowery et al 2007) (see Chapter 4 and Appendix
1). Based on these data, we classify these mutants and describe some of the processes required

for normal brain morphogenesis.

Results and Discussion

Mutants can be classified based on brain morphology and timing of phenotype onset

We have suggested that early brain morphogenesis in zebrafish occurs in two phases
(Lowery and Sive 2005)(see Chapter 4). The first phase, occurring between 17 hours post
fertilization (hpf) and 24 hpf, includes the shaping of the brain epithelium, as the straight neural
tube undergoes regionally-specific bends and also opens to form the brain ventricles (Lowery
and Sive 2005). During the second phase, which occurs between 24 and 36 hpf, along with the
onset of heartbeat and circulation, the brain shape changes minimally, but both the amount of
brain tissue and the volume of the brain ventricles increase substantially (Lowery and Sive 2005;
Mueller and Wullimann 2005; Bayer and Altman 2007).

In order to examine the phenotypes of brain morphology mutants, we first analyzed
initial brain morphogenesis of each mutant between 17 hpf and 36 hpf using brightfield
microscopy (Table 3.1; data not shown). One criterion for calling each mutant a “brain
morphology” mutant is that it makes a healthy neural tube with no visible necrosis through at
least 20 hpf (not shown), implying that earlier stages of neural development, including
neurulation, are normal. While numerous mutants in the shelf-screen exhibited brain
phenotypes, almost all of them were accompanied by significant visible necrosis, and thus all of
these were excluded from further analysis. From the shelf-screen of retroviral insertion mutants,
three mutants (mib, foxo5, and ppplrl2a) showed abnormal brain morphology but no visible
necrosis, and thus we used these mutants for further studies.

We observed that the abnormal brain phenotypes of 17 mutants are obvious by 20-21 hpf,
indicating that initial brain shaping and opening were perturbed. The remaining three mutants
(vip, nat, wis) appear to have wild-type brain morphology until 28 hpf, at which point brain
morphology defects become apparent, indicating that these mutants are defective in brain

expansion (Table 3.1).
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Brain morphogenesis occurs on neuroepithelium that has already acquired initial
anteroposterior and dorsoventral pattern. We therefore wondered whether any early brain
phenotypes result from patterning defects. Although Schier et al. 1996 and Jiang et al. 1996
reported that expression of various patterning markers is normal in brain morphology mutants,
we extended analysis of patterning using in situ hybridization for the anteroposterior markers
krox20 and pax2a, and the dorsoventral patterning markers shh and zicl. No obvious
abnormalities are obvious, although we cannot exclude subtle perturbations (data not shown).

All 17 early mutants appear to have brain ventricles of reduced size by brightfield
microscopy. For these mutants, we augmented our analyses at two time-points by injecting a
fluorescent dye into the brain cavity to highlight the brain ventricular space (Lowery and Sive
2005). From this assay, the 17 early mutants can be separated into 4 phenotypic classes, as

detailed below.

Initial brain shaping — Class 1 - “Midline separation’ defects (nok, moe, ome, has, mib, fbxo5,
ppplrl2a, zon, atl)

One group of mutants shows defects during the event we have termed “midline
separation”. After neurulation in zebrafish, the neural tube is closed but shows a distinct midline
(Lowery and Sive 2004). The tube subsequently opens at the midline, leaving the ventricular
space centrally (that is filled with fluid) (Fig. 3.1A). Brain ventricle injections show that midline
separation is perturbed in nine mutants analyzed (Fig. 3.1B-T). In these mutants, the hindbrain
tube does not open uniformly. In several of these mutants, opening of the forebrain and
midbrain is also perturbed. At 22 hpf, either the sides of the brain do not open at all (as
throughout in nok, Fig. 3.1B, and in forebrain and midbrain of zon, Fig. 3.1N), or there are
localized regions where the hindbrain tube does not separate at the midline (arrows, Fig. 3.1C-E,
K-O). These phenotypes persist through at least 36 hpf, although there is a range of severity
(Fig. 3.1G-J, P-T).

Four of the mutants in this group correspond to mutations in genes previously implicated
in epithelial polarity and junction formation. The most severe midline separation mutant is nagie
oko (nok), which has a mutation in the mpp5 gene encoding a MAGUK protein localized to
apical junction complexes (Wei and Malicki 2002). This mutant has an almost straight brain

tube with no or little brain opening at 24 hpf (Fig. 3.1B). When dye is injected into the midline
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where the hindbrain ventricle normally opens, the dye does not diffuse into other areas of the
brain, suggesting that the brain tube is stuck shut (Fig. 3.1B). This defect persists through 36 hpf
(Fig. 3.1G). We have previously observed in histological sections that nok mutants have a
disorganized epithelium with no continuous midline, although there are small, intermittent
regions with a midline present (Lowery and Sive 2005). We suggest that these obstructions in

the midline most likely correspond to locations where the brain tube is stuck shut.

Three mutants, mosaic eyes (moe), oko meduzy (ome) and heart and soul (has), which
have mutations in the erythrocyte membrane protein band 4.1 like 5 (epb4115), crumbs homolog
2 (crb2) and protein kinase C iota (prkci) genes, respectively (Horne-Badovinac et al 2001;
Jensen and Westerfield 2004; Omori and Malicki 2006), display similar brain phenotypes. All
three have disrupted hindbrain opening, with several small openings instead of one large opening
at 22 hpf (Fig. 3.1C-E) and persisting through 36 hpf (Fig. 3.1H-J), and moe has disrupted
forebrain and midbrain opening as well (Fig. 3.1C,H). A hypomorphic allele of nok, wi83
(Wiellette et al 2004; Lowery and Sive 2005), shows a less severe midline separation phenotype
than the null mutant (not shown), but it is still more severe than the null ome and has
phenotypes, but not the moe phenotype (Horne-Badovinac et al 2001; Wei and Malicki 2002;
Omori and Malicki 2006). However, loss of function of Mpp5, Epb4115, Crb2a, or Prkei results
in similar phenotypes in other organ systems, such as abnormal junction formation in the retina
and abnormal heart tube morphogenesis (Yelon et al 1999; Horne-Badovinac et al 2001; Wei and
Malicki 2002; Omori and Malicki 2006; Rohr et al 2006). The MppS5, Epb4115, Crb2a, and Prkci
proteins co-localize at the apical surface of neuroepithelia and control apical junction formation
and epithelial apicobasal polarity (Horne-Badovinac et al 2001; Hsu et al 2006; Omori and
Malicki 2006), although the mechanisms underlying brain phenotypes in these mutants have not
yet been thoroughly explained. While the adherens and tight junctions of the nok mutant are
abnormal (Lowery and Sive 2005), the junctions in the brain epithelium of ome and has mutants
appear normal (Horne-Badovinac et al 2001; Omori and Malicki 2006), and thus it is unclear

what is leading to the midline separation defect.

How do apical junction complex proteins regulate brain morphogenesis? In the case of
the nok mutant, the neural tube midline is defective immediately after neurulation (Lowery and
Sive 2005), suggesting that Mpp5 may be required prior to neural tube closure, for normal

epithelial integrity, apicobasal polarity, and formation of a midline corresponding to a plane of
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cell separation. Without a midline, the neural tube cannot open properly. In the case of ome and
has, the neural tube does open in places, suggesting that the midline forms normally. However,
apical junction regulation is likely required to coordinate the epithelium and allow it to change
shape. For example, during gut tube formation, has often shows multiple small lumens rather
than one large one, due to a lack of apical clustering of adherens junctions (Horne-Badovinac et
al 2001). Further investigation will be required to determine the precise mechanisms that are

disrupted in each mutant and how these regulate midline separation.

Finally, five additional mutants, mindbomb (mib), fbxo5 (fbxo5), ppplrl2a (ppplri2a),
zonderzon (zon), and atlantis (atl), also show midline separation defects (Fig. 3.1K-T). Three of
these (mib, foxo5, and ppplrl2a) were identified in the shelf-screen of retroviral insertion
mutants as having specific brain morphology defects, and this is the first report of any brain

phenotype for fbxo5 and ppplrl2a.

The mib mutant, which has a retroviral insertion mutation in the E3 ubiquitin ligase
mindbomb required for Delta/Notch signaling (Itoh et al 2003), has a severe midline separation
defect in the hindbrain by 30 hpf (Fig. 3.1P), although the phenotype at 24 hpf is not as obvious
(Fig. 3.1K). Unlike the other mutants reported in this study, the brain phenotype of mib has been
previously characterized and is relatively well-understood. Due to absence of Notch signaling in
the hindbrain, an overproduction of early differentiating neurons occurs, accompanied by a loss
of neuroepithelial cells (Bingham et al 2003). Loss of midline neuroepithelial cells leads to
disrupted ventral midline patterning, and the abnormally differentiating neurons cluster and fuse
across the midline (Bingham et al 2003) leading to the midline separation defects seen in Fig.
3.1P. This demonstrates the importance of both patterning and neuroepithelial maintenance
during brain morphogenesis and highlights that abnormal brain ventricle development can occur

when neuronal development is perturbed.

The fbxo5 mutant has a retroviral insertion mutation in the F-box protein 5 gene, the
zebrafish homolog to the mitotic regulator Emil (Reimann et al 2001). In addition to midline
separation defects (Fig. 3.1L,Q), we have observed that fbxo5 mutants display significantly
reduced cell proliferation, no body growth, and increased cell size (data not shown). However, it
is unclear exactly how cell proliferation and midline separation are coordinated. Perhaps there is

not enough tissue for brain ventricle opening, or cells may need to be actively cycling to respond
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to morphogenetic cues. Further analysis will be needed to understand the underlying

morphogenetic cause of the phenotype.

The last mutant identified in the shelf-screen is ppplrl2a (Amsterdam et al 2004), which
shows the midline separation defect at both 24 and 30 hpf (Fig. 3.1M,R). This mutant has a
retroviral insertion mutation in the myosin regulatory light chain phosphatase, protein
phosphatase 1 regulatory inhibitor subunit 12a, homolog of mouse and human MYPT1 (myosin
phosphatase target subunit 1). Myptl is one of the subunits of myosin phosphatase, is a key
regulator of myosin activity, and is implicated in integrating signaling cascades for cytoskeletal
remodeling and directly influencing cell contractility, cell morphology, and adhesion (Eto et al
2005; Xia et al 2005). We hypothesize that the midline separation defect observed is a result of
aberrant cytoskeletal and cell shape changes that have been shown to occur with loss of Myptl in

other systems (Eto et al 2000; Mizuno et al 2002; Tan et al 2003).

The mutations corresponding to zon and atl have not been identified. While the zon
midline separation defect can be severe at 24 hpf (Fig. 3.1N) and sometimes persists through 36
hpf (Fig. 3.1S), the expressivity is variable. The atl mutant, however, consistently shows a mild
midline separation defect, with at least one point of contact at the midline within the hindbrain
between 24 and 30 hpf (Fig. 3.10,T arrows). This mutant is the least severe of the group, and in
some, the brain appears wild-type by 36 hpf. The atl mutant is also the only mutant described in
this paper in which some homozygous mutants are viable. Further analysis of zon and atl and
identification of their corresponding genes will be required to understand the underlying cause of

the midline separation phenotype.

One question we have considered is the relationship between early brain morphology and
neuronal development and function. In particular, do any of these midline separation mutants
also display neuronal abnormalities? We examined several axon tracts in the early embryo,
looking at the early axon scaffolds in the forebrain and midbrain at 36 hpf, which can be
visualized with an antibody to acetylated tubulin (Chitnis and Kuwada 1990), at the
reticulospinal neurons in the hindbrain at 36 hpf with an antibody to neurofilament M (Pleasure
et al 1989), and at commissural neurons in the hindbrain at 30 hpf with the zn8 antibody
(Trevarrow et al 1990). Within most of the mutants in this class, all neuronal tracts appear
normal, although zon shows reticulospinal neuron defects with reduced expressivity (not shown),

mib is already known to have abnormal axonal development (Bingham et al 2003; Riley et al
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2004), and the fbxo5 and ppplrl2a mutants have not been analyzed at this time. The data from
the other five mutants suggest that the midline separation defects in these mutants and formation

of the early axon scaffold are under independent control.

Initial brain shaping — Class 2 - Inflation defect (snk)

The snakehead (snk) mutant lacks visible brain ventricles at 22 hpf by brightfield
microscopy (Fig. 3.2B). By 30 hpf, however, small ventricles are visible by dye injection (Fig.
3.2D), and at this stage, snk brain morphology is similar to wild type, although the brain tissue
and all three ventricles are smaller than normal (Fig. 3.2D). snk corresponds to a mutation in the
atplal gene, encoding a Na' K" ATPase alpha subunit (Lowery and Sive 2005). This pump is
likely required for embryonic CSF secretion by creating an ionic gradient across the membrane,
that results in water flow into the luminal space (Lowery and Sive 2005). It is likely that the
absence of fluid inside the brain ventricles leads to the snk brain phenotype, indicating that
normal brain morphogenesis requires inflation of the brain ventricles with fluid (Lowery and
Sive 2005). At the stages analyzed, we detected no obvious abnormalities in the neuronal

populations examined (Table 3.1 and data not shown).

Initial brain shaping — Class 3 - Midbrain-hindbrain boundary and ventricle defects (sly, gup)

In two mutants, sleepy (sly) and grumpy (gup), the acute basally-located epithelial
constriction that normally occurs by 22 hpf at the midbrain-hindbrain boundary (MHB) does not
form (Fig. 3.3B,C). Furthermore, all brain ventricles are reduced in size compared to wild type
(Fig. 3.3B,C), although by 36 hpf, MHB shape and hindbrain ventricle size are partially
recovered (Fig. 3.3E,F). The sly and gup loci both encode components of the extracellular
matrix proteins, laminin gammal and laminin betal, respectively. These genes have previously
been shown to play a number of roles during zebrafish developmental processes including
notochord differentiation (Parsons et al 2002), retina morphogenesis (Biehlmaier et al 2007),
blood vessel formation (Pollard et al 2006), and retinotectal axon pathfinding (Karlstrom et al
1996). As laminin in the basement membrane outlines the brain epithelium (data not shown), we
hypothesize that loss of laminin in the basement membrane results in the inability to form the

MHB constriction and undergo additional brain shaping processes.
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Consistent with the previously reported role of laminin during axon guidance, we
observed that the hindbrain reticulospinal neurons are disrupted in both mutants (Fig. 3.3H,I), as
are the commissural neurons (Fig. 3.3K,L). Although the early axon scaffolds in the forebrain
and midbrain are disorganized in the sly mutant (Fig. 3.3N), they are virtually indistinguishable
from wild type in the gup mutant, suggesting that gup/lamb1 function is not essential for
axonogenesis (Fig. 3.30). It is possible that the axon defects of the sly and gup mutants are

functionally distinct from the brain morphology defect.

Initial brain shaping — Class 4 - Reduced ventricle size (ful, Inf, ott, log, esa)

Another class of mutants, including otter (ott), fullbrain (ful), landfill (Inf), logelei (log),
and eraserhead (esa), exhibit reduced brain ventricle size and occasional misshapen midbrain
tissue at 22 and 36 hpf, although the midlines of these mutants appear to separate normally
(which distinguishes these mutants from Class 1 above) and there are no other significant
phenotypic abnormalities of brain morphology (Fig. 3.4A-L). The brain phenotypes of ott, ful,
Inf, and log are very similar, although at 22 hpf, ott ventricles are generally the most reduced in
size, and the log ventricles are the least reduced, relative to wild type (Fig. 3.4D,E). The esa
phenotype, while similar to the others in ventricle size reduction, is more variable (Fig. 3.4F,L)
and is occasionally accompanied by additional brain and body phenotypes which do not occur
elsewhere in the group. These abnormalities include gastrulation defects (data not shown),
which sometimes result in a twisting of the brain tissue (not shown).

Since the phenotypes of ott, ful, Inf, and log appear similar, complementation crosses
were performed between them. While a note added in the proof of (Schier et al 1996) specified
that logelei does not complement ott, we did not find this to be the case. Three individual
crosses of log and ott heterozygote carriers resulted in 100% wild-type embryos (n=154),
demonstrating that log and ott do complement each other genetically. Crosses of all other
mutant combinations also showed genetic complementation, indicating that each of these
corresponds to a distinct locus.

We observed that the brain phenotypes of this mutant class resembled that of the mutants
motionless (Guo et al 1999) and kohtalo (Hong et al 2005), which both have mutations in med12,
a subunit of the mediator complex (Hong et al 2005; Wang et al 2006). A complementation
cross between mot and ott resulted in 14 mutants (21%) and 54 wild-types (79%), suggesting that

ott and mot are allelic, although the specific mutation in the ott mutant has not yet been reported.

121



What role does the mediator complex play during development, and what could be responsible
for the ott brain morphology phenotype? The mediator complex is a multi-protein complex that
regulates transcription by acting as a bridge between DNA-binding transcription factors and
RNA polymerase II (Conaway et al 2005). Several mediator subunits, including med12, possess
gene-specific activity (Yoda et al 2005; Rau et al 2006; Loncle et al 2007), and med12 has been
shown to interact with beta-catenin and transduce Wnt signaling (Kim et al 2006). In the
zebrafish med12 mutant, the morphogenesis of many organ systems are affected as tissue
extension, cell movements, and generation of tissue architecture are all disrupted in various
tissues (Hong et al 2005). Interestingly, polymorphisms of the med12 gene in humans are
associated with an increased risk for schizophrenia (Philibert et al 2007), a disorder which is
correlated with abnormal brain structure and increased ventricle size (Antonova et al 2004;
Crespo-Facorro et al 2007).

Zebrafish mutants deficient in med12 display specific neuronal defects, though not all
neurons are affected (Guo et al 1999; Wang et al 2006). We find that Inf, ful, and ott all show
strong defects in the hindbrain axons, with reticulospinal and commissural neurons reduced or
missing (Fig. 3.4N-P,T-V), although the early axon scaffolds in the forebrain and midbrain look
normal (not shown). The log mutant has reduced commissural neurons (Fig. 3.4W) but all others
appear normal (Fig. 3.4Q and not shown). The esa mutant phenotype is different than the others
in that the reticulospinal and commissural neurons appear normal (Fig. 3.4R,X), but the axons in
the forebrain and midbrain are severely (but variably) affected, having a “feathered” appearance
(Fig. 3.47).

Later brain expansion mutants

In addition to the 13 early brain shape mutants described above, three of the brain
morphology mutants, viper (vip), natter (nat), and whitesnake (wis), show only later defects in
brain morphology. All three display completely normal brain ventricles at 22 hpf (data not
shown), although by 28 hpf, it is apparent that the dorsoventral height of the hindbrain ventricle
is reduced (Fig. 3.5B,C,D, bars). All three also lack heartbeat and circulation. It was previously
shown that circulation is required for later brain expansion (Schier et al 1996; Lowery and Sive
2005), and thus, it is possible that the brain defects of these mutants are secondary to a lack of
circulation. As the vip mutant, corresponding to an unknown mutation, shows no other

phenotypes other than reduced brain ventricle height and lack of heartbeat/circulation, and as the
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brain phenotype is similar to that of the silent heart mutant corresponding to a cardiac-specific
troponin (Lowery and Sive 2005), it is quite possible that the brain phenotype of this mutant is
solely due to lack of circulation.

Conversely, the nat brain defect is more severe than the vip phenotype (compare Fig.
3.5B and C), and it is likely that the brain phenotype of this mutant is due to brain-specific
effects as well as lack of circulation. The nat mutant corresponds to the fibronectin gene fnl, a
component of the extracellular matrix (ECM), indicating that the ECM is essential for normal
brain ventricle expansion, consistent with the requirement for laminin function (class 3 mutants,
Fig. 3.3) for initial brain shaping. However, the phenotypes of the laminin mutants sly and gup
are different from nat and appear earlier. This indicates that not all ECM components are
required at the same time or that the maternal contribution of fibronectin persists longer than that
of laminin proteins.

The wis mutant has abnormalities in other aspects of embryonic brain morphology (not
shown, (Lowery et al 2007)) in addition to the reduction in brain ventricle height (Fig. 3.5D),
and further analysis of this mutant and its corresponding gene, sfpqg, is described elsewhere
(Lowery et al 2007). This mutant has defects in neural development, accompanied by increased
cell death (Lowery et al 2007), and these abnormalities may later result in abnormal brain

morphology.

Conclusions

Analysis of these brain morphology mutants has allowed us to define several steps and
corresponding gene functions required for brain morphogenesis (Fig. 3.6). Processes involved in
initial brain shaping include midline separation, brain lumen inflation, midbrain-hindbrain
boundary formation, and other mechanisms affecting brain morphology at these early stages.
Midline separation requires the function of epithelial integrity and junction components, mpp5,
epb41l5, prcki, and crb2, Notch ubiquitin ligase mindbomb, cell proliferation regulator foxo5,
and cell shape-affecting myosin regulator molecule ppplrl2la. Brain lumen inflation requires
the Na' K” ATPase, atplal. Midbrain-hindbrain boundary formation requires the extracellular
matrix protein laminin, specifically the lamcl and lamb1 genes which encode the gamma and

beta chains, respectively, components of the laminin heterotrimer. The transcription regulator
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med12, which can affect early neuronal development (Guo et al 1999; Wang et al 2006), also has
an effect on early brain morphology. Later brain ventricle expansion requires the extracellular
matrix protein fibronectin in order to maintain normal ventricle height, as well as the
splicing/transcription factor sfpg, which contributes to normal brain morphology. There are
certainly many more genes whose function is required for brain morphogenesis, but that did not
present in the mutant set we examined. This may be because the mutant set was not large
enough or because earlier phenotypes obscured a later brain morphogenesis phenotype.

In conclusion, this detailed phenotypic characterization of 20 zebrafish brain mutants has
enabled us to determine some of the various processes that are required for early brain
morphogenesis. We suggest that these processes and their underlying mechanisms are conserved

throughout the vertebrates.

Experimental Procedures

Fish lines and maintenance

Danio rerio fish were raised and bred according to standard methods (Westerfield 1995).
Embryos were kept at 28.5°C and staged as described previously (Kimmel et al 1995). Times of
development are expressed as hours post-fertilization (hpf).

Lines used were: snk'27% atl“®% ott #7% wis"™* vip™#% (Jiang et al 1996), nok™’,
has™®", ome™® (Malicki et al 1996), moe " (Jensen and Westerfield 2004), zon™®, ful™3,
Inf™5L, 1og™™3, esa™?5, Sy (Schier et al 1996), mib™®, fox05"24, ppp1r12a"?%, gupiiice
(Amsterdam et al 2004), nat"* (Trinh and Stainier 2004), mot™-" (Guo et al 1999). As mot

and ott are allelic, these two alleles were used interchangeably in our mutant analysis.

Brain ventricle imaging

Brain ventricle imaging was performed as described previously (Lowery and Sive 2005).
Briefly, embryos were anesthetized in 0.1 mg/ml Tricaine (Sigma) dissolved in embryo medium
prior to hindbrain ventricle microinjection with 2-10 nl dextran conjugated to Rhodamine (5% in
0.2 mol/l KCl, Sigma), and then embryos were imaged by light and fluorescence microscopy
with a Leica dissecting microscope, using a KT Spot Digital Camera (RT KE Diagnostic

Instruments). Images were superimposed in Photoshop 6 (Adobe).
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Immunohistochemistry

Whole-mount immunostaining was carried out using mouse anti-acetylated alpha tubulin
(Sigma, 1:1000), mouse anti-neurofilament RM044 (Zymed #13-0500, 1:50), and mouse anti-
zn8 (Developmental Studies Hybridoma Bank, 1:20). Goat anti-mouse Alexa Fluor 488
(Molecular Probes, 1:500) was used as a secondary antibody.

For labeling with acetylated tubulin and RM044 antibodies, dechorionated 36 hpf
embryos were fixed in 2% tricloroacetic acid for 3 hours at room temperature, washed in PBS,
permealized in 0.5 % Triton X in PBS and blocked in 0.5 % Triton X, 10% normal goat serum,
0.1% BSA in PBS for 3 hours, prior to incubation in antibody. Brains were flat-mounted in
glycerol and imaged with confocal microscopy.

For labeling with zn8 antibody, dechorionated 30 hpf embryos were fixed in 4%
paraformaldehyde overnight at 4 degrees, then rinsed in phosphate buffer and permealized in 0.5
% Triton X in phosphate buffer. Blocking was done for 4 hours at room temperature in 0.5 %
Triton X, 10% normal goat serum, 0.1% BSA in phosphate buffer. Brains were flat-mounted in
glycerol and imaged with confocal microscope.

To block pigmentation, embryos were incubated in 0.2mM 1-phenyl-2-thiorurea in

embryo media beginning at 22 hpf.

In situ hybridization

RNA probes containing digoxigenin-11-UTP were synthesized from linearized plasmid
DNA for pax2.1(Krauss et al 1991), krox20 (Oxtoby and Jowett 1993), zicl (Grinblat et al
1998), and shh (Krauss et al 1993) as described (Harland 1991). Standard methods for
hybridization and for single color labeling were used as described elsewhere (Sagerstrom et al
1996). After staining, embryos were fixed in 4% paraformaldehyde overnight at 4 degrees C and

washed in PBS prior to mounting in glycerol and imaging with a Nikon compound microscope.
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Table 3.1 — New Classifications of Brain Morphology Mutants

Brain Brain Neuronal
Phenotype Locus® Gene Gene pheno- | Apnormalities® | Reference
Function type
Onset® | th® hb" co®
Initial
Shaping
and Inflation
Midline nok™2%’ mpp5 Junctions/ 20 hpf (Schier et al 1996;
separation epithelium \zl\é%lzand Malicki
)
defect
moe”"*" epb41l5 | Junctions/ 20 hpf (Jensen and
epithelium Westerfield 2004)
has™®’ prkci Junctions/ 21 hpf |(_|SchierBetdaI ]7996;
H H orne-badovinac
epithelium et al 2001)
ome™® crb2 Junctions/ 21 hpf Schier ot ol L
: H mori an allckKl
epithelium 2006)
mib™* mib Delta/Notch | 21 hpf | ND | hb' | Co' | (itohetal 2003;
signaling Amsterdam et al
2004)
foxo5™** | fbxo5 Cell 20hpf [ND [ ND | ND | (Amsterdam etal
proliferation 2004)
ppplrl2a ppplrl2a | Myosin 20hpf | ND | ND | ND | (Amsterdam etal
regulator 2004)
Zon™e3 ND ND 20 hpf hb (Schier et al 1996)
atltczszm ND ND 21 hpf (Jiang et al 1996)
Lumen snk©?73 atplal NaK ATPase | 19 hpf (Jiang et al 1996;
inflation Schier et al 1996;
Lowery and Sive
defect 2005)
MHB sly™® lamc1 Extracellular | 21 hpf | fb hb | Co | Qiang etal 1996;
abnormal matrix Schier et al 1996;
Parsons et al
2002)
gup™* | lambl Extracellular | 21 hpf hb | Co | (iangetal 1996;
matrix Schier et al 1996;
Parsons et al
2002)
Reduced ott™"® med12 Transcription | 20 hpf hb | Co | (iang et al 1996;
ventricles Wang et al 2006)
ful™s3 ND ND 20 hpf hb | Co | (Jiang etal 1996;
Schier et al 1996)
Inf°t ND ND 20 hpf hb Co | (Schier et al 1996)
|Ogmb/s ND ND 20 hpf hb® | Co | (Schier et al 1996)
esa % ND ND 20 hpf " (Schier et al 1996)
Later Brain
Ventricle
Expansion
Reduced vip"ere ND ND' 28 hpf | ND | ND | ND | (iang et al 1996)
ventricle nat"* fnl Extracellular | 28 hpf | ND | ND | ND gi_afag etdalalf?g?:
H : rnh an alnier
height matrix 2004)
Abnormal wis™* sfpq Splicing/ 28 hpf hb' | ND | (Schier etal 1996;
morphology transcription Lowery et al 2007)
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Table 3.1 Continued

* Other embryonic phenotypes may be visible earlier

® It is noted when obvious neuronal abnormalities are detected by whole mount
immunohistochemistry. Cells left blank indicate no abnormalities are detected, although there
may be subtle defects which are not apparent.

¢ Axon scaffolds in the forebrain are labeled with acetylated tubulin antibody at 36 hpf.

d Reticulospinal neurons in the hindbrain are labeled with RM044 antibody at 36 hpf.

¢ Commissural neurons in the hindbrain are labeled with zn8 antibody at 30 hpf.

"Described in (Bingham et al 2003; Riley et al 2004).

£ The reticulospinal neurons of log were usually similar to wild-type, as shown in Fig. 3.3Q, but
there were occasional missing neurons at low frequency (10-20%), with phenotypes similar to
the other mutants in this group

"The phenotype of esa mutants were quite variable, ranging from severely disrupted axon
scaffolds to wild-type-like scaffolds.

' As the only obvious mutant phenotype other than reduced ventricle height is lack of heartbeat,
we speculate that the vip gene is important for some aspect of heart development and function.
) Many reticulospinal neurons of wis were absent, as shown in Lowery et al 2007.

ND = not determined; MHB = midbrain-hindbrain boundary
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Figure 3.1 Brain ventricle injections of midline separation defect class (class 1, described in
the text).

Dorsal views of living, anesthetized embryos are shown, anterior to right, at 22 hpf (A-E, K-O)
and 32-36 hpf (F-J, P-T) with brightfield microscopy. Ventricles are injected with Rhodamine-
dextran, except in G. Compared to WT (A, F), the left and right sides of the brain tube do not
open uniformly in the midline separation mutants (B-E, G-J, K-O, P-T). In nok (B,G) and moe
(C,H), dye injected into the hindbrain ventricle does not move. In the mutants (C,H) moe, (D,I)
ome, (E,J) has, (K,P) mib, (L,Q) foxo5, (M,R) ppplrl2a, (N,S) zon, (O,T) atl, there are regions
where the tube opens separated by places where the sides appear to be touching (arrows). The
ventricles of WT are labeled for comparison. F: forebrain ventricle, M: midbrain ventricle, H:
hindbrain ventricle.
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Figure 3.2 Brain images of brain inflation defect class (class 2, described in the text). Dorsal
views of living, anesthetized embryos are shown, anterior to right, at 22 hpf (A,B) and 30 hpf
(C,D) with brightfield microscopy. Ventricles are injected with Rhodamine-dextran, except in
B. While the snk mutant at 22 hpf (B) has no visible ventricles, by 30 hpf (D), there are small
ventricles in which dye can be injected, showing smaller but relatively normal shaping compared
to wild type (A,C).
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Figure 3.3 Brain ventricle injections and neuronal antibody labelings for MHB morphology
defect class.

Dorsal views of living, anesthetized embryos are shown, anterior to right, at 22 hpf (A-C) and 36
hpf (D-F) with brightfield microscopy. Ventricles are injected with Rhodamine-dextran. At 22
hpf, both sly and gup (B,C) show an abnormal midbrain-hindbrain boundary. By 36 hpf, the sly
and gup (E,F) boundary region has mostly recovered compared to WT (D), although the
forebrain and midbrain ventricles are not as large as in WT. The ventricles of WT are labeled for
comparison. F: forebrain ventricle, M: midbrain ventricle, H: hindbrain ventricle. (G-I) Dorsal
views of 36 hpf hindbrain flatmounts, anterior is to the top, after labeling with the RMO44 Ab
(reticulospinal neurons) shows disruption in axon pathfinding in both sly (H) and gup (1),
compared to wild type (G). (J-L) Dorsal views of 30 hpf hindbrain flatmounts, anterior is to the
top, after labeling with the zn8 Ab (hindbrain commissural neurons) shows reduced commissures
and disruption in axon pathfinding in both sly (H) and gup (I), compared to wild type (G). (M-
O) Lateral views of 36 hpf forebrain and midbrain flatmounts, anterior is to the left, dorsal is to
the top, after labeling with acetylated tubulin Ab, which identifies the early axon scaffolds,
shows that sly axonal pathfinding is disrupted (N), although gup (O) looks similar to wild type
M).
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Figure 3.4 Brain ventricle injections and antibody labelings for reduced ventricle size class.
Dorsal views of living, anesthetized embryos are shown, anterior to right, at 22 hpf (A-F) and 36
hpf (G-L) with brightfield microscopy. Ventricles are injected with Rhodamine-dextran. The
brain ventricles of Inf (B,H), ful (C,I), ott (D,J), log (E,K), and esa (F,L) are all similarly reduced
compared to wild type (A,G). (M-R) Dorsal views of 36 hpf hindbrain flatmounts, anterior is to
the top, after labeling with the RMO44 Ab (reticulospinal neurons) shows reduced number of
cell bodies and axons in Inf (N), ful (O), ott (P), and log (Q), compared to wild type (M),
although esa (R) appears similar to wild type (M). (S-X) Dorsal views of 30 hpf hindbrain
flatmounts, anterior is to the top, after labeling with the zn8 Ab (hindbrain commissural neurons)
shows various levels of reduced commissures in Inf (T), ful (U), ott (V), and log (W), although
esa (X) is indistinguishable from wild type (S). (Y,Z) Lateral views of 36 hpf forebrain and
midbrain flatmounts, anterior is to the left, dorsal is to the top, after labeling with acetylated
tubulin Ab, which identifies the early axon scaffolds, shows that esa axonal pathfinding is
severely disrupted, with the axons having a “feathered” appearance rather than fasciculating
normally (Z), compared to wild type (Y).
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Figure 3.5 Later brain ventricle expansion class.

Lateral views of living, anesthetized embryos are shown, anterior to right, at 28 hpf, with
brightfield microscopy. The vip mutant shows reduced hindbrain ventricle height (B, red
bracket) compared to wild type (A). The nat mutant shows more severe brain ventricle height
reduction (C, red bracket). The wis mutant also shows significantly reduced hindbrain ventricle
height (D, red bracket), in addition to reduced pigmentation and other brain morphology
abnormalities not shown in this figure.
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Figure 3.6 Gene functions required for early brain morphogenesis.

Processes involved in initial brain shaping include midline separation (requiring epithelial
integrity/junctions, cell proliferation regulation, myosin regulation), brain lumen inflation
(requiring Na" K™ ATPase activity), midbrain-hindbrain boundary formation (requiring
extracellular matrix), and other mechanisms affecting brain morphology at these early stages
(requiring transcription, among other unknown factors). Later brain ventricle expansion requires
the extracellular matrix in order to maintain normal ventricle height, as well as
splicing/transcription, which contributes to normal brain morphology. F: forebrain ventricle,
M: midbrain ventricle, H: hindbrain ventricle.
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Abstract

The mechanisms by which the vertebrate brain develops its characteristic three-
dimensional structure are poorly understood. The brain ventricles are a highly conserved system
of cavities that form very early during brain morphogenesis, and that are required for normal
brain function. We have initiated a study of zebrafish brain ventricle development and show
here that the neural tube expands into primary forebrain, midbrain, and hindbrain ventricles
rapidly, over a four hour window during mid-somitogenesis. Circulation is not required for
initial ventricle formation, only for later expansion. Cell division rates in the neural tube
surrounding the ventricles are higher than between ventricles, and consistently, cell division is
required for normal ventricle development. Two zebrafish mutants which both do not develop
brain ventricles are snakehead and nagie oko. We show that snakehead is allelic to small heart,
which has a mutation in the Na'K" ATPase gene atplal. The snakehead neural tube undergoes
normal ventricle morphogenesis; however the ventricles do not inflate, likely due to impaired ion
transport. In contrast, mutants in nagie oko, which was previously shown to encode a MAGUK
family protein, fail to undergo ventricle morphogenesis. This correlates with an abnormal brain
neuroepithelium, with no clear midline and disrupted junctional protein expression. This study
defines three steps that are required for brain ventricle development and that occur independently
of circulation: 1) morphogenesis of the neural tube, requiring nok function; 2) lumen inflation
requiring atplal function, and 3) localized cell proliferation. We suggest that mechanisms of

brain ventricle development are conserved throughout the vertebrates.
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Introduction

The vertebrate brain has a characteristic and complex three-dimensional structure, the
development of which is not well understood. Brain morphogenesis begins during, and
continues subsequent to, neural tube closure. One aspect of brain structure that is highly
conserved throughout the vertebrates is the brain ventricular system.

The brain ventricles are cavities lying deep within the brain, which contain cerebrospinal
fluid (CSF) and form a circulatory system in the brain (Cushing 1914; Milhorat et al 1971,
Pollay and Curl 1967). This system is believed to have essential roles in brain function
including waste removal, nutrition, protection, and pressure equilibration (Novak et al 2000).
Recent evidence suggests that CSF directly regulates neuronal proliferation in the embryonic
brain and is part of a non-synaptic communication system in the adult (Miyan et al 2003; Owen-
Lynch et al 2003; Skinner and Caraty 2002). In addition, certain neurons send processes into the
ventricular space, suggesting that their activity may be connected with regulating CSF
homeostasis (Vigh and Vigh-Teichmann 1998). CSF contains hormones, proteoglycans, and
ions, and its composition varies between ventricles and over time, suggesting a changing
function for the ventricles during development (Alonso et al 1998; Skinner and Caraty 2002).
Abnormalities in brain ventricle structure can lead to hydrocephaly, one of the most common
birth defects (McAllister and Chovan 1998; Rekate 1997), and abnormal brain ventricle size and
development have been correlated with mental health disorders such as autism and schizophrenia
(Hardan et al 2001; Kurokawa et al 2000).

While the adult brain ventricles have a complex shape, the embryonic brain begins as a
simple tube, the lumen of which forms the brain ventricles. During and after neurulation, the
anterior neural tube dilates in three specific locations to form the future forebrain, midbrain, and
hindbrain ventricles (also called brain vesicles). This dilation pattern is highly conserved in all
vertebrates. Elegant studies in chick embryos have shown that intraluminal pressure resulting
from the accumulation of CSF inside the brain ventricles is necessary for normal brain ventricle
expansion and cell proliferation (Desmond 1985; Desmond and Levitan 2002), and levels of
proteoglycans such as chondroitin sulfate affect this process (Alonso et al 1998; Alonso et al
1999). However, the molecular mechanisms underlying brain ventricle formation are almost
completely unknown. This has been due, in part, to lack of a genetic model in which early brain

ventricle development could be observed.
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We have considered whether the zebrafish is a good model for analyzing brain
morphogenesis. One issue is whether the zebrafish neural tube forms by a similar mechanism to
the amniote neural tube, since teleost neurulation involves formation of a solid neural keel,
whereas amniote and amphibian neurulation involves rolling of the neuroepithelium into a tube.
Our evaluation of the primary literature clearly indicates that teleost, amniote, and amphibian
neurulation occur via fundamentally similar topological mechanisms, supporting the use of
zebrafish as a model for brain morphogenesis (Lowery and Sive 2004). We therefore initiated a
project to analyze brain ventricle formation using the zebrafish as a model. Brain ventricle
mutants have been identified in several mutagenesis screens (Guo et al 1999; Jiang et al 1996;
Schier et al 1996), however most have not been further studied.

In this study, we characterize normal brain ventricle formation in the zebrafish, and
examine in detail the phenotypes of two severe brain ventricle mutants, nagie oko and
snakehead. Our data define a series of steps necessary for brain ventricle development and

demonstrate the utility of the zebrafish as a system for in-depth analysis of this process.

Results

Initial opening of zebrafish brain ventricles is rapid

We first characterized brain ventricle formation in wild-type zebrafish embryos using a
live imaging method. The hindbrain ventricle was injected with Texas-Red conjugated to
dextran, which diffused throughout the brain cavities (Fig. 4.1A), and micrographs taken under
light and fluorescent illumination were superimposed (Fig. 4.1B-K). Using this method, it is
apparent that initial ventricle opening is rapid, taking place over a four hour period between 18
hours post fertilization (hpf) (Fig. 4.1B) and 22 hpf (Fig. 4.1D), during mid-somitogenesis and
prior to the onset of heartbeat, which begins at 24 hpf (Fig. 4.1E). Further expansion of the brain
ventricles occurs as circulation begins (Fig. 4.1F). Both the midbrain and hindbrain ventricles
are shaped by lateral hinge-points, regions of the neuroepithelium that bend sharply (asterisks,
Fig. 4.1E,J). The hindbrain ventricle is first to open and does so in a diamond-shaped region
formed by the pulling apart of two hinge-points, located between the upper and lower halves of
the rhombic lip (the rhombomere 0 and 1 junction) (Koster and Fraser 2001; Moens and Prince

2002) (Fig. 4.1B-E). Using time-lapse confocal microscopy on living embryos (Fig. 4.1L-O), we
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show that the hindbrain ventricle opens from anterior to posterior, with the apical surfaces of the

neuroepithelium pulling apart, to form the ventricular space (Fig. 4.1M-0O).

These data show that initial brain ventricle formation occurs rapidly, before heartbeat

begins, and that the hindbrain ventricle opens in a sequential fashion.

Circulation is not required for initial brain ventricle opening, but is required for later

expansion

The demonstration that brain ventricle opening occurs before the onset of heartbeat
contrasts with previous speculations that circulation is required for initial brain ventricle
development (Schier et al 1996). In order to further explore this point, we analyzed this process
in silent heart (sih) mutants. The sih gene encodes a cardiac-specific troponin, and while the
heart forms normally, heartbeat and circulation never occur (Sehnert et al 2002). Silent heart
mutants form brain ventricles indistinguishable from wild type by 24 hpt (Fig. 4.2A,B). This
continues through 27 hpf (Fig. 4.2C,D). Later during development, by 36 hpf, when wild-type
ventricles have expanded their volume significantly (Fig. 4.2E), sih mutants show a smaller
ventricle height (and therefore volume) relative to wild-type embryos (Fig. 4.2F). These data
confirm that initial steps in brain ventricle formation are independent of heartbeat and
circulation, but that a later step contributing to ventricle expansion does require circulation. We

subsequently focused our attention on the initial opening of the brain ventricles, prior to 24hpf.

Requirement for cell proliferation but not cell death in brain ventricle opening

We began to address the mechanism of initial ventricle opening by first asking whether
cell proliferation is involved. Whole-mount immunocytochemistry was performed to label
mitotic cells with an antibody to phosphorylated histone H3 (PH3) (Hendzel et al 1997; Saka and
Smith 2001) (Fig. 4.3A-C). In particular, we asked whether patterns and amounts of cell
division along the anteroposterior (A/P) neuraxis correlated with location of the ventricles. In
the straight neural tube, at 17 hpf, prior to ventricle opening, PH3 labeling was uniform along the
A/P axis (Fig. 4.3A) (n=8, p=0.627). However, by 21 hpf, the number of PH3- positive cells
appeared higher in the neural tube surrounding the midbrain and hindbrain ventricles relative to
levels in the midbrain-hindbrain boundary (MHB) that does not open to form a ventricle (Fig.
4.3B). Quantitation of PH3-positive cells showed that at 21 hpf, there were approximately two-
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fold more PH3-positive cells in the hindbrain than in the midbrain-hindbrain boundary (n= 8§, p=
0.008) (Fig. 4.3C).

In order to ask whether these different levels of proliferation were significant for
ventricle opening, we inhibited cell proliferation by treatment with aphidicolin which blocks
DNA synthesis (Harris and Hartenstein 1991). Inhibition extended from 15 hpf, prior to
ventricle opening, through 24 hpf, when ventricles would normally have opened (9 hr total) (Fig.
4.1). This treatment resulted in reduction of cell proliferation with varying levels (Fig. 4.3G and
data not shown). Reduction in ventricle size was correlated with reduction in cell proliferation
(Fig. 4.3D-G). However, even with extremely reduced levels of PH3 staining, some ventricle

opening was observed, and correct ventricle shape and hinge-points were maintained.

We also asked whether cell death was correlated with ventricle opening (Fig. 4.3H-J).
Using TUNEL staining in whole-mount embryos, no patterns of localized cell death were
apparent from 17 hpf to 24 hpf (Fig. 4.3H,I and data not shown). Quantification of cell death
demonstrated that while more death occurred at 17 hpf than at 21 hpf, no brain region examined
displayed a significant difference in amount of cell death relative to other regions (Fig. 4.3J)

(n=10, p=0.575 at 17 hpf, p=0.368 at 21 hpf).

These results suggest that regulated cell proliferation is necessary for initial brain
ventricle formation, although other processes are crucial. Localized cell death does not appear to

regulate initial brain ventricle formation.

The snakehead mutant is allelic to small heart and corresponds to a point mutation in
Na'K" ATPase atplal

In order to identify brain ventricle mutants, we performed a “shelf” screen of ENU and
insertional zebrafish mutants (Amsterdam et al 2004; Jiang et al 1996; Schier et al 1996). We
focused on mutants that were previously suggested to have a ventricle phenotype, although none
of their brain phenotypes have been studied further. From this screen, we have identified 33
mutants with a brain ventricle phenotype, with the important criterion that these show healthy
neural tissue, with no obvious necrosis (not shown).

One of the most severe ventricle phenotypes is seen in the snakehead (snk) mutant.
gnkt0273a

was derived from a large-scale chemical screen and is therefore presumed to be caused

by a point mutation (Jiang et al 1996). In addition to a lack of brain ventricles, snk embryos
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have heart defects, delayed body pigmentation, and no touch response (Schier et al 1996). We
noticed that the snk phenotype appeared identical to that of the small heart (slh) mutant, which
was isolated in an ENU screen (Yuan and Joseph 2004). We therefore performed
complementation analysis between snk and slh and determined that they do not complement, and
are likely to be different alleles of the same locus. In a cross of snk and slh heterozygotes, 77%
showed a wild-type phenotype, 23% a mutant phenotype (78 embryos total). slh has been cloned
and encodes a Na'K"™ ATPase, Atplal (previously named alB1). The heart and mind (had)
mutant also has a mutation in the atplal gene (Shu et al 2003).

We asked whether the snakehead phenotype was due to a mutation in atplal by

comparing cDNA sequences from the wild type and snakehead'®*"*?

mutant. This analysis
revealed that the t0273a allele of snakehead contains a G to A mutation at position 812 in the
atplal coding sequence which results in an amino acid change from glycine to aspartate at
position 271 in the amino acid sequence (Fig. 4.4 and data not shown). The location of this
mutation is in the M2-M3 cytoplasmic loop, which is necessary for catalytic activity and may
play a role in ion pumping action (Kaplan 2002). Additional mutations in this loop have been
shown to alter the kinetic properties of the protein in other systems (Kaplan 2002), and thus we

dt0273a

predict that the glycine to aspartate mutation in the snakehea mutant substantially reduces

or eliminates Na K" ATPase atplal function.

It is not clear whether snk™?732

is a null mutant. However, small heart is thought to be a
null or severe hypomorph (Yuan and Joseph 2004), and we are unable to distinguish snk and slh
phenotypes. Furthermore, inhibition of atplal function by anti-sense morpholino
oligonucleotides does not lead to a more severe phenotype than seen in snk or slh (Yuan and
Joseph 2004). Together, these data indicate that snk™ %3 is a null or severe loss of function allele

of atplal.

snakehead and nagie oko mutants fail to form brain ventricles by different mechanisms
Another mutant with a severe brain ventricle phenotype is nagie oko (nok), that encodes a
MAGUK family kinase required for epithelial cell polarity in the zebrafish eye and gut (Wei and
Malicki 2002; Horne-Badovinac et al 2003). We analyzed a retroviral insertion allele of nagie
oko, isolated in our laboratory, and this hypomorphic allele shows absence of brain ventricles,

but does not show the eye phenotype of the ENU-derived nok allele, suggesting these may be
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separable functions, or that there is a quantitatively different requirement for Nok in different
tissues (Wei and Malicki 2002; Wiellette et al 2004).

By light microscopy of living embryos, brain ventricles appear completely absent from
both mutants in either dorsal views (Fig. 4.5A-C) or in lateral views (Fig. 4.5D-F). However,
unlike nok mutants, the entire Snk embryo displays a characteristic refractivity. In particular, in
dorsal view, the outline of the neural tube is not visible, even though a neural tube is present (see
below). The refractivity of the neural tube thus cannot be distinguished from that of surrounding
tissues, unlike the case in wild-type embryos. In order to ask whether absence of ventricles in
both mutants reflected disruption of a similar process, we further analyzed the brain morphology
of the mutants.

Transverse sections of fixed embryos show that the phenotypes of snk and nok are
strikingly distinct (Fig. 4.5G-0). In wild-type embryos at 22 hpf, different regions of the brain
show characteristic brain ventricle morphology. The forebrain ventricle opens into a diamond
shape (Fig. 4.5G), the midbrain ventricle shows a cruciform morphology with lateral and
dorsoventral hinge-points (asterisks, Fig. 4.5J), while the hindbrain ventricle shows lateral hinge-
points as well as a very thin dorsal epithelial covering (Fig. 4.5M). Sections of snk show that
these morphologies are present in Snk embryos (Fig. 4.5H,K,N), however, there are no visible
extra-cellular spaces, all cells seem stuck together, and the lumen never opens. Normal
morphogenesis is most clearly visible in the Snk midbrain, which shows the wild-type cruciform
shape (Fig. 4.5K), and hindbrain, which has a thin covering sheet (Fig. 4.5N). In contrast, the
nok mutant neural tube remains uniform in transverse section, with no lateral hinge-points (Fig.
4.51,L,0), resembling the 17 hpf neural tube prior to ventricle morphogenesis (not shown). In
some Nok embryos, the dorsal neural tube does appear thinner in the hindbrain region (not
shown), indicating this aspect of brain morphogenesis is normal. Confocal microscopy of living
embryos confirms the different phenotypes of these two mutants (Fig. 4.5P-R). Thus, while snk
brain morphology appears normal except for the lack of brain ventricle inflation (Fig. 4.5Q), the
nok neuroepithelium fails to undergo morphogenesis with no midbrain or hindbrain lateral hinge-
points (Fig. 4.5R).

These data show that both snk and nok have an early ventricle phenotype, by 20 hpf, prior
to the onset of heartbeat. Significantly, the “no ventricle” phenotypes of snk and nok mutants are
quite different, and indicate that the mechanisms by which these genes affect brain ventricle

morphogenesis are distinct.
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nagie oko mutants retain epithelial polarity but lose epithelial integrity in the brain

Previous analyses of nok mutants have concluded that within the brain, epithelial polarity
is normal, whereas in the retina, epithelial polarity is abnormal and correlated with retinal
disorganization (Wei and Malicki 2002). However, the brain epithelium has not been
extensively examined, and we therefore analyzed nok epithelial organization in more detail. We
first examined transverse brain sections at 17 hpf, when the neural tube is normally straight and
ventricle morphogenesis has not yet begun. Sections of wild-type embryos show a clear midline,
with nuclei lined up on either side (Fig. 4.6A), while nok mutant sections show disorganized
nuclear position and no continuous midline (Fig. 4.6B). However, in most sections of nok
mutants extending from forebrain to hindbrain, there were small, intermittent regions with a
clear midline (not shown).

Since epithelial polarity and junctions have not been thoroughly examined in the nok
brain epithelium, we analyzed expression of various junction and cell polarity markers in nok
mutants using immunohistochemistry. As indicators of adherens junctions, B-catenin and actin
expression were analyzed, while occludin expression was used as a tight junction marker (Furuse
et al 1993; Nagafuchi 2001), all of which are normally found at the apical side of tightly-
connected cells of an epithelium. In nok mutants, B-catenin, actin, and occludin proteins were
localized apically, and no ectopic foci were observed at other regions of the cell membrane,
indicating correct apical/basal polarity was present (Fig. 4.6C-L). However, consistent with
histological sections, labeling did not occur along a distinct brain midline, and instead there were
regions where labeling was missing (compare Fig. 4.6E and F, 4.6G and H, 4.61 and J). This was
particularly apparent when observing actin foci at high magnification (Fig. 4.6K,L). In a three-
dimensional confocal image of the labeled wild-type brain, an actin belt surrounding the
apicolateral surface of each cell in the epithelium is visible (Fig. 4.6K). However, this belt is not
present in NOk mutants and instead the actin foci are disorganized (Fig. 4.6L). As a further test
for correct apical/basal polarity, we also asked in our nok hypomorphic allele whether residual
nok protein was correctly localized, using an antibody to Nok (Wei and Malicki 2002). A small
amount of protein is correctly localized in the nok mutant (Fig. 4.6N), however this appears

much reduced compared to wild type (Fig. 4.6M).
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In summary, we show that in the future brain, the nok neuroepithelium is highly
disorganized, and that while this displays proper apical/basal organization, junctional actin belts

do not form cohesively, and there is no clear or continuous midline.

Epistasis analysis of snakehead/atplal and nagie oko

Since both snk and nok mutants fail to form ventricles, we performed epistasis analysis to
determine whether the atplal and nok genes function in the same or separate genetic pathways
(Fig. 4.7). To create double mutant embryos, heterozygote carriers were mated and their
progeny raised. Double mutants were identified by morphology and PCR. Light microscopy
and histology showed that the double mutant snk;nok had a composite of both mutant
phenotypes (Fig. 4.7D,H,L,P). In the double mutant, the altered refractivity and lack of
extracellular spaces of the snk phenotype was present (Fig. 4.7C,G,K,0). However, the narrower
brain tube, disorganized epithelium, and lack of hinge-points characteristic of the nok phenotype

was also present (Fig. 4.7B,F,J,N and Fig. 4.7D,H,L,P).

We wondered whether the nok-like ventricle morphology indicated that nok is required to
activate atplal function. In order to address this, we asked whether Atplal was correctly
localized in nok mutants (Fig. 4.8A,B). An antibody (a6F) that recognizes multiple
Na'K' ATPases was used (Drummond et al 1998; Takeyasu et al 1988) since Atplal-specific
antibodies are not yet available. In both wild-type and nok embryos, a6F antibody staining was
present at the apical surface of the neuroepithelium, whether or not the ventricle had opened

(Fig. 4.8A,B).

In addition, we assayed Nok localization in the snk mutant. In both wild-type and snk
embryos, Nok antibody staining was localized apically (Fig. 4.8C,D), suggesting that Atplal
function is not necessary for correct targeting of Nok to the apical membrane. Moreover, actin
associated-adherens junctions were intact in the Snk mutant, as shown by phalloidin-Texas Red

labeling (data not shown), further substantiating that Atplal is not affecting epithelial integrity.

In summary, the composite double mutant phenotype and correct localization of a6F staining
and Nok protein in nok and snk mutants, respectively, suggests that nagie oko and atplal

function in separate pathways.
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Discussion

Multiple steps are required for brain ventricle development

Brain ventricle formation is one of the earliest manifestations of three-dimensional brain
structure. Using the zebrafish as a model, we can distinguish several steps required for ventricle
development (Fig. 4.9). Three early steps occur rapidly, over a four hour period, and are
circulation-independent. One step leads to morphogenesis of the closed neural tube and to
formation of lateral hinge-points at specific anteroposterior positions. Morphogenesis requires
an intact, polarized epithelium and is dependent on Nagie oko protein function. A second step is
inflation of the ventricle lumen that requires activity of the Atplal ion pump, and presumably
subsequent osmosis to open the ventricular spaces. Regulated cell proliferation appears to be a
third input into ventricle development. A later process of ventricle expansion occurs after

circulation has begun, and is circulation dependent.

Two distinct periods during initiation and expansion of brain ventricles: the role of
circulation

Most zebrafish mutants that show brain ventricle defects also display heart or circulation
defects (Schier et al 1996). Previous studies have shown that circulation is necessary for
maintenance of brain ventricle size in adult animals, and that reduction in blood pressure leads to
reduction in CSF secretion and pressure within the ventricles (Deane and Segal 1979). It was
therefore suggested that zebrafish brain ventricle defects developed secondarily to the circulation
defect (Schier et al 1996). This reasoning also stemmed from studies in chick which showed that
after the onset of circulation, a positive CSF pressure inside the brain ventricles is necessary for
brain ventricle expansion (Desmond 1985; Desmond and Jacobson 1977; Desmond and Levitan
2002).

Our data show that initial stages of ventricle formation are not dependent on circulation.
Why do many mutants with brain ventricle defects also display heart or circulation defects? One
possibility is that some of these mutants show a “late” ventricle phenotype and reflect a deficit in
circulation-dependent ventricle expansion. Another possibility is that genes required for heart
and brain ventricle morphogenesis are shared and the phenotype of a particular mutant is
therefore pleiotropic. In support of this, both nagie oko and snakehead mutants show heart
defects.

158



The role of cell proliferation in brain ventricle development

The lowest level of cell proliferation we observed along the anteroposterior axis of the
brain epithelium is at the midbrain-hindbrain boundary (MHB), and this deficit may be one of
the reasons that the MHB does not open into a ventricular space. How might cell proliferation
contribute to normal ventricle development? One possibility is that a critical mass of cells is
necessary for ventricle morphogenesis while a second is that cells must be actively cycling to
respond to signals leading to cell movement or shape changes. A third possibility is that cell
proliferation is required for lumen inflation, rather than for ventricle morphogenesis. However,
the smaller, but normally shaped ventricles observed after inhibition of DNA replication do not
resemble the defects seen in nok or snk mutants, and neither of these mutants show differences
in cell proliferation (or cell death) relative to wild-type embryos (not shown). We therefore
hypothesize that cell proliferation defines an independent step during ventricle formation. We
cannot rule out that embryos in which cell proliferation has been inhibited are generally
disrupted; however, other regions of such embryos appear normal, including somite number and
shape (not shown). Overproliferation of the neuroepithelium also suppresses ventricle opening,
as shown in the mindbomb and curlyfry mutants (Bingham et al 2003; Song et al 2004), and the
connection between these data and the requirement for cell proliferation is not clear.

Previous reports have indicated that in mice, blocking cell death by caspase gene ablation
causes an overgrowth of the brain tissue, with obscured or obstructed brain ventricles (Kuida et
al 1996). Conversely, mutations which cause too much cell death in the brain lead to a reduction
in brain tissue and over-expansion of the brain ventricles (Keino et al 1994). Our data do not
suggest an early role for regulated cell death in initial brain ventricle development, and it is

likely that these phenotypes reflect late outcomes of perturbing cell death.

The nagie oko phenotype indicates a requirement for epithelial integrity in ventricle
formation

The nagie oko gene encodes a MAGUK family scaffolding protein that localizes to
junctions at the apical surface of epithelia and regulates epithelial polarity (Wei and Malicki
2002). MAGUK proteins likely function in the assembly of protein complexes that control the

formation or maintenance of cell junctions, and the Nok homolog in other organisms (Stardust in
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Drosophila, PALS1 in mammals) is part of the Crumbs protein complex, one of the key
regulators of epithelial junction formation (Bachmann et al 2001; Hong et al 2001; Hurd et al
2003; Knust and Bossinger 2002; Muller and Bossinger 2003; Tepass 2002).

Brain ventricle morphogenesis may require a cohesive epithelium, and nok mutants may
fail to undergo morphogenesis because the brain neuroepithelium lacks normal epithelial
junctions and therefore lacks this cohesiveness. Additionally, in nok mutants, there is no
continuous midline, at which opposing epithelial surfaces would normally separate. The nok
phenotype may therefore arise because the neuroepithelium is glued shut by cells straddling the
midline. In support of this, Nok mutants often show short stretches of a clear midline, and

perhaps correlated with this, sometimes show very small ventricular openings.

Atplal plays a role in lumen inflation

The mechanism by which the brain ventricles initially inflate is not known. The Na'K"
ATPase Atplal protein is likely to be necessary to create an osmotic gradient that would drive
movement of water into the closed ventricles after their morphogenesis (Blanco and Mercer
1998; Speake et al 2001; Therien and Blostein 2000). We therefore hypothesize that Atplal
functions to direct initial brain ventricle lumen inflation. The sequential opening of each
ventricle may reflect sequential activation of this ion pump, thus blowing up the ventricles like a
balloon. Alternately, Atplal function may be continuous along the length of the brain, and
another mechanism may regulate where initial lumen inflation occurs. Interestingly, although
the Na'K" ATPase family is large, other members cannot compensate for the loss of embryonic
Atplal function. This is consistent with previous results showing that similar alpha subunits of
Na'K" ATPase do not show the same expression patterns and cannot substitute for each other
during zebrafish heart development or ear development (Canfield et al 2002; Shu et al 2003;
Blasiole et al 2003).

In the older brain, the choroid plexuses are the main source of CSF secretion, although
the brain ependymal cells also contribute (Wright 1978; Brown et al 2004; Bruni 1998). Na'K"
ATPases localize to the ventricular surface of secretory brain epithelia in adult mammals and
amphibia and are necessary for the secretion of CSF (Masuzawa et al 1984; Saito and Wright
1983). Thus, this gene family may be used at different times of development to initiate and later
maintain ventricular fluid secretion. We hypothesize that earlier during development, when the

brain ventricles are initially forming and before the choroid plexuses have formed, the
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ependymal cells lining the ventricles are the source of CSF, through the action of the Atplal

protein.

Zebrafish as a model for vertebrate brain ventricle development

In some respects, formation of the zebrafish neural tube appears different from that of
frog, since in the brain region, the zebrafish neural tube is initially straight whereas in the frog
Xenopus, the presumptive brain undergoes some morphogenesis prior to neural tube closure.
However, the number, position, and shape of the initial brain ventricles are essentially identical
in all vertebrates. We have previously compared processes of trunk neural tube formation
between teleosts and other vertebrates, and have concluded that these are very similar (Lowery
and Sive 2004 and see Introduction). These considerations suggest that zebrafish ventricle
formation is likely to be fundamentally the same as that of other vertebrates. We are beginning
to analyze the phenotypes of other zebrafish ventricle mutants, and this is likely to uncover
additional genetic mechanisms regulating brain ventricle formation. Of particular interest is the
relationship between genes that regulate neural patterning and the positioning and shaping of the
ventricles, the interaction of nok with other genes that regulate epithelial polarity, and the

mechanism by which atplal and other genes regulate lumen inflation.

Experimental Procedures

Fish lines and maintenance

Danio rerio fish were raised and bred according to standard methods (Westerfield 1995).
Embryos were kept at 28.5°C and staged according to (Kimmel et al 1995). Times of
development are expressed as hours post-fertilization (hpf).

Lines used were: Tiibingen Long Fin, sih®*® (Sehnert et al 2002), snk'"** (Jiang et al
1996), nok"® (Wiellette et al 2004), snk™"3*:nok"®, sIh™*! (Yuan and Joseph 2004). Double

k273 :nok"'83 were constructed using standard genetic techniques. To genotype double

mutant Sn
mutant embryos, PCR analysis of nok and morphology analysis for snk was used. After sorting
snk mutant embryos phenotypically, the heads from each individual were removed, fixed in 2%
paraformaldehyde, 1% glutaraldehyde, and processed for sectioning as described below. The

remaining body was digested with proteinase K (1 mg/mL) in lysis buffer (10mM Tris pHS,
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ImM EDTA, 0.3% Tween-20, 0.3% NP40) and used for PCR genotyping for the nok locus.
Because nok " has a retroviral insertion in the nok gene, mutant individuals could be identified
by PCR. Primers used: nokf 5’-GGTGAGCTGCCACTTTTCGGACA-3’,

nokr 5’-TAGCGACCCGTCACATAACA-3’, retroviral-specific primer
5’-CCATGCCTTGCAAAATGGCGTTACTTAAGC-3’ (MWG Biotech). To identify the wild-
type allele, nokf and nokr primers were used. To identify the nok"'® allele, nokf and insertion

primers were used.

Brain ventricle imaging

Embryos were anesthetized in 0.1 mg/mL Tricaine (Sigma) dissolved in embryo medium
(Westerfield 1995) prior to injection and imaging. The hindbrain ventricle was micro-injected
with 2-10 nL dextran conjugated to Rhodamine or Texas Red® (5% in 0.2M KCl, Sigma), the
fluorescent molecule then diffused through the brain cavities, and micrographs were taken with
light and fluorescent illumination within ten minutes of injection. These two images were
superimposed in Photoshop 6 (Adobe). Injected embryos survive and develop normally.
Comparisons of injected and non-injected brains show ventricle size is not perturbed by

injection.

Live confocal imaging

Bodipy-ceramide (F1 C5, Molecular Probes) was dissolved in DMSO to a stock
concentration of 5 mM. Embryos were soaked in 50 nM bodipy-ceramide solution overnight in
the dark. The embryos were then washed, dechorionated, and placed in wells in 1% agarose for
confocal microscopy. Confocal imaging was performed using a Zeiss LSM510 laser-scanning
microscope, using standard confocal imaging techniques (Cooper et al., 1999). Confocal images
were analyzed using LSM software (Zeiss) and Photoshop 6.0 (Adobe).
Histology

Embryos were fixed in 2% paraformaldehyde, 1% glutaraldehyde in PBS overnight 4°C,
then washed in PBS, dechorionated, dehydrated, and embedded in plastic according to
manufacturer’s instructions (JB-4 Plus Embedding Kit, Polysciences). Sum to 8 um sections
were cut on Leica RM2065 microtome and stained with hematoxylin and eosin using standard

staining methods (Polysciences).
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Immunohistochemistry

For labeling with anti-phosphohistone H3 antibody, anti-Nagie oko antibody, and
phalloidin-Texas Red, embryos were fixed in 4% paraformaldehyde 2 hours at room
temperature, then rinsed in PBS and dechorionated. For labeling with anti-f-catenin polyclonal
antibody, anti-occludin polyclonal antibody, and anti-alpha Na'K" ATPase a6F antibody,
dechorionated embryos were fixed in Dent’s fixative (80% methanol, 20% DMSO) for 2 hours at
room temperature, then rinsed in PBS (Dent et al 1989). Blocking was done for 4 hours at room
temperature in 0.5 % Triton X, 4% normal goat serum, in phosphate buffer. Whole-mount
immunostaining was carried out using anti-phosphohistone H3 rabbit polyclonal antibody
(Upstate Biotechnology, 1:800), anti-f-catenin rabbit polyclonal antibody (Zymed Laboratories
Inc, 1:50), anti-occludin rabbit polyclonal antibody (Zymed Laboratories Inc, 1:50), anti-Nagie
oko rabbit polyclonal antibody (Wei and Malicki 2002, 1:500), and mouse monoclonal antibody
alpha6F, raised against chicken alphal subunit of Na'K" ATPase (Takeyasu et al 1988, 1:100)
which was obtained from the Developmental Studies Hybridoma Bank. Goat anti-rabbit IgG
Alexa Fluor 488 (Molecular Probes, 1:500) and goat anti-mouse Alexa Fluor 488 (Molecular
Probes, 1:500) were used as secondary antibodies. Phalloidin conjugated to Texas Red (Sigma,
1:1000) was used as to label actin filaments. Brains were flat-mounted in glycerol and imaged
with confocal microscope. For transverse sections, brains were embedded in 4% low melting
agarose and sectioned with a vibratome (200um sections) prior to confocal imaging.

For cell proliferation quantification, phosphohistone H3-labeled cells in each z-series of
the midbrain-hindbrain boundary and hindbrain regions were counted and averaged. Average z-
series area of the regions were measured using Scion Image software (Scion Corporation), and
by determining the approximate area occupied by each cell, total cell number and the percentage
of labeled cells in each region were calculated. To determine the statistical difference among
different regions at the same time point, statistical analyses were performed using a paired
sample t-test with SPSS 13.0 for Windows (SPSS). Cell death quantification was performed
similarly, using an ANOVA test for comparison of multiple groups. P< 0.05 was considered

significant.

Cell death labeling
DNA fragmentation during apoptosis was detected by the TUNEL method, using
“ApopTag®” kit (Chemicon). Embryos were fixed in 4% paraformaldehyde in PBS 2 hours,
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then rinsed in PBS and dechorionated. Embryos were dehydrated to 100% ethanol, stored at -
20°C overnight, then rehydrated to PBS. Embryos were further permeabilized by incubation in
proteinase K (5 pg/mL) 5 minutes, then rinsed in PBS. TdT labeling was followed per
manufacturer’s instructions. Anti-DIG-AP (Gibco, 1:100) was used to detect the DIG labeled

ends. Brains were flat-mounted in glycerol and imaged.

Inhibition of cell proliferation

Cell proliferation was inhibited by treating embryos with 100 pg/mL aphidicolin (Sigma)
in 1% DMSO from 15 hpf until 24 hpf. This treatment significantly slows, although does not
stop, cell proliferation. Previous studies have indicated that in zebrafish it is not possible to
completely inhibit cell proliferation at the stages observed without severe cell death which
interferes with brain ventricle development (Ikegami et al 1997). Reduction in cell proliferation

was measured using an antibody to phosphorylated histone H3 as described above.

Detection of snakehead mutation

Total RNA was extracted from mutant embryos and wild-type siblings using Trizol
reagent (Invitrogen), followed by chloroform extraction and isopropanol precipitation. cDNA
synthesis was performed with Super Script II Reverse Transcriptase (Invitrogen) and random
hexamers. PCR was then performed using five sets of previously published primers, which
amplify the coding region of atplal (Shu et al 2003). RT-PCR products were used for
sequencing analysis, performed by Northwoods DNA, Inc (Solway MN). Sequencing data were
analyzed using the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/), and the cDNA
sequence of atplal was obtained from GenBank database (NM_131686). Seven single-

nucleotide changes in the snakehead cDNA were found, but only one, within primer set 2,

changed the amino acid sequence.
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Figure 4.1 Time-course of zebrafish brain ventricle formation.

(A-K) Ventricles were visualized by microinjecting a fluorescent dye, Texas Red-dextran, into
the hindbrain ventricle of anesthetized embryos. (A) Ventricle injection schematic: lateral view
of 24 hpf embryo with microinjection needle at injection site of hindbrain ventricle. (B-K)
Developmental profile of brain ventricle morphology at 18 hpf, 20 hpf, 22 hpf, 24 hpf, and 30
hpt following dye injection, (B-F) dorsal views, (G-J) lateral views; anterior to left. Heart beat
onset at 24 hpf (E), after brain ventricles have formed. A anterior, P posterior.

(L-O) Cell morphology of hindbrain ventricle was visualized by confocal microscopy after
overnight immersion in fluorescent molecule bodipy-ceramide. (L) Lateral view of 18 hpf
embryo, with horizontal plane used for confocal time lapse imaging indicated by green line.
(M-0O) Confocal time lapse imaging of hindbrain ventricle of living, anesthetized embryo,
beginning at 19 hpf and ending at 20 hpf. Asterisks label hinge-points from which opening
begins, and arrows point to locations of apparent adhesion which release as ventricle opens
anterior to posterior. F forebrain ventricle, M midbrain ventricle, H hindbrain ventricle.
Asterisks: midbrain and hindbrain hinge-points. Scale bar = 50um.

A Inject Texas Red-dextran B J . - L Immerse embryos in
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Figure 4.2 Initial brain ventricle formation is normal in the absence of circulation.

Living, anesthetized embryos from a heterozygous cross of the silent heart (sih) mutant were
injected with Texas Red-dextran. At 24 hpf, the pattern of ventricle formation is identical in
wild type (A) and sih mutant (B). At 27 hpf, dorsal views of ventricles are still identical in wild
type (C) and mutant (D). At 36 hpf, the volume of brain ventricles is smaller in sih (F) than in
wild type (E). (A-D) dorsal views, (E,F) side views, anterior to left. Scale bar = 50pum.
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Figure 4.3 Cell proliferation and cell death analysis in wild type and mutant embryos.
(A-C) Cell proliferation analysis, using phosphorylated histone H3 antibody labeling. (A,B)
fixed and labeled wild-type brain at 17 hpf and 21 hpf, (C) quantification comparing midbrain
hindbrain boundary region and hindbrain, n=8, p=0.627 at 17 hpf; p=0.008 at 21 hpf. Cell
proliferation at 21 hpf is statistically significant, showing almost two-fold higher amount of
proliferation in the hindbrain (H) than in the midbrain-hindbrain boundary (MHB).
(D-G) Ventricle formation after inhibition of cell proliferation by aphidicolin treatment. (D,F)
live control or drug embryos after ventricle injection at 24 hpf, (E,G) same embryo as in (D,F)
fixed and labeled for cell proliferation. Reduced cell proliferation leads to a decrease in
ventricle opening. (H-J) Cell death analysis, using TUNEL labeling with ApopTag kit. (H,I)
fixed and labeled wild-type brain at 17 hpf and 21 hpf, (J) quantification comparing midbrain,
midbrain-hindbrain boundary, and hindbrain regions, n=10, p=0.575 at 17 hpf; p=0.368 at 22
hpf. Error bars denote standard error. M midbrain ventricle, MHB midbrain-hindbrain
boundary, H hindbrain ventricle. Scale bar = 50um.
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Figure 4.4 snk encodes the zebrafish Na'K" ATPase Atplal protein.

Predicted structure of the Na'K™ ATPase Atplal protein. Red dot in the M2-M3 loop represents
site of amino acid change from glycine to aspartate at residue 271 in the snk'2”*® mutant. RT-
PCR and sequencing was performed on the snk mutants from 3 snk carrier clutches (107
embryos), embryos from a snk sibling non-carrier clutch (76 embryos), and a wild-type clutch
(79 embryos). In 100% embryos, snk mutants, identified phenotypically, showed the G to A
mutation, which would result in the glycine to aspartate amino acid change, whereas 100% wild-
type embryos showed the normal G nucleotide.
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Figure 4.5 Morphological analysis of snakehead and nagie oko brain ventricle mutants.
(A-F) Light microscopy images of brain at 28 hpf. Dorsal views (A-C) or side views (D-F) of
living, anesthetized embryos are shown, anterior to left. Relative to wild type (A,D), brain
ventricles in snakehead (B,E) and nagie oko (C,F) mutants appear to be absent (nok mutants
sometimes form a small hindbrain ventricle that never enlarges). Note the characteristic
refractivity of the neural tube in snk, in that neither the outline of the neural tube nor the brain
folds are visible in the snk mutant (B,E). In addition, note that arrows in A and C point to the
midbrain-hindbrain boundary (MHB) constriction in WT and nok, respectively. By light
microscopy, the sSnk MHB constriction is not visible (even though it is in the proper location, see
Q below). (G-O) Histology of snk and nok mutants. Embryos were fixed and transverse-
sectioned at 22 hpf, at the level of forebrain, midbrain, or hindbrain, and stained with
hematoxylin and eosin. Relative to wild-type embryos (G,J,M), snk mutant embryos (H,K,N)
show appropriate ventricle morphology, however the cells appear stuck together and no lumen is
present. In contrast, NOk mutant embryos (I,L,0) fail to undergo any ventricle morphogenesis,
and the epithelium appears disorganized. Asterisks label midbrain hinge-points in wild type (J)
and snk (K), but hinge-points are absent in nok (L). (P-R) Confocal images through mid- and
hindbrain ventricles of 24 hpf living embryos stained with bodipy ceramide. (P) wild type, (Q)
snk, (R) nok. Note that snk embryos (Q) assume correct ventricle morphology but fail to open
the ventricles. In contrast, the brain tube in nok embryos (R) remains straight and no hinge-
points form (although the MHB constriction remains). F forebrain ventricle, M midbrain
ventricle, H hindbrain ventricle. Scale bar = 50um. Asterisks: hinge-points.
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Figure 4.5 Continued
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Figure 4.6 Analysis of epithelial integrity in Nnok mutants.

(A-L) Transverse sections through brains of wild type and nok embryos at 17 hpf (A,B) or 22 hpf
(C-L). (A,B) shows clear midline in wild type (A; arrow) and disorganization in nok (B). (C,D)
labeled with phosphohistone H3 antibody (mitosis marker) (green) and actin (red), dividing
nuclei localize apically in both WT (C) and mutant (D). (E,F) labeled with B-catenin antibody,
(G,H) labeled with actin marker, phalloidin-Texas Red, (I,J) labeled with occludin antibody and
phalloidin-Texas Red counterstain, (K,L) High magnification of 3D compilation of transverse
sections through forebrain, labeled with phalloidin-Texas Red. In the nok mutant, all junction
markers localize apically as in wild type but show disorganization. (M,N) Nok antibody labeling
(green) at 22 hpf in horizontal section through midbrain and hindbrain of wild type (M) and nok
mutant (N), with phalloidin-Texas Red as counterstain (red). Scale bar = 20um.

C WT PH3 D nok PH3

G WT actin H nok actin

K WT actin himag JL nok actin himag

N nok Nok Ab-green actin-red
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Figure 4.7 Epistasis analysis of brain ventricle mutants snk and nok.

(A-H) Lateral and dorsal views of anesthetized, living embryos at 25 hpf. (A,E) Wild type
(70/139 embryos, 50%); (B,F) nagie oko mutants (29/139 embryos, 21%); (C,G) shakehead
mutants (30/139 embryos, 22%); (D,H) snakehead;nagie oko double mutants (10/139, 7%) show
overall composite phenotype. Asterisks mark hinge-points which are visible in wild type but not
visible in the mutants (although hinge-points are present in the Snk mutant, see K). Arrow marks
midbrain-hindbrain constriction which is visible in wild type and nok mutant but is not visible in
snk nor snk;nok due to the altered refractivity of the snk tissue.

(I-L) Histological sections through midbrain at 22 hpf of wild type (I), nok (J), snk (K), and
snk;nok (L). The phenotype appears to be additive, suggesting nagie oko and snakehead
function in separate pathways. (M-P) Drawings of brain outline and ventricle lumen in I-L
shows composite phenotype more clearly. M midbrain ventricle, H hindbrain ventricle. Scale
bar = 50 um.
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Figure 4.8 0-Na'K" ATPase localization in nok mutants and Nok localization in snk
mutants appears normal.

(A,B) a6F antibody labeling (green) at 24 hpf in horizontal section through midbrain and
hindbrain of wild type (A) and nok mutant (B) with phalloidin-Texas red as counterstain (red).
Note that while the nok mutant hindbrain ventricle is severely reduced, a6F antibody still labels
apical membrane. (C,D) Nok antibody labeling (green) at 24 hpf in horizontal section through
midbrain and hindbrain of wild type (C) and snk mutant (D), with phalloidin-Texas Red as
counterstain (red). Nok localizes at the apical membrane in both wild type (C) and mutant (D),
suggesting that Snk is not necessary for Nok targeting to apical surface. Note: the Snk mutant
does have normal hinge-points in the midbrain and hindbrain, although they are not present in
the optical section shown in D. Scale bar = 50um.

A WT . a6F Ab-green; actin-red | B nok a6F Ab-green; actin-red
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Figure 4.9 Multiple steps are required for brain ventricle formation.

Three steps have been identified during initial brain ventricle formation and occur independently
of circulation. The Nagie oko protein helps maintain epithelial polarity and/or integrity that is
required for normal ventricle morphogenesis. Atplal (previously named Atplala.l) is essential
to inflate the ventricular space with fluid, and localized cell proliferation also appears to be
necessary. Later brain ventricle expansion requires circulation.

A anterior, P posterior, F forebrain ventricle, M midbrain ventricle, H hindbrain ventricle.

A P

1. Initial ventricle formation

a. epithelial morphogenesis (Nok) | Circulation Independent
b. lumen inflation (Atp1ata.1)
c. regional cell proliferation

2. Ventricle expansion Circulation Dependent

185



186



References

Alonso, M. 1., Gato, A., Moro, J. A. and Barbosa, E. (1998). Disruption of proteoglycans
in neural tube fluid by beta-D-xyloside alters brain enlargement in chick embryos. Anat
Rec 252, 499-508.

Alonso, M. 1., Gato, A., Moro, J. A., Martin, P. and Barbosa, E. (1999). Involvement of
sulfated proteoglycans in embryonic brain expansion at earliest stages of development in
rat embryos. Cells Tissues Organs 165, 1-9.

Amsterdam, A., Nissen, R. M., Sun, Z., Swindell, E. C., Farrington, S. and Hopkins, N.
(2004). Identification of 315 genes essential for early zebrafish development. Proc Natl
Acad Sci U S A 101, 12792-7.

Bachmann, A., Schneider, M., Theilenberg, E., Grawe, F. and Knust, E. (2001).
Drosophila Stardust is a partner of Crumbs in the control of epithelial cell polarity.
Nature 414, 638-43.

Bingham, S., Chaudhari, S., Vanderlaan, G., Itoh, M., Chitnis, A. and Chandrasekhar, A.
(2003). Neurogenic phenotype of mind bomb mutants leads to severe patterning defects
in the zebrafish hindbrain. Dev Dyn 228, 451-63.

Blanco, G. and Mercer, R. W. (1998). Isozymes of the Na-K-ATPase: heterogeneity in
structure, diversity in function. Am J Physiol 275, F633-50.

Blasiole, B., Degrave, A., Canfield, V., Boehmler, W., Thisse, C., Thisse, B., Mohideen,
M. A. and Levenson, R. (2003). Differential expression of Na,K-ATPase alpha and beta
subunit genes in the developing zebrafish inner ear. Dev Dyn 228, 386-92.

Brown, P. D., Davies, S. L., Speake, T. and Millar, 1. D. (2004). Molecular mechanisms
of cerebrospinal fluid production. Neuroscience 129, 955-68.

Bruni, J. E. (1998). Ependymal development, proliferation, and functions: a review.
Microsc Res Tech 41, 2-13.

Canfield, V. A., Loppin, B., Thisse, B., Thisse, C., Postlethwait, J. H., Mohideen, M. A.,
Rajarao, S. J. and Levenson, R. (2002). Na,K-ATPase alpha and beta subunit genes

exhibit unique expression patterns during zebrafish embryogenesis. Mech Dev 116, 51-9.

Cooper, M. S., D'Amico, L. A. and Henry, C. A. (1999). Confocal microscopic analysis
of morphogenetic movements. Methods Cell Biol 59, 179-204.

Cushing, H. (1914). Studies on the cerebrospinal fluid. I. Introduction. ] Med Res 26,
1-19.

Deane, R. and Segal, M. B. (1979). The effect of vascular perfusion of the choroid plexus
on the secretion of cerebrospinal fluid [proceedings]. J Physiol 293, 18P-19P.

187



Dent, J. A., Polson, A. G. and Klymkowsky, M. W. (1989). A whole-mount
immunocytochemical analysis of the expression of the intermediate filament protein
vimentin in Xenopus. Development 105, 61-74.

Desmond, M. E. (1985). Reduced number of brain cells in so-called neural overgrowth.
Anat Rec 212, 195-8.

Desmond, M. E. and Jacobson, A. G. (1977). Embryonic brain enlargement requires
cerebrospinal fluid pressure. Dev Biol 57, 188-98.

Desmond, M. E. and Levitan, M. L. (2002). Brain expansion in the chick embryo
initiated by experimentally produced occlusion of the spinal neurocoel. Anat Rec 268,
147-59.

Drummond, I. A., Majumdar, A., Hentschel, H., Elger, M., Solnica-Krezel, L., Schier, A.
F., Neuhauss, S. C., Stemple, D. L., Zwartkruis, F., Rangini, Z. et al. (1998). Early
development of the zebrafish pronephros and analysis of mutations affecting pronephric
function. Development 125, 4655-67.

Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S. and Tsukita, S. (1993).
Occludin: a novel integral membrane protein localizing at tight junctions. J Cell Biol 123,
1777-88.

Guo, S., Wilson, S. W., Cooke, S., Chitnis, A. B., Driever, W. and Rosenthal, A. (1999).
Mutations in the zebrafish unmask shared regulatory pathways controlling the
development of catecholaminergic neurons. Dev Biol 208, 473-87.

Hardan, A. Y., Minshew, N. J., Mallikarjuhn, M. and Keshavan, M. S. (2001). Brain
volume in autism. J Child Neurol 16, 421-4.

Harris, W. A. and Hartenstein, V. (1991). Neuronal determination without cell division in
Xenopus embryos. Neuron 6, 499-515.

Hendzel, M. J., Wei, Y., Mancini, M. A., Van Hooser, A., Ranalli, T., Brinkley, B. R.,
Bazett-Jones, D. P. and Allis, C. D. (1997). Mitosis-specific phosphorylation of histone
H3 initiates primarily within pericentromeric heterochromatin during G2 and spreads in
an ordered fashion coincident with mitotic chromosome condensation. Chromosoma 106,
348-60.

Hong, Y., Stronach, B., Perrimon, N., Jan, L. Y. and Jan, Y. N. (2001). Drosophila
Stardust interacts with Crumbs to control polarity of epithelia but not neuroblasts. Nature

414, 634-8.

Horne-Badovinac, S., Rebagliati, M., and Stainier, D.Y. (2003). A cellular framework for
gut-looping morphogenesis in zebrafish. Science 302, 662-5.

188



Hurd, T. W., Gao, L., Roh, M. H., Macara, 1. G. and Margolis, B. (2003). Direct
interaction of two polarity complexes implicated in epithelial tight junction assembly.
Nat Cell Biol 5, 137-42.

Ikegami, R., Rivera-Bennetts, A. K., Brooker, D. L. and Yager, T. D. (1997). Effect of
inhibitors of DNA replication on early zebrafish embryos: evidence for coordinate
activation of multiple intrinsic cell-cycle checkpoints at the mid-blastula transition.
Zygote 5, 153-75.

Jiang, Y. J., Brand, M., Heisenberg, C. P., Beuchle, D., Furutani-Seiki, M., Kelsh, R. N.,
Warga, R. M., Granato, M., Haffter, P., Hammerschmidt, M. et al. (1996). Mutations

affecting neurogenesis and brain morphology in the zebrafish, Danio rerio. Development
123, 205-16.

Kaplan, J. H. (2002). Biochemistry of Na,K-ATPase. Annu Rev Biochem 71, 511-35.
Keino, H., Masaki, S., Kawarada, Y. and Naruse, 1. (1994). Apoptotic degeneration in the
arhinencephalic brain of the mouse mutant Pdn/Pdn. Brain Res Dev Brain Res 78, 161-8.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. and Schilling, T. F. (1995).
Stages of embryonic development of the zebrafish. Dev Dyn 203, 253-310.

Knust, E. and Bossinger, O. (2002). Composition and formation of intercellular junctions
in epithelial cells. Science 298, 1955-9.

Koster, R. W. and Fraser, S. E. (2001). Direct imaging of in vivo neuronal migration in
the developing cerebellum. Curr Biol 11, 1858-63.

Kuida, K., Zheng, T. S., Na, S., Kuan, C., Yang, D., Karasuyama, H., Rakic, P. and
Flavell, R. A. (1996). Decreased apoptosis in the brain and premature lethality in CPP32-
deficient mice. Nature 384, 368-72.

Kurokawa, K., Nakamura, K., Sumiyoshi, T., Hagino, H., Yotsutsuji, T., Yamashita, I.,
Suzuki, M., Matsui, M. and Kurachi, M. (2000). Ventricular enlargement in
schizophrenia spectrum patients with prodromal symptoms of obsessive-compulsive
disorder. Psychiatry Res 99, 83-91.

Lowery, L. A. and Sive, H. (2004). Strategies of vertebrate neurulation and a re
-evaluation of teleost neural tube formation. Mech Dev 121, 1189-97.

Masuzawa, T., Ohta, T., Kawamura, M., Nakahara, N. and Sato, F. (1984).
Immunohistochemical localization of Na+, K+-ATPase in the choroid plexus. Brain Res
302, 357-62.

McAllister, J. P., 2nd and Chovan, P. (1998). Neonatal hydrocephalus. Mechanisms and
consequences. Neurosurg Clin N Am 9, 73-93.

Milhorat, T. H., Hammock, M. K., Fenstermacher, J. D. and Levin, V. A. (1971).
Cerebrospinal fluid production by the choroid plexus and brain. Science 173, 330-2.

189



Miyan, J. A., Nabiyouni, M. and Zendah, M. (2003). Development of the brain: a vital
role for cerebrospinal fluid. Can J Physiol Pharmacol 81, 317-28.

Moens, C. B. and Prince, V. E. (2002). Constructing the hindbrain: insights from the
zebrafish. Dev Dyn 224, 1-17.

Muller, H. A. and Bossinger, O. (2003). Molecular networks controlling epithelial cell
polarity in development. Mech Dev 120, 1231-56.

Nagafuchi, A. (2001). Molecular architecture of adherens junctions. Curr Opin Cell Biol
13, 600-3.

Novak, Z., Krupa, P., Zlatos, J. and Nadvornik, P. (2000). The function of the
cerebrospinal fluid space and its expansion. Bratisl Lek Listy 101, 594-7.

Owen-Lynch, P. J., Draper, C. E., Mashayekhi, F., Bannister, C. M. and Miyan, J. A.
(2003). Defective cell cycle control underlies abnormal cortical development in the
hydrocephalic Texas rat. Brain 126, 623-31.

Pollay, M. and Curl, F. (1967). Secretion of cerebrospinal fluid by the ventricular
ependyma of the rabbit. Am J Physiol 213, 1031-8.

Rekate, H. L. (1997). Recent advances in the understanding and treatment of
hydrocephalus. Semin Pediatr Neurol 4, 167-78.

Saito, Y. and Wright, E. M. (1983). Bicarbonate transport across the frog choroid plexus
and its control by cyclic nucleotides. J Physiol 336, 635-48.

Saka, Y. and Smith, J. C. (2001). Spatial and temporal patterns of cell division during
early Xenopus embryogenesis. Dev Biol 229, 307-18.

Schier, A. F., Neuhauss, S. C., Harvey, M., Malicki, J., Solnica-Krezel, L., Stainier, D. Y.,
Zwartkruis, F., Abdelilah, S., Stemple, D. L., Rangini, Z. et al. (1996). Mutations
affecting the development of the embryonic zebrafish brain. Development 123, 165-78.

Sehnert, A. J., Hug, A., Weinstein, B. M., Walker, C., Fishman, M. and Stainier, D. Y.
(2002). Cardiac troponin T is essential in sarcomere assembly and cardiac contractility.
Nat Genet 31, 106-10.

Shu, X., Cheng, K., Patel, N., Chen, F., Joseph, E., Tsai, H. J. and Chen, J. N. (2003).

Na,K-ATPase is essential for embryonic heart development in the zebrafish.
Development 130, 6165-73.

Skinner, D. C. and Caraty, A. (2002). Measurement and possible function of GnRH in
cerebrospinal fluid in ewes. Reprod Suppl 59, 25-39.

190



Song, M. H., Brown, N. L. and Kuwada, J. Y. (2004). The cfy mutation disrupts cell
divisions in a stage-dependent manner in zebrafish embryos. Dev Biol 276, 194-206.

Speake, T., Whitwell, C., Kajita, H., Majid, A. and Brown, P. D. (2001). Mechanisms of
CSF secretion by the choroid plexus. Microsc Res Tech 52, 49-59.

Takeyasu, K., Tamkun, M. M., Renaud, K. J. and Fambrough, D. M. (1988). Ouabain
-sensitive (Na+ + K+)-ATPase activity expressed in mouse L cells by transfection with
DNA encoding the alpha-subunit of an avian sodium pump. J Biol Chem 263, 4347-54.

Tepass, U. (2002). Adherens junctions: new insight into assembly, modulation and
function. Bioessays 24, 690-5.

Therien, A. G. and Blostein, R. (2000). Mechanisms of sodium pump regulation. Am J
Physiol Cell Physiol 279, C541-66.

Vigh, B. and Vigh-Teichmann, I. (1998). Actual problems of the cerebrospinal fluid-contacting
neurons. Microsc Res Tech 41, 57-83.

Wei, X. and Malicki, J. (2002). nagie oko, encoding a MAGUK-family protein, is
essential for cellular patterning of the retina. Nat Genet 31, 150-7.

Westerfield, M. (1995). The Zebrafish Book: A guide for the laboratory use of zebrafish:
University of Oregon Press.

Wiellette, E., Grinblat, Y., Austen, M., Hirsinger, E., Amsterdam, A., Walker, C.,
Westerfield, M. and Sive, H. (2004). Combined haploid and insertional mutation screen
in the zebrafish. Genesis 40, 231-240.

Wright, E. M. (1978). Transport processes in the formation of the cerebrospinal fluid. Rev
Physiol Biochem Pharmacol 83, 3-34.

Yuan, S. and Joseph, E. M. (2004). The small heart mutation reveals novel roles of

Na+/K+-ATPase in maintaining ventricular cardiomyocyte morphology and viability in
zebrafish. Circ Res 95, 595-603.

191



192



Chapter Five

The Spatial and Temporal Requirements
for Na" K" ATPase during
Brain Ventricle Development

To be submitted as:

Laura Anne Lowery, Jenny Ruan, and Hazel Sive. The spatial and temporal

requirements for Na” K ATPase during brain ventricle development.

Contributions:

JR is an undergraduate whom LAL supervised. JR performed the Na” K™ ATPase beta subunit
in situ hybridizations of Figure 5.7 and provided technical assistance for Figure 5.5. LAL

performed all other work for this manuscript. HS edited the final manuscript.

193



194



Abstract

The brain ventricles are a highly conserved system of fluid-filled cavities that form
during the earliest stages of brain development. The mechanisms which regulate formation of
the brain ventricles and the embryonic cerebrospinal fluid they contain are poorly understood.
We have previously shown that mutation in the Na' K" ATPase alpha subunit atplal leads to
absence of brain ventricle inflation in the zebrafish. Here we present analysis of the temporal
and spatial requirements for Na K" ATPase function during brain ventricle development. We
find that Atplal function is required at two distinct steps of brain development. Early in
development, requiring maternal RNA translation, Atplal is necessary for formation of the
intact neuroepithelium, including tight and adherens junctions. Later, Atplal is not required for
maintenance of the junctions, but is required for inflation of the brain ventricular lumen. This is
likely due to formation of an osmotic gradient that drives flow of fluid into the ventricle space.
Expression of Atplal exclusively in the neuroepithelium is necessary and sufficient for normal
brain ventricle formation. However, we find a dose-dependency for Atplal function, with the
forebrain ventricle requiring highest levels of Atplal activity. Furthermore, we show that the
Na'K" ATPase beta subunit atp1b3a is most strongly expressed surrounding the forebrain and
midbrain ventricles, and is required specifically for forebrain and midbrain ventricle inflation. In
sum, these data show that the Na'K" ATPase Atplal plays different roles before and after
neurulation. Additionally, we show, for the first time, that inflation of different brain ventricles

is under spatially independent control.
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Introduction

The brain ventricles are a highly conserved system of cavities within the brain that form
during the earliest stages of brain development. Inflation of these ventricles with fluid is a
crucial step in brain ventricle formation. As they form, the ventricles fill with embryonic
cerebrospinal fluid (eCSF), a complex, protein-rich fluid whose composition changes during
different developmental stages and also between ventricles (Parada et al 2005; Parada et al 2006;
Zappaterra et al 2007). While adult CSF is formed mainly by the choroid plexus located in each
of the ventricles (Speake et al 2001; Brown et al 2004; Praetorius 2007), initial eCSF production
and brain ventricle inflation occurs several weeks prior to choroid plexus formation in humans
(Bayer and Altman 2008). Despite evidence suggesting that eCSF plays crucial roles during
brain development (Miyan et al 2003), the mechanisms which regulate formation of eCSF and
brain ventricle inflation are poorly understood.

We have previously shown that mutation in the Na' K~ ATPase alpha subunit atplal
leads to absence of brain ventricle inflation in the zebrafish. Na'K" ATPase is a heterodimeric
transmembrane protein, composed of one alpha and one beta subunit, that transports Na” and K"
across the plasma membrane to establish chemical and electrical gradients (Thomas 1972;
Lingrel and Kuntzweiler 1994; Blanco and Mercer 1998; Therien and Blostein 2000). Multiple
isoforms of Na'K" ATPase subunits have been described, although the specific functions of each
subunit during vertebrate development have not been established. The mammalian genome
contains four alpha subunits and three beta subunits, whereas the zebrafish genome encodes nine
alpha subunits and six beta subunits (Rajarao et al 2001; Serluca et al 2001; Blasiole et al 2002;
Canfield et al 2002). While in vitro evidence demonstrates that any alpha and beta combination
composes a functional Na'K"~ ATPase enzyme (Crambert et al., 2000; Lemas et al., 1994;
Schmalzing et al., 1997), other experiments suggest that different isoforms have distinct
biochemical properties (Blanco and Mercer 1998). Furthermore, in vivo assays show that
different Na'K" ATPase subunits have unique physiological functions in the heart and ear (Shu
et al 2003; Blasiole et al 2006). Within the embryonic nervous system, expression of each
Na'K" ATPase subunit displays striking spatial and temporal specificity (Orlowski and Lingrel
1988; Good et al 1990; Herrera et al 1994; Martin-Vasallo et al 1997; Serluca et al 2001;
Canfield et al 2002). However, while many aspects of brain function require Na'K" ATPase

activity, its roles during embryonic brain development have not been addressed.
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Here we present analysis of the temporal and spatial requirements for Na'K~ ATPase
function during zebrafish brain development. Our data indicate temporally separable roles for
Atplal during neuroepithelial junction formation and lumen inflation. Furthermore, we present
evidence that spatially restricted Na 'K~ ATPase activity independently inflates specific brain

ventricles.

Results

Brain ventricle inflation requires atplal at the time of inflation

During wild-type zebrafish brain development, the neuroepithelium undergoes
morphogenesis to form the forebrain, midbrain, and hindbrain ventricles. Brain ventricle
opening begins at 18 hours post fertilization (hpf), and stereotypically-shaped embryonic brain
ventricles are formed by 22 hpf (Fig. 5.1A,A") (Lowery and Sive 2005). By 24 hpf, the brain
ventricles have expanded in width and height (Fig. 5.1B-C,B’-C’). We previously showed that
the snakehead (snk) mutant lacks visible brain ventricles at 28 hpf and has a mutation in the
atplal gene (Lowery and Sive 2005). From this analysis, it was not clear when Atplal function
was required for brain ventricle inflation, and whether it was required in all ventricles, or only in
a pivotal subset.

We began this study by asking when Atplal function is required. We first asked when
the snk mutant phenotype is apparent. The brain of the snk mutant looks similar to wild-type
siblings at 18 hpf (data not shown), although by 22 hpf, the brain ventricles are not apparent by
brightfield microscopy (Fig. 5.1D,D’). By 24 hpf, the snk brain tissue displays an altered
refractility in which morphological landmarks of the brain, including the ventricles and the brain
outline, are not visible (Fig. 5.1E,E’). However, forebrain, midbrain, and hindbrain tissue
regions are apparent in lateral views (Fig. 5.1F,F’), and confocal microscopy previously showed
that snk brain shaping is otherwise normal (Lowery and Sive 2005) (Fig. 5.1A’-F").

Atplal is expressed throughout embryonic development, and a central question is
whether lack of brain ventricle inflation is due to an earlier loss of Atplal function. To address
the temporal requirement of Atplal, we used a heat shock promoter to drive atplal expression
in snk embryos and wild-type siblings at 22 hpf, after brain ventricle inflation normally initiates.

We determined that expression of atplal at 22 hpf is sufficient to rescue snk ventricle inflation
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within 2 hours after induction (Fig. 5.1H, rescue in 3/12 (25%) snk embryos), suggesting that

atplal plays a direct role at the time of brain ventricle inflation.

Brain phenotype severity depends on the timing of atplal ion pump inhibition

In order to distinguish possible maternal and zygotic Atplal requirements, we compared
the effects of antisense morpholino oligonucleotide inhibition of atplal mRNA translation
(Nasevicius and Ekker 2000) and pre-mRNA splicing (Draper et al 2001). The morpholino
which blocks translation can potentially target both maternal and zygotic gene products, whereas
blocking splicing only targets zygotic gene function.

For the translation (start-site) morpholino, we used an oligonucleotide previously
documented to knock down atplal function (Yuan and Joseph 2004), which targets bases -11 to
+14 of the mRNA sequence. This morpholino has a very strong, dose-dependent effect on brain
ventricle inflation. A standard control morpholino (2 ng) does not affect brain ventricle inflation
(Fig. 5.2A, 100% wild-type ventricles, n=41). As little as 0.25 ng of atplal start-site
morpholino results in reduced brain ventricle inflation at 24 hpf (data not shown, 48% absent
ventricles, 32% reduced ventricles, 20% WT, n=101), whereas 0.75 ng morpholino leads to a
complete absence of brain ventricles, identical to the snk phenotype (Fig. 5.2C, 100% absent
ventricles, n=69). Specificity of the phenotype was shown by phenotypic rescue after injection
of mRNA that does not complement the morpholino sequence (Fig. 5.2E, 300-500 pg atplal
mRNA rescued brain ventricle inflation in 18/19 embryos).

We determined that the atplal splice morpholino, targeted to the exon 5-intron 5
boundary, prevents normal splicing of the zygotically-synthesized atplal transcript. This results
in intron 5 incorporation in all detectable mRNA by RT-PCR (Fig. 5.2B), introducing a stop
codon at residue 206 and truncating the Atplal protein to 1/3 its normal size, after the second
transmembrane domain (Fig. 5.2B’), which will render the protein non-functional. Injection of
5-8 ng of this morpholino results in a reduction in brain ventricle inflation (Fig. 5.2D, 75%
reduced brain ventricles, n=24), however this phenotype is less severe than that of the atplal
start-site morphant (compare to Fig. 5.2C). Increased doses of splicing morpholino do not result
in a more severe phenotype. The morphant phenotype can be rescued by injection of 300 pg
atplal mRNA (Fig. 5.2F). These data indicate that the severity of the brain phenotype depends

on timing of Atplal loss, and is consistent with separable maternal and zygotic requirements.
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While Na'K" ATPases are traditionally known as ion pumps, they have recently been
shown to have a pump-independent role during Drosophila tracheal tube development (Paul et al
2007), where they may be involved in junction formation. To determine whether loss of ion
pumping is specifically responsible for the absence of brain ventricle inflation in the atplal
morphants, we treated wild-type embryos with 5 mM ouabain, an inhibitor of Na'K~ ATPase ion
pumping (Linask and Gui 1995), either beginning at 5 hpf (during gastrulation) or 16 hpf
(directly prior to brain ventricle inflation). Treatment at 5 hpf leads to severely disrupted
morphogenesis in all parts of the embryo, and no brain morphology is visible (Fig. 5.2G, n=30).
In contrast, ouabain treatment at 16 hpf, two hours prior to ventricle inflation, gives a milder
phenotype, resembling the snk phenotype (Fig. 5.2H, n=42). Thus, this confirms that the ion
pumping activity of Na'K" ATPase is responsible for inflation of the brain ventricles, at a time

after neurulation, and directly preceding ventricle inflation.

Loss of maternal versus zygotic atplal results in differences in brain morphology and dye
retention

An unanswered question is whether the brain ventricles that form in the absence of
Atplal function are stuck shut. We attempted to manually inflate the ventricles with a
fluorescent-dextran solution and found that the snk brain opens into ventricles that are shaped
similarly to wild type (compare snk in Fig. 5.3B-B” to wild type in Fig. 5.3A-A"). Furthermore,
the introduction of fluid into the brain lumen alters the snk phenotype such that the ventricles
become visible by brightfield microcopy (Fig. 5.3B’), indicating that the abnormal refractility in
embryos lacking Atplal function is due to lack of fluid in the lumen. In contrast, in 60% of the
atplal start-site morphants, the brain ventricles do not open upon fluid injection, and instead dye
diffuses throughout the entire head region and beyond (Fig. 5.3C"). However, the splice site
morphant ventricles do not show this defect and instead inflate similarly to snk (Fig. 5.3D").
These data confirm that loss of maternal atplal function leads to a more severe brain defect than
loss of zygotic atplal. These data suggest that the neuroepithelium is “leaky” when both
maternal and zygotic Atplal translation is blocked, suggesting that epithelial junctions are
abnormal.
Atplal ion pumping is required for neuroepithelial formation, but not maintenance

The apparent leakiness of the brain after maternal and zygotic Atplal loss of function led

us to hypothesize that Atplal plays an early role in neuroepithelial junction formation, in
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addition to a later role in brain ventricle inflation. To address this question, we used
immunohistochemistry to analyze the organization of nuclei, adherens-junction associated actin,
and the apical junction marker ZO-1, within the neuroepithelium. In wild type, nuclei are
organized to either side of the midline, with actin foci and ZO-1 lining the ventricular surface
(Fig. 5.4A-E). In the snk mutant, which has maternal but not zygotic atplal function, the
midline looks normal with nuclei lined up on either side, and the junction markers line the apical
surface similar to wild type (Fig. 5.4F-J). However, we saw a striking phenotype in the start-site
morphants, in which the midline does not form continuously and cells of the neuroepithelium are
highly disorganized (Fig. 5.4K-O). Both actin foci and ZO-1 markers are localized apically but
in a punctate manner (Fig. 5.4M-0). This brain phenotype also occurs after ouabain treatment
from 5-22 hpf (Fig. 5.4P-T), suggesting that early embryonic Na'K" ATPase ion pumping is
required for neuroepithelial junction formation.

Neither the splice-site morphants nor the late-treated ouabain (16-22 hpf) embryos show
neuroepithelial defects, and instead they appear similar to snk mutants (data not shown). This is
the case even when ouabain treatment is extended until 48 hpf (data not shown), suggesting that
neuroepithelial disintegration is not the result of an extended ouabain treatment per se. These
data also imply that Na'K" ATPase ion pumping is required specifically for neuroepithelial
junction formation, but not maintenance, as neither 48 hpf snk mutants nor embryos treated with
ouabain beginning at 16 hpf show defects in neuroepithelial organization (Fig. 5.4V and data not
shown). Rather, both have ZO-1 labelled junctions that appear similar to wild type (Fig. 5.4U).

Our data suggest that snk mutants form a normal neuroepithelium due to maternal
contribution providing the early atplal requirement. Another possibility, however, is that the
snk to273a Atplal might retain some residual activity, since the sSnk to273a mutation is a single
base pair mutation which results in an amino acid change from glycine to aspartate at position
271 in the amino acid sequence, within the M2-M3 cytoplasmic loop necessary for catalytic
activity (Kaplan 2002). We predict that this mutation eliminates Na 'K~ ATPase atplal function
by preventing ion pumping. However, we also examined a known atplal null, the had m883
allele. In the m883 allele, a non-sense mutation truncates half of the protein, including the
catalytic domain, 5 of the transmembrane domains, and the Na'K"~ ATPase beta-subunit binding
domain (Ellertsdottir et al 2006). We were unable to detect any differences between the
phenotypes of had m883 and snk to273a (Fig. 5.4V,W), indicating that once the neuroepithelium

is formed, Atplal function is no longer required.
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We also investigated the possibility that epithelial barrier function is compromised in the
snk mutant, even though junction markers localize normally. For example, blocking Na'K"
ATPase activity in retinal pigmented epithelial cell culture leads to increased tight junction
permeability that is not accompanied by a change in actin localization (Rajasekaran et al 2003).
Thus, we assayed for epithelial barrier function using a modified assay previously used in
zebrafish (Bagnat et al 2007), testing the ability of the neuroepithelium to maintain various
molecular weights of rhodamine-conjugated dextran. However, the snk and wild-type
neuroepithelia behave similarly in terms of barrier function (data not shown), and thus it is

unlikely that the permeability of snk neuroepithelial junctions is abnormal.

Atplal is spatially required within the neuroepithelium for brain ventricle inflation

At the time of brain ventricle inflation, atplal is expressed ubiquitiously throughout the
embryo (Ellertsdottir et al 2006). In order to address whether atplal plays a direct role to
inflate the brain, or whether brain ventricle inflation depends on a global requirement for atplal
function, we used a CNS-specific promoter (miR124) to target expression of Atplal to the brain
in an otherwise snk background. In transgenic embryos expressing a CNS-driven atplal (Fig.
5.5C,F), the brain ventricles recover and show the same amount of inflation recovery that occurs
with a ubiquitous atplal promoter (Fig. 5.5H). Ventricle inflation does not occur with a somite-
specific promoter (miR206) (Fig. 5.5G). These data demonstrate that Atplal plays a direct role

within the neuroepithelium to promote brain ventricle inflation.

Atplal dosage requirements for brain ventricle inflation

While initial inflation of the brain ventricles requires Atplal activity within the
neuroepithelium at the time of inflation, a key next question was whether Atplal functions
throughout the entire neuroepithelium or in distinct regions.

In order to determine the regional requirements for Atplal for eCSF formation, we first
used a transplantation technique to create mosaic embryos. Wild-type embryos with 10-20% snk
mutant brain tissue have brain ventricle inflation indistinguishable from wild-type transplant
controls (Fig. 5.6A,B). Quantification of forebrain and hindbrain ventricle widths confirmed this
result (p=0.6840, n=17). Thus, this demonstrates that brain ventricle inflation does not require
Atplal function throughout the entire neuroepithelium. However, surprisingly, the reciprocal

experiment, transplanting 10-20% wild-type donor tissue into snk host, results in snk-like brains
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100% of the time (n=9), with no partial inflation (Fig. 5.6C). This result suggests that either
there is a threshold level of Atplal activity required for brain ventricle inflation, and/or there is a
particular regional requirement which we were not meeting with the transplantation technique.
Supporting the threshold requirement, we observed that snk heterozygotes sometimes
show transiently-reduced brain ventricle inflation, suggesting that 50% Atplal function may be
near the threshold limit. Additionally, we observed that brain ventricle inflation is sensitive to
increased Atplal levels as well, particularly within the forebrain ventricle. Wild-type embryos
expressing increased atplal either by mRNA injection or CNS-driven atplal transgenics have
forebrain ventricles that are 1.3 times larger than wild-type controls (Fig. 5.6G-I). Together,
these results suggest that brain ventricle inflation requires a certain threshold amount of Atplal
function, and that the forebrain ventricle is particularly sensitive to Na'K™ ATPase mediated

inflation.

Atplb3a is specifically required for forebrain and midbrain ventricle inflation

It was still unclear whether Na'K" ATPase activity occurs throughout the entire
neuroepithelium or in discrete regions. Although the forebrain appears especially sensitive to
levels of Atplal, a general antibody to Na'K™ ATPase alpha subunits show expression
throughout the brain at the time of brain ventricle inflation (Lowery and Sive 2005). However,
the alpha subunit of Na'K"™ ATPase requires dimerization to a beta subunit for functionality, and
it is possible that localization of the beta subunit could regulate Atplal activity in a regionally-
restricted fashion. We therefore analyzed Na'K~ ATPase beta subunit expression patterns at the
beginning of ventricle inflation, 18 hpf, using in situ hybridization (Fig. 5.7A-F). Whereas
neither atplblb nor atplb2b expression is detectable within the neuroepithelium at this stage
(Fig. 5.7B,D), both atplbla and atp1lb3b are expressed ubiquitiously (Fig. 5.7A,F), and atplb2a
is specific to known locations of neuronal differentiation (Fig. 5.7C). Conversely, expression of
atplb3a is highly enriched surrounding the forebrain and midbrain ventricles, but is absent in the
anterior hindbrain, with weak expression in the more posterior hindbrain (Fig. 5.7E). This
atplb3a expression pattern persists through 24 hpf (data not shown). Thus, atplb3a is the only
beta subunit whose expression is regionally-restricted in the neuroepithelium at the time of
inflation.

In order to address the function of the beta subunits expressed in the the 18 hpf

neuroepithelium, we designed antisense morpholino oligonucleotides to the translation initiation
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sites of each mRNA. Only the morpholino targeted to atplb3a gives a brain ventricle inflation
defect (Fig. 5.7H, and data not shown). Compared to embryos injected with a control
morpholino (Fig. 5.7G), embryos injected with the atplb3a start site morpholino exhibited
significantly reduced forebrain and midbrain ventricle inflation at 24 hpf, but only mildly
reduced in the hindbrain (Fig. 5.7H). In order to confirm the knock-down phenotype, we also
designed a splice site morpholino which causes approximately 70% of the zygotic atplb3a
mRNA to be abnormally spliced, as confirmed by RT-PCR (Fig. 5.7R). This leads to a protein
that lacks the transmembrane domain and thus is non-functional. Injection of this morpholino
also leads to reduced forebrain and midbrain ventricles (Fig. 5.7I). The specificity of the
morpholinos was confirmed by rescuing the morphant phenotypes by co-injecting mRNA
encoding atplb3a which does not bind to either morpholino (Fig. 5.7J, and data not shown).
These data suggest that the Atplal partner utilized in the forebrain and midbrain during
brain ventricle inflation is Atplb3a. In order to test this hypothesis, we injected sub-effective
amounts of atplal and atplb3a MOs, either alone or together. Whereas injecting 3 ng of atplal
splice MO alone (Fig. 5.70), or 1.5 ng of atplb3a MO alone (Fig. 5.7P), does not result in a
strong ventricle inflation defect, co-injection of these significantly reduced forebrain and
midbrain ventricle inflation (Fig. 5.7Q). These experiments support the notion that Atplb3a may
spatially restrict Atplal activity in the forebrain and midbrain ventricles to promote ventricle

inflation (Fig. 5.8).
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Discussion

While significant work has investigated the role of Na'K" ATPases during brain function,
no previous research has focused on the functions of these proteins during embryonic brain
development. In this study, we demonstrate distinct temporal and spatial requirements for

Atplal function during brain development.

Differential requirement of Atplal for neuroepithelial formation, but not maintenance

Our data identify a previously undescribed role for Atplal activity and Na'K~ ATPase
ion pumping during neuroepithelial formation. The comparison of our data with that from other
systems highlights that the particular junction requirement for Na'K"~ ATPase activity varies
greatly depending on cell type (Rajasekaran et al 2001; Paul et al 2003; Rajasekaran et al 2003;
Violette et al 2006; Cibrian-Uhalte et al 2007; Rajasekaran et al 2007).

In the zebrafish neuroepithelium, we observed that junction formation, but not
maintenance, requires Na'K" ATPase activity. While the snk mutant data may be explained by
another Na'K" ATPase compensating for loss of atplal later in development, the fact that late
but long-lasting ouabain treatment has no effect on neuroepithelial junctions suggests that Na K"
ATPase does not play a role in junction maintenance. Perhaps this is because Na'K~ ATPase
activity is particularly important for the formation of nascent junctions during neurulation, as
prior to this stage in zebrafish, neuroepithelial junctions do not exist (Geldmacher-Voss et al
2003). This role for Atplal is opposite of that observed during zebrafish heart morphogenesis,
whereby Na K" ATPase ion pumping promotes the maintenance but not the formation of the
heart epithelium, in the junction-compromised nagie oko mutant background (Cibrian-Uhalte et
al 2007).

Na'K" ATPase functions distinctly in different tissue culture lines as well. In MDCK
cells, loss of Na'K" ATPase activity prevents the localization of tight junction markers, whereas
in human retinal pigment epithelial cells and human pancreatic epithelial cells, junction markers
localize normally but junction permeability is abnormally increased (Rajasekaran et al 2001;
Rajasekaran et al 2003; Rajasekaran et al 2007). Thus, Na 'K ATPase activity appears to
regulate tight junctions through different mechanisms depending on cell type.

What is the molecular role for Na'K" ATPase function in epithelial junction formation?

Because Na'K" ATPases control a variety of ion and metabolite transport systems, inhibition
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induces multiple biochemical changes including abnormally high levels of intracellular Na",
altered Ca®" signaling, altered cell volume and pH, abnormal membrane potential, as well as
defects in signaling pathways (Rajasekaran et al 2005). While Abdelilah-Seyfried and
colleagues suggest that correct ionic gradients stabilize the integrity of the tight junctions
(Cibrian-Uhalte et al 2007), Rajasekaran and colleagues suggest a specific mechanism in which
abnormal Na' levels directly impact junction formation through mediation of downstream
signaling pathways (reviewed in (Rajasekaran and Rajasekaran 2003)).

Alternatively, Na'"K~ ATPase may act directly in junction formation as a scaffolding
protein. In Drosophila melanogaster tracheal tube development, Na'K™ ATPase is essential for
the formation and function of septate junctions, apically localized structures similar to vertebrate
tight junctions (Genova and Fehon 2003; Paul et al 2003). Mutation in Na'K" ATPase alpha
subunit ATPalpha disrupts junction formation but is rescued with catalytically inactive
ATPalpha, suggesting that junction function requires a pump-independent role of Na'K" ATPase
(Paul et al 2007). This possible scaffolding role is supported by tissue culture experiments
which show that the Na'K" ATPase beta subunit acts as a homophilic cell adhesion molecule
(Cereijido et al 2004), and thus it is possible that Na'K " ATPase acts directly in epithelial
junction formation and function in some systems. However, our data showing that ouabain, an
ion pump inhibitor, blocks neuroepithelial formation suggests that at least one function of Na K"
ATPase in brain development requires ion pumping.

Thus, in this study we describe a novel role for Atplal during brain development.
Further investigation of the requirement for Na'K"~ ATPase activity will be required to determine
the molecular mechanism of action within the neuroepithelium. This system provides a highly
tractable in vivo model for analyzing the regulation of Na'K" ATPase activity during epithelial

junction formation.

Atplal plays a direct role in brain ventricle inflation

In this paper, we show that zygotically-produced Atplal is specifically required within
the neuroepithelium for brain ventricle inflation in the zebrafish. This role is distinct from the
earlier requirement for junction formation but also involves ion pumping. Notably, the lack of
brain ventricle inflation in the sSnk mutant is not indirectly due to a lack of functional Atplal

earlier in development, as expression of Atplal at the time of inflation, or even after normal
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inflation onset, can rescue brain ventricle inflation in the snk mutant within several hours. Thus,
Atplal plays a direct role at the time of brain ventricle inflation.

We hypothesize that Atplal ion pumping forms the osmotic gradient that drives fluid flow into
the ventricular space. Na'K~ ATPases function in this manner to drive fluid flow during mouse
embryonic blastocyst formation (Watson et al 2004), development of the ear epithelium (Yen et
al 1993), zebrafish gut lumen formation (Bagnat et al 2007), and clearance of lung edema (Dada
and Sznajder 2003; Mutlu and Sznajder 2005). This also occurs during adult CSF production in
the choroid plexus, and thus, this demonstrates that despite the significant differences between
adult and embryonic CSF composition (Zheng and Chodobski 2005), both critically require
Na'K" ATPase function. However, Atplal may also be affecting brain ventricle inflation by a
different mechanism. Rather than simply forming an osmotic gradient that drives fluid secretion,
the electrical gradient created by Atplal activity may also alter the conformation and activity of
proteins regulating eCSF secretion. Endogenous electrical fields have been shown to play a role
in embryonic development in other systems such as the chick (Hotary and Robinson 1992), and
it is likely that the Na'K"™ ATPase pump contributes to formation of an electrical gradient during
development of the nervous system, as has been shown to occur in amphibian embryos (Shi and
Borgens 1995). Similarly, changes in Na” and K" concentration inside the neuroepithelial cells
may directly modulate the activity of molecular transporters or secretory processes. However,
the exact mechanism by which Atplal activity affects embryonic CSF secretion remains to be

determined.

Atplb3a specifically regulates forebrain and midbrain ventricle inflation

Numerous isoforms of both alpha and beta subunits of Na'K"~ ATPase exist in the
vertebrate genome, and a point of contention regarding Na K" ATPase diversity is whether the
proteins have unique or redundant developmental functions. Within the embryonic nervous
system, each Na'K" ATPase subunit displays striking spatial and temporal specificity,
suggesting distinct functions (Orlowski and Lingrel 1988; Good et al 1990; Herrera et al 1994;
Martin-Vasallo et al 1997; Serluca et al 2001; Canfield et al 2002).

We observed a specific requirement for atplb3a function during brain ventricle inflation.
Our evidence also suggests that Atplal and Atplb3a synergize to direct brain ventricle
formation and thus these two subunits may dimerize to form a functional Na'K"~ ATPase within

the forebrain and midbrain (Fig. 5.8). Atplal synergizes with a different beta subunit, Atp1b2b,
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during inner ear development (otolith biogenesis) (Blasiole et al 2006), further suggesting that
beta subunit function defines the specificity of Na'K™ ATPases in different tissue types.
Furthermore, in Drosophila, there is only one alpha gene but three beta genes which have
different subcellular localizations, and it has been suggested that the beta subunits play a key
role in defining the subcellular localization and specificity of Na'K™ ATPase function (Paul et al
2007).

We also observed that the beta subunit Atplb3a specifically promotes brain ventricle
inflation in the forebrain and midbrain. The forebrain ventricle is particularly sensitive to Na K"
ATPase function as reducing or increasing Atplal levels leads to a corresponding decrease or
increase in ventricle size. Currently, it is unclear how hindbrain ventricle inflation is regulated
and why there appears to be a distinct mechanism for the forebrain and midbrain ventricles.
Perhaps opening of the forebrain and midbrain ventricles is more dependent on inflation forces,
whereas hindbrain ventricle opening may be more dependent on tissue morphogenesis and
formation of the roof plate.

In conclusion, this study demonstrates that the Na'K™ ATPase alpha subunit, Atplal,
plays two critical roles during brain development (Fig 5.8B). Additionally, the beta subunit,
Atp1b3a, spatially restricts Na'K" ATPase ion pumping to inflate the forebrain and midbrain
ventricles and may highlight a spatially-distinct regulatory mechanism for inflation of these

ventricles.

Experimental Procedures

Fish lines and maintenance

Danio rerio fish were raised and bred according to standard methods (Westerfield 1995).
Embryos were kept at 28.5°C and staged according to (Kimmel et al 1995). Times of
development are expressed as hours post-fertilization (hpf).

Lines used were: AB, snk™®"* (Jiang et al 1996), snk™® (Ellertsdottir et al 2006),
snk3478 (Amsterdam et al 2004). For PCR genotyping, tails or embryos were digested with
proteinase K (1 mg/mL) in lysis buffer (10mM Tris pH8, ImM EDTA, 0.3% Tween-20, 0.3%
NP40). Because snk™*7® mutants have a retroviral insertion in the atplal gene, mutant

individuals and carriers could be identified by PCR.
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Primer sequences are listed in Table 5.1. To identify the wild-type atplal allele, atplalF and

i3475

atplalR primers were used. To identify the snk” allele, atplalF and snk retroviralR primers

were used.

Brightfield Microscopy Imaging

Embryos were anesthetized in 0.1 mg/mL Tricaine (Sigma) dissolved in embryo medium
(Westerfield 1995) during imaging. Micrographs were taken using a Leica dissecting scope and
a KT Spot Digital Camera (RT KE Diagnostic Instruments). Images were adjusted for
brightness, contrast, and coloring in Photoshop CS (Adobe). Line tracings of brain morphology

were made using Xara Xtreme Pro (Xara Group Ltd).

RNA injections

Full-length atplal cDNA constructs in pCS2+ and pCS2+-His-Myc were obtained from
the Chen and Abdelilah-Seyfriend labs, respectively (Shu et al 2003; Cibrian-Uhalte et al 2007).
To incorporate the snk to273a G to A mutation into the atplal cDNA (Lowery and Sive 2005),
the Quik Change II XL site-directed mutagenesis kit was used following the instructions of the
manufacturer (Stratagene). Primers used for mutagenesis: sSnkma and snkmb (Table 5.1). The
mutated cDNA was verified by DNA sequencing (Northwoods DNA), using primers described
previously (Lowery and Sive 2005).

A full-length atplb3a construct, with a minimal Kozak consensus sequence adjacent to
the initiating ATG, was generated by RTPCR with primers b3aF and b3aR (Table 5.1). The
PCR fragments were subcloned into pGEM-T Easy Vector (Promega), and then subcloned into
the EcoRlI site in pCS2+.

A construct encoding membrane-targeted CAAX-eGFP in PCS2+, used for control
injections, was obtained from the Green lab (Harvard Medical School).

Capped atplal, atplal®, HisMyc-atplal, atplb3a, and membrane-GFP mRNAs were
transcribed in vitro using the SP6 mMessage mMachine kit (Ambion), after linearization by
Notl. Embryos were injected at the one-cell stage with 100-800 pg mRNA. The embryos
phenotypically rescued by mRNA injection were identified as mutants by genotyping.

Morpholino oligo injections

Antisense morpholino oligonucleotides (MO) (Gene Tools, LLC) were injected into
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embryos at the 1-2 cell stage. The MOs used were atplalstart (Table 5.2) and has been used
previously to knock down atplal (Yuan and Joseph 2004), atplalsplice, atplb3astart,
atplb3asplice, atplb3b start, atplbla start, atplb2a start, atplb2b start,

atplb3b splice, and Gene Tools standard control MO. Between 0.5 - 1 nl was injected into the
single cell of each embryo with a MO concentration of 3 - 6 ng/nl. Final amounts used are noted

in the Results.

RT-PCR

RNA was extracted from individual morphant and control embryos using Trizol reagent
(Invitrogen), followed by chloroform extraction and isopropanol precipitation. RNA was pelleted
by centrifugation, resuspended in 30uL distilled water, then precipated with LiCl. cDNA
synthesis was performed with Super Script II Reverse Transcriptase (Invitrogen) and random
hexamers. PCR was then performed using primers which amplified the exonic and intronic
sequence surrounding the splice MO target. atplal primers: atplal testF and atplal testR.
atplb3a primers: B3A TESTF, B3A TESTR.

Transgenic analysis

To make F transgenic embryos for analysis, microinjections of plasmid DNA with
meganuclease were carried out as described by (Thermes et al 2002). Briefly, 1 cell embryos
were injected with: 1X I-Scel buffer, 0.2 units I-Scel enzyme, and 50ng plasmid DNA. Embryos
injected with empty vector and uninjected embryos were used as controls. miR124 and miR206
promoters were cloned previously (Shkumatava et al, in preparation 2008). Beta-actin promoter
and IRES-GFP from Chien lab (University of Utah). After analysis, embryos were digested for
PCR genotyping.

Heat shock driven-atplal transgenic analysis

We generated the GFP:HSE:atplal construct, expressing both GFP and atplal. We
used the artificial heat-shock promoter (Bajoghli et al 2004), driving bidirectional expression of
both genes. The heatshock treatment was performed from 22 hpf, following sorting of mutant
and wild-type sibling embryos, as described by (Bajoghli et al 2004). After heat shock
treatment, SNk mutant embryos were analyzed every hour for evidence of brain ventricle inflation

and GFP expression in the brain.
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Ouabain treatment

Embryos were incubated in SmM ouabain (Sigma) in embryo media at various time-
points, as noted in text (Yuan and Joseph 2004). Not all the embryos responded to ouabain
soaking at 16 hpf, and it is possible that ouabain has difficulty in penetrating the embryonic
epidermis at this stage. To bypass this issue, we also injected 1nL. 5 mM ouabain directly into

the brain tissue.

Brain ventricle injection experiments

Methods for brain ventricle imaging after ventricle injection have been described
previously (Lowery and Sive 2005). Briefly, for the manual inflation assay, embryos were
anesthetized in 0.1 mg/mL Tricaine (Sigma) dissolved in embryo medium (Westerfield 1995)
prior to injection and imaging. The hindbrain ventricle was micro-injected with 2-15 nL 2000K
MW dextran conjugated to Rhodamine (Sigma, 12% in water), using enough pressure to inflate
all the ventricles with dye. For the tight junction permeability tests, various molecular weight
dextrans conjugated to Rhodamine (Sigma, 12% in water) were used, ranging from 4K to 2000K.
Micrographs were taken with light and fluorescent illumination prior to and following injection,
with a Leica dissecting microscope, using a KT Spot Digital Camera (RT KE Diagnostic

Instruments). Images were superimposed in Photoshop 6 (Adobe).

Immunohistochemistry

For labeling with phalloidin-Alexa Fluor 488 and SYTO nuclei dye, embryos were fixed
in 4% paraformaldehyde 2 hours at room temperature, then rinsed in PBS and dechorionated.
For labeling with anti-ZO1 monoclonal antibody and anti-alpha Na'K" ATPase a6F antibody,
dechorionated embryos were fixed in Dent’s fixative (80% methanol, 20% DMSO) for 2 hours at
room temperature, then rinsed in PBS (Dent et al., 1989). Blocking was done for 4 hours at
room temperature in 0.5 % Triton X, 10% normal goat serum, in phosphate buffer. Whole-
mount immunostaining was carried out phalloidin-Alexa Fluor 488 (Molecular Probes, 1:200),
SYTO 83 nuclei dye (Molecular Probes, 1:1000), anti-ZO-1 monoclonal antibody (Zymed
Laboratories Inc, 1:200), and mouse monoclonal antibody alpha6F, raised against chicken alphal
subunit of Na'K" ATPase (Takeyasu et al., 1988, 1:100) which was obtained from the

Developmental Studies Hybridoma Bank. Goat anti-mouse Alexa Fluor 488 (Molecular Probes,
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1:500) was used as secondary antibodies. Brains were flat-mounted in glycerol and imaged with

Zeiss LSM scanning confocal microscope. Some images are a compilation of several z-scans.

In situ hybridization

RNA probes containing digoxigenin (DIG)-11-UTP were synthesized from linearized
plasmid DNA, as described (Harland 1991). Standard methods for hybridization and for single
color labeling were used as described elsewhere (Sagerstrom et al 1996). After staining,
embryos were fixed in 4% paraformaldehyde overnight at 4 degrees C, washed in phosphate
buffered saline (PBS), dehydrated in methanol, and then cleared in a 3:1 benzyl benzoate/benzyl

alcohol (BB/BA) solution before mounting and imaging with a Nikon compound microscope.

Transplantations

Transplantations were performed using a protocol modified from the Mullins Lab. Donor
embryos were injected with Rhodamine-dextran at the 1 cell stage, and host embryos with
membrane-GFP mRNA. Embryos were dechorionated and placed in a dish coated with agarose,
in 1x Ringers with high calcium (116 mM NaCl, 2.9 mM KCI, 10mM CaCl,, 5 mM HEPES, pH
7.2)/1.6% egg white solution. Addition of egg whites helps in quick healing of transplant.
Using a hair knife or pulled glass capillary knife, cells from blastoderm were removed from
donor and transferred into same stage host embryos, near the animal cap. Embryos were left in
Ringers/Egg whites 10 minutes then transferred to agarose-coated petri dish containing 1/3x
Ringers using a glass transfer pipet. To prepare the cleared chicken egg whites, egg whites were
whipped from one chicken egg with a whisk until the whites turned glossy and their tips stood
tall. Egg whites were then left for 20 minutes, and the clear egg white solution from beneath the

foam was collected and frozen in aliquots at -20 degrees C.

Forebrain ventricle size quantification
Brightfied images of live anesthetized images were taken as described above. The
forebrain ventricle size as viewed dorsally was measured, blind to the genotype, with Imagel

software and statistics were performed with GraphPad InStat software.
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Table 5.1 Primer sequences used in this study.

Primer Name Sequence
atplalF 5'- GCAGCAAAATGGGACGAGGAG -3’
atplalR 5'- TGCGCACATTTCATTCATTT -3’

snk retroviralR

5'- GCTAGCTTGCCAAACCTACAGGT -3’

snkma 5'- CCGCACAGTCATGGATCGTATTGCCACTCTCG -3’
snkmb 5'- CGAGAGTGGCAATACGATCCATGACTGTGCGG -3’
b3aF 5'- CACCATGTCTAAAAAGAGCGAAAAT -3’

b3aR 5'- AGCACAAGTTCCCCTTCAGC -3’

atplal testF 5’- CTCTTTCAAGAATTTGGTTCCC -3’

atplal testR 5’- CTCGATCTCAATAGAGATGGGGGTGC -3’

B3a TESTF 5’- GCAGTGATTTCAGCCTCCTC -3’

B3a TESTR 5'- GTATCCTCCATCCCAGAGCA -3
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Table 5.2 Morpholino (MO) sequences used in this study.

MO name

MO sequence

atplalstart

5'- AAAGCAGCAAAATGGGACGAGGAGA -3’

atplalsplice

5'- AATATAATATCAATAAGTACCTGGG -3’

atplb3astart

5'- CGCTCTTTTTAGACATGCTGAAATG -3’

atplb3asplice

5'- AACTGCACACTAACAAACTTACCTG -3’

atplb3bstart 5'- CATAGTGTGGAGAGGATAGATAAAC -3’
atplblastart 5'- ACCATCTTTATTTGCGGGCATTTTC -3’
atplb2astart 5'- GCCATGTCTCCGGTAGATTCTCGGT -3’
atplb2bstart 5'- TTTCCTGGACTAAATGTGCGCTCAC -3’

atplb3bsplice

5'- TAAAAGAGGAATATAAGAGCTGCGG -3/,

Control

5'- CCTCTTACCTCAGTTACAATTTATA -3’
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Figure 5.1 Brain ventricle inflation requires Atplal at the time of inflation.

(A-K) Brightfield microscopy images of live zebrafish embryos at 22-24 hpf, all are dorsal
views except for side views in (C) and (F). (A’-I") Tracings of brain morphology visible by
brightfield microscopy are shown in black, while morphology which is present but not visible is
shown in dotted grey. (A, A’) Brain of wild-type sibling at 22 hpf, forebrain, midbrain, and
hindbrain ventricles are inflated, (B, B’) inflation continues and midbrain and hindbrain
ventricles of 24 hpf wild-type sibling are increased in size, (C, C’) same embryo as in B, side
view. (D, D) snk to273a at 22 hpf, hindbrain opening is just visible and outline of brain tube is
apparent, but there is no other visible ventricle morphology. (E, E") By 24 hpf, snk brain
morphology has altered refractility such that no brain morphology is visible, although the three
brain regions, forebrain, midbrain, and hindbrain, are apparent in side views of same embryo (F,
F"). (G-I) FO transgenic snk embryos expressing a heat-shock driven GFP do not rescue snk
brain ventricle inflation after heat-shock (G,G’), but the ventricles of those expressing atplal
begin to inflate within 2 hours after heat-shock (H, H'). (I) is fluorescent image of embryo in
(H). Anterior to left. F forebrain, M midbrain, H hindbrain. Scale bars 50 um.
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Figure 5.2 Brain phenotype severity depends on the timing of Atplal ion pump inhibition
(A,C-H) Brightfield microscopy images of live zebrafish embryos at 22-24 hpf, dorsal views.
(A’,C'-H") Tracings of brain morphology visible by brightfield microscopy are shown in black,
while morphology which is present but not visible is shown in dotted grey. (A, A") Control
morpholino does not affect brain ventricle morphology. (B) RT-PCR with primers specific to
atplal demonstrates that atplal splice morphants have a larger splicing product than control
morphants. An intron is abnormally incorporated, which causes a nonsense mutation and
truncation of the protein after the second transmembrane domain, shown in (B’). (C, C')
Morpholino to the atplal translation start site mimics the snk brain inflation phenotype, and
(E,E’) injection of atplal mRNA which does not bind to the morpholino rescues the inflation
defect. (D, D) Morpholino designed to inhibit atplal splicing results in brain ventricle inflation
less severe than the snk phenotype. The ventricles do not inflate, although the brain tube outline
is normal and a small hindbrain ventricle opening is visible. (F, F') The atplal splice morphant
phenotype is rescued by injection of atplal mRNA. (G, G') Incubation of wild-type embryos in
ouabain, a Na'K"ATPase inhibitor, at 5 hpf results in a phenotype similar to, but more severe,
than the atplal start-site morphant phenotype. No ventricles are visible, and neither is eye
morphology (H, H') Incubation of wild-type embryos in ouabain at 17 hpf results in a phenotype
similar to the snk phenotype. No ventricles are visible, although the outline of the brain tube is
barely discernible. Anterior to left. F forebrain, M midbrain, H hindbrain. Scale bars 50 um.
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Figure 5.3 Loss of maternal versus zygotic atplal results in differences in brain
morphology and dye retention.

(A-D, A’-D’) Brightfield microscopy images of live zebrafish embryos at 24 hpf, immediately
prior to and following manual ventricle inflation with Rhodamine-dextran. (A"-D")
Superimposition of brightfield and fluorescent images following ventricle inflation. Each row
depicts different images of the same embryo. (A) Wild-type embryo: prior to ventricle inflation,
wild-type ventricles are open and visible (A), whereas after ventricle inflation, ventricle size is
slightly increased (A'). Dye stays within the ventricle cavities (A"’), and highlights the internal
ventricle hingepoints in the forebrain, midbrain, and hindbrain (A", asterisks). (B) snk embryo:
prior to ventricle inflation, snk ventricle morphology is not apparent (B), however after manual
inflation, refractility is altered and ventricles are visible (B'), although smaller than wild type.
(B") snk ventricle morphology is relatively normal, with three pairs of hinge-points in the
forebrain, midbrain, and hindbrain (B", asterisks), as in wild type (A"). (C) atplal start site
morphant (1ng MO): prior to ventricle inflation, no morphology is visible (C). Ventricle
inflation does not proceed normally, with much of the dye spilling out of the brain region and
into the surrounding areas (C"), midbrain and hindbrain ventricle morphology following
injection is not apparent, however the forebrain ventricle does open somewhat normally in this
embryo (C"”, asterisks). (D) atplal splice site morphant embryo: prior to ventricle inflation,
visible ventricle morphology is reduced (D). After inflation, ventricles are apparent (D’) and
normally shaped (D", asterisks). Anterior to left. Scale bars 50 um.

Before Inflation After Inflation
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Figure 5.4 Atplal ion pumping is required for neuroepithelial formation, but not
maintenance.

(A-T) Horizontal confocal sections through the midbrains of 22 hpf wild-type embryos (A-E),
snk embryos (F-J), atplal start site morphants (K-O), wild-type embryos treated in 5SmM
ouabain from 5-22hpf (P-T), except for (D, I, N, S) which are 3D projections of 30um confocal
z-series of the midbrain and hindbrain. (A-E) Wild-type embryos show normal brain
morphology, including apical-associated actin foci (phalloidin-Alexa Fluor 488 is green, A and
(), organized nuclei (red, A and B), and the junction marker ZO-1 localizes to the ventricular
surface (D, E). (F-J) snk mutants have closed ventricles but the midline forms normally, nuclei
are organized, and junctions are connected. (K-O) atplal start site morphants do not form a
continuous midline, the nuceli are disorganized, and the junctions are not continuous. Instead
there are random puncta of ZO-1 labeling throughout the brain region (K, M, O). (P-T)
Embryos treated from 5-22hpf with ouabain show a similar phenotype as the atplal start site
morphants, with disorganized nuclei and junctions. (U-W) Horizonal confocal projection
through the brains of 48 hpf wild type (U), snk to273a (V), and had m883 (W) following labeling
with the ZO-1 antibody. Anterior to top left corner. Scale bars 50 um.
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Figure 5.4 continued
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Figure 5.5 Atplal is spatially required within the neuroepithelium for brain ventricle
inflation.

(A-F) Brightfield microscopy of live emryos at 26 hpf, dorsal views (A-C) and lateral views (D-
F). (A,D) FO transgenic wild-type sibling expressing the empty vector transgene; (B,E) FO
transgenic SNk mutant expressing the empty vector transgene shows no ventricle morphology;
(C,F) FO transgenic snk mutant expressing CNS-specific atplal displays visible ventricle
morphology; (G) FO transgenic sSnk mutant expressing somite-specific atplal shows no ventricle
morphology; (H) FO transgenic snk mutant expressing ubiquitous atplal displays visible
ventricle morphology. The transgenic snk ventricles do not inflate completely with either the
CNS-specific (C) or ubiquitious promoters (H), but this is likely due to the mosaicism of FO
transgenics and the ventricle inflation is still substantial.

snk empty vector F snk-CNS atpia1
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Figure 5.6 Atplal dosage requirements for brain ventricle inflation.

(A-F) Juxtaposition of brightfield and fluorescent microscopy images of mosaic embryos at 24
hpf, dorsal views (A-C) and lateral views (D-F). Donor tissue is pink and host tissue is
unlabeled. (A,D) WT donor tissue into WT host control; (B,E) snk donor tissue into WT host;
(C,F) WT donor tissue into snk host. (G,H) Brightfield microscopy images of dorsal views of
forebrain ventricles of living 28 hpf embryos. (G) wild type, (H) FO transgenic wild type

expressing CNS-specific atplal shows increased forebrain ventricle size, (I) quantification of
forebrain ventricle size, n = 10 for each data set.
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Figure 5.7 atp1b3a is specifically required for forebrain and midbrain ventricle inflation.
Dorsal views of brain flat-mounts after in situ hybridization with probes for atplbla (A),
atplblb (B), atplb2a (C), atplb2b (D), atplb3a (E), atplb3b (F). Both atplbla and atplb3b
are expressed ubiquitously (A,F), atplb2a is expressed neuronally (C), atplb3a expressed in
forebrain, midbain, eyes, and posterior hindbrain (E), and atplblb and atplb2b are expressed at
very low levels (B,D). (A-G) Brightfield microscopy images of dorsal views of living 24 hpf
embryos. (A’-D’) Higher magnification views of the forebrain ventricles of embryos in (A-D).
(A"-D") Tracings of forebrain ventricles in (A’-D’). (A) control morphant shows normal brain
ventricle opening; (B, D) atplb3a start site- and splice site- morphants show severely reduced
forebrain ventricle opening but relatively normal hindbrain ventricle opening. The midbrain
ventricle appears partially reduced in size. (D) Injection of atplb3a mRNA into the morphant
embryos recovers forebrain ventricle inflation. (E-G) Brightfield microscopy images of dorsal
views of living 22 hpf embryos. Suboptimal amounts of atplal MO (E) and atplb3a MO (F)
appear normal, but the combination of both (G) strongly inhibits forebrain and midbrain, but not
hindbrain, ventricle opening. (H) RT-PCR showing abnormal atplb3a mRNA splicing due to
the splicing MO. Approximately 2/3 of the mRNA is abnormally spliced.
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Figure 5.8 Roles of Atplal and Atplb3a during brain development

(A) Atplal (blue oval) is expressed throughout the neuroepithelium, whereas Atplb3a (red
oval) spatially restricts Na'K~ ATPase ion pumping to inflate the forebrain and midbrain
ventricles and may highlight a spatially-distinct regulatory mechanism for inflation of these
ventricles. (B) Atplal plays two roles during brain development.

Early in development, Atplal is necessary for formation of the intact neuroepithelium, including
tight and adherens junctions. Later, Atplal is required for inflation of the brain ventricular
lumen. This is likely due to formation of an osmotic gradient that drives flow of fluid into the
ventricle space.
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Chapter Six

Conclusions and Future Directions
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In this thesis, I present work which has established zebrafish as a powerful system for
studying brain ventricle development. In the zebrafish, the straight neural tube expands into
embryonic forebrain, midbrain, and hindbrain ventricles over a four-hour window during mid-
somitogenesis. Using wild-type and mutant analysis, I defined numerous genes and broad
mechanisms required for the formation of the embryonic brain ventricles. These mechanisms
include neural tube patterning, regulated cell proliferation, tissue morphogenesis, neuronal
development, and regulation of embryonic cerebrospinal fluid (¢CSF). Thus, my studies have
set the framework for further elucidation of the complex mechanisms controlling brain
morphogenesis, and already several projects have stemmed from this work investigating more
detailed aspects of this process. Moreover, | established a collection of over 20 lines of zebrafish
mutants affecting various steps in brain ventricle formation, and many are now being studied by

members of the Sive lab.

Future studies of eCSF formation and function

While my work identified the ion pump, Na” K" ATPase, as a critical regulator of eCSF
formation, ion pumping is only one of many mechanisms involved in eCSF regulation.
Proteomic analyses have identified approximately 200 different proteins, including signaling and
growth factors, extracellular matrix proteins, transport and carrier proteins, enzymes and
proteases (Parada et al 2005; Parada et al 2006; Zappaterra et al 2007). Additionally, eCSF
composition changes during different developmental stages and also between ventricles, further
increasing the complexity of eCSF regulation. Clearly, ion pumps play an important role to
drive fluid into the ventricles, however it will be interesting to uncover the mechanisms which
secrete proteins into eCSF. For example, is all the neuroepithelium secretory, or are there
distinct regions which secrete specific proteins? My data suggest that there is at least some
ventricle-specific regulation of ion pumping in the zebrafish, and it follows that there may be

more complex regional-specific mechanisms for protein secretion as well.

Elucidation of additional ion pumps and channels involved in eCSF formation

In addition to Na" K" ATPase, other ion pumps and channels, such as the Na"HCOs™ co-
transporter Nbcel, play a role in adult CSF formation (Brown et al 2004). These channels may
also function during eCSF formation, which could be tested in a relatively straight-forward

manner in the zebrafish by using a combination of pharmacological inhibitors and antisense
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oligonucleotides to knock down function of specific ion pumps. These experiments could
provide further insight into the early mechanisms of eCSF formation and brain ventricle

inflation, especially if the genes show regionally restricted expression like atplb3a.

Choroid Plexus Formation — a potential site of eCSF regulation

As mentioned in Chapter 1, adult CSF is formed mainly by the choroid plexuses located
in each of the ventricles (Speake et al 2001; Brown et al 2004; Praetorius 2007), although this is
not the origin for eCSF, as substantial embryonic brain ventricle expansion occurs prior to
noticeable choroid plexus formation (Bayer and Altman 2008). One key question is whether
tissue that is destined to become choroid plexus (“embryonic choroid plexus”) may play a role in
eCSF production yet is a morphologically indistinct region of the embryonic neuroepithelium.
For instance, fetal choroid plexus tissue is quite unlike adult choroid plexus tissue. While adult
tissue is composed of a distinctive frond-like monolayer of cuboidal cells around a capillary
core, fetal choroid plexus is a smooth pseudostratified epithelium similar to the embryonic
neuroepithelium (Dohrmann 1970; Dziegielewska et al 2001; Bayer and Altman 2008). Thus, it
is possible that embryonic choroid plexus tissue may be regulating eCSF formation in a
regionally-restricted manner, although it is unclear how early this tissue is specified and when it
begins functioning.

During my studies of wild-type zebrafish embryos, I never observed any tissue in the
brain that resembled the traditional frond-like choroid plexus. Whether this is because I was
looking too early in development, or whether the zebrafish choroid plexus appears
morphologically more similar to fetal choroid plexus, is unknown. The zebrafish choroid plexus
has yet to be definitively identified at any developmental stage, including the adult. Thus, prior
to analyzing a possible role of choroid plexus during eCSF formation in zebrafish, it will first be
necessary to identify the choroid plexus organs and their development in the zebrafish.

However, I did make a possible choroid plexus observation in my study of Na" K"
ATPase function during eCSF formation. As discussed in Chapter 5, brain ventricle inflation
shows a dose-dependent response to knock down of atplal by antisense morpholino
oligonucleotides (Table 6.1). A low dose of the atplal start-site morpholino (0.50ng) caused a
snk-like ventricle inflation defect in 60% of the embryos at 24 hours post fertilization (hpf), but
by 48 hpf, half of those (30% total) were completely recovered, whereas the other half (30%

total) were only partially recovered. Additionally, in these partially recovered embryos, there
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was a striking overgrowth of undulating tissue from the hindbrain roofplate (Fig. 6.1B-D,F-G),
which was never observed in wild-type embryos (Fig. 6.1A). The location of this outgrowth is
where the hindbrain choroid plexus forms in other vertebrate systems. Thus, I speculate that
hyperplasia of this tissue may result from feedback mechanisms which are activated when the
embryonic brain senses low levels of eCSF fluid. Alternatively, this tissue could be a normally-
sized choroid plexus which is simply more visible due to the smaller size of the ventricles,
perhaps causing the tissue to be pushed out of the ventricle. In wild-type embryos, skin pigment
obscures the hindbrain roof-plate tissue at this stage and so it is unclear if this type of tissue
normally occurs within the ventricles (Fig. 6.1A,E). If this is choroid plexus tissue, then that
means that the zebrafish hindbrain choroid plexus forms at least by 48 hpf, and it would be
relatively simple to examine earlier stages using histological techniques until the first
morphological observations of choroid plexus tissue are apparent. Numerous molecular markers,
specific to choroid plexus tissue, exist which could facilitate this analysis.

Interestingly, in one case report of human choroid plexus hyperplasia (a rare disorder of
unknown origin which results in hydrocephalus), the researchers observed that aquaporin
immunoreactivity was significantly reduced compared to normal controls (Smith et al 2007).
While the authors proposed that aquaporin levels were reduced in response to the hyperplasia, it
also seems possible, in light of my potential findings, that the choroid plexus hyperplasia was

stimulated by reduced aquaporin activity.

eCSF flow

Another area of potential interest includes the mechanisms responsible for eCSF flow and
possible functions of the flow. In adult ventricles, CSF is believed to flow in a directional
manner (Fig. 1.1C), beginning in the lateral ventricles and ending at the fourth ventricle, before
it exits into the subarachnoid space covering the brain outer surface where it is likely absorbed.
It is thought that the CSF flow is directed by pressure gradients produced by the one-way
secretion and absorption as well as by beating cilia located on the ependymal epithelium that
lines the ventricles (Nicholson 1999). The flow within the embryonic brain ventricles has not
been addressed, although beating cilia line the ventricular surface by the beginning of brain
ventricle formation. I made preliminary movies of eCSF flow in the zebrafish embryo midbrain
ventricle, which show a circular flow with eCSF going in an anterior direction dorsally and a

posterior direction ventrally, in addition to a general anterior to posterior flow from the forebrain
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to midbrain to hindbrain ventricles (Fig. 6.2). Future experiments should include confirming this
directional flow in addition to analyzing the other ventricles more carefully, as well as
determining when flow begins and how it changes during brain development.

Integral to CSF flow is CSF absorption, which occurs in the arachnoid villi and dural
venous sinuses in the subarachnoid space in the adult brain ventricles (Davson and Segal 1996).
But there is no subarachnoid space in the embryonic ventricles, and it is unclear if eCSF is
absorbed, and if so, how it occurs. There are data that loss of cilia function in the ventricles
leads to hydrocephalus in the embryonic brain in both mice and zebrafish (Ibanez-Tallon et al
2004; Kramer-Zucker et al 2005), but it is unclear how cilia-mediated flow normally contributes
to eCSF absorption mechanisms. Recently, it was shown that the CSF flow in the lateral
ventricles of adult rats creates a gradient of SLIT2 protein and directs migration of neuroblasts to
the olfactory bulb (Sawamoto et al 2006). It will be interesting to determine whether flow in the
embryonic brain ventricles also plays a role in neuroblast migration or other aspects of brain

development.

eCSF function

One exciting project I initiated is a study investigating the function of eCSF during
zebrafish brain development. Data from other systems suggest that factors within the eCSF are
required for brain development. For example, several studies show that drainage of eCSF leads
to reduced cell proliferation and increased apoptosis in the developing chick brain (Desmond and
Jacobson 1977; Desmond 1985; Mashayekhi and Salehi 2006; Salehi and Mashayekhi 2006),
and eCSF can also promote neuroepithelial stem cell growth in culture (Gato et al 2005; Miyan
et al 2006). Investigation of the functional roles of eCSF has gained recent attention as a
promising avenue of neurodevelopment research and may play a critical role in the success of
neural stem cell technology (Cottingham 2007; Zappaterra et al 2007).

However, the current understanding of the roles of eCSF during brain development is
vague, and the exact requirements for specific proteins within the fluid are unclear. In particular,
it is not known whether eCSF is required solely for neuroepithelial cell proliferation in a general
sense, or whether specific factors are required for the neurogenesis of certain neuronal classes.
Current research has not addressed this distinction.

Some of the reagents I acquired during my analysis of Na" K" ATPase function and

eCSF formation will be useful points of entry for defined studies of eCSF function during brain
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development. The snakehead mutant, which lacks eCSF, is a unique tool which currently does
not exist in any other organism. Complementing use of the snk mutant, I also designed an assay
in which the brain is partially severed from the spinal cord prior to brain ventricle inflation,
resulting in a morphological brain phenotype almost identical to the snk mutant (Fig. 6.3).
Assays of this nature will be useful to confirm that a particular snk brain defect is due to loss of
fluid and not to some other cellular function of Na" K" ATPase.

Based on the timing of neurogenesis and eCSF formation, I hypothesize that eCSF is
required for secondary, but not primary, neurogenesis in the zebrafish. The terms “primary” and
“secondary” refer to different neurogenesis waves in zebrafish than in amniotes. In anamniotes
such as zebrafish and Xenopus, “primary” neurogenesis refers to the generation of mostly
transitory neurons such as somatosensory Rohon-Beard neurons (Reyes et al 2004) and the first
differentiated brain neurons forming the early axon scaffold (Chitnis and Kuwada 1990).
Primary neurogenesis in zebrafish begins by the end of gastrulation and early neurulation (10-18
hpf), prior to inflation of the brain ventricles (Park et al 2000). On the other hand, “secondary”
neurogenesis in zebrafish begins by 48 hpf, and refers to all neurogenesis which produces the
majority of neurons found in the adult central nervous system (Mueller and Wullimann 2005).
Preliminary analysis of hindbrain reticulospinal axon tracts in the Snk mutant at 3 days post
fertilization shows variable defects in pathfinding and fasciculation (Fig. 6.4), whereas axon
tracts at 24 hpf do not appear different from wild type (not shown), supporting my hypothesis.

Another graduate student in the Sive lab has continued this project to determine the
specific roles eCSF plays during brain development, using the snk mutant as well as eCSF
drainage assays. This project has the potential to uncover how eCSF controls the process of

neuronal development.
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Na” K" ATPase function during brain development

Specificity of brain function for Na* K™ ATPase isoforms

My work has described the early brain functions of two Na" K~ ATPase isoforms, the
alpha subunit Atplal and the beta subunit Atplb3a. But the zebrafish genome encodes at least 9
different alpha subunits and 6 beta subunits, each with their own distinct expression patterns
during embryonic brain development (Rajarao et al 2001; Serluca et al 2001; Blasiole et al 2002;
Canfield et al 2002). It has become apparent that each Na" K" ATPase isoform plays specific
functional roles during embryonic development of other organs, such as the heart and the ear
(Shu et al 2003; Blasiole et al 2006), but the function of most Na" K" ATPase isoforms have not
been studied in the brain.

Relevant to brain ventricle inflation, there are several isoforms strongly expressed in the
neuroepithelium at the onset of inflation, in addition to atplal and atplb3a. In particular,
atplalb has an interesting expression pattern, as it is solely expressed surrounding the brain
ventricles in a developmental-stage-dependent manner. At the onset of brain ventricle inflation,
expression surrounds only the forebrain ventricle, then at later embryonic stages it localizes to
the ventricular zones of all three ventricles (Thisse et al 2001). Atplalb is perfectly situated to
play a direct role in eCSF formation, and it will be useful to determine if there is a phenotype
after gene knockdown.

One area of Na” K™ ATPase biology which is quite puzzling is how the alpha subunit is
localized at the sub-cellular level. Traditionally, the Na” K™ ATPase enzyme is thought to
localize to the basolateral membrane of most epithelial cells, including in the kidney and in the
gastrointestinal tract (Kyte 1976; McNeill et al 1990). However, there are several tissues in
which at least certain isoforms of Na” K™ ATPase (including Atplal) are localized apically, such
as the embryonic neuroepithelium (Lowery and Sive 2005), the adult choroid plexus (Wright
1972, Rizzolo 1999), the prostate (Mobasheri et al 2001), and the mammalian embryonic
trophoectoderm (Barcroft et al 2002). The mechanism by which Na” K™ ATPase localizes is not
known, although it has been proposed that the beta subunit directs sub-cellular localization
(Geering 2001). The zebrafish would be a useful system to further address this question, using a
combination of beta gene knockdown by antisense morpholino oligonucleotides, gene over-
expression, and immunohistochemistry to determine whether particular beta subunits direct

alpha subunit localization.
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Possible connection between Na*K* ATPase activity and RhoA GTPase in brain development

As described in Chapter 5, I identified an early role for Atplal activity and Na” K"
ATPase ion pumping during formation, but not maintenance, of the neuroepithelium. While this
is consistent with previous data implicating Na” K" ATPase activity during junction formation in
a wide variety of cell types, the direct connection between Na" K~ ATPase function and
epithelial junctions is not clear (Rajasekaran et al 2001; Rajasekaran et al 2003; Violette et al
2006; Cibrian-Uhalte et al 2007; Rajasekaran et al 2007).

How might Na" K" ATPase function regulate epithelial junctions? Rajasekaran et al
suggest a specific mechanism in which abnormal Na" levels directly impact junction formation
through RhoA GTPase mediation (Rajasekaran and Rajasekaran 2003). Ouabain treatment,
which blocks Na” K™ ATPase ion pumping and prevents junction formation in tissue culture, also
inhibits RhoA activity (Rajasekaran et al 2001). Intriguingly, over-expression of RhoA rescues
ouabain-induced junction defects, suggesting that RhoA mediates epithelial junction formation
downstream of Na” K~ ATPase activity (Rajasekaran et al 2001). As a direct signaling
connection has not been shown to occur in vivo, the zebrafish neuroepithelium may provide a
highly tractable in vivo system for analyzing the role of Na 'K~ ATPase activity and possible
signaling pathways such as RhoA during epithelial junction formation. In particular, it may be
interesting to ascertain whether inhibition of RhoA GTPase activity, shown to occur after
ouabain treatment in cell culture, also happens in the early neuroepithelium of atplal start-site
morphants. These and other experiments have significant potential to elucidate the connection
between Na'K" ATPase activity and epithelial junction formation.

It is also possible that a connection between Na 'K~ ATPase and RhoA GTPase would not
be specific to junction formation during neurulation but may occur during brain ventricle
formation as well. Supporting this connection in zebrafish, a dominant-negative construct that
should block all Rho guanine nucleotide exchange factor (RhoGEF) and RhoA activity causes
significantly reduced brain ventricles that appear similar to the snk mutant (Panizzi et al 2007).
Moreover, RhoA regulates Na” K™ ATPase sub-cellular localization in the zebrafish embryonic
pronephros and in cultured renal epithelial cells (Maeda et al 2002; Panizzi et al 2007). Thus, it
is plausible that RhoA activity is also regulating eCSF formation by affecting Na'K~ ATPase
localization and function in the brain, in addition to its possible role in neuroepithelial junction

formation.
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Relationship between cell proliferation and brain ventricle opening

In Chapter 4, I discussed data which showed that cell proliferation plays a role in brain
ventricle development, as there is increased mitosis surrounding the ventricles, and
pharmacologically blocking cell proliferation results in smaller but normally shaped ventricles.
These observations indicate that cell proliferation may provide increased tissue for ventricle
opening to occur. However, my analysis of the foxo5 mutant suggests that the role of cell
proliferation during brain ventricle opening may be more complex.

The fbxo5 mutant is putatively caused by a retroviral insertion in the F-box protein 5
gene, the zebrafish homolog of the mitotic regulator Emil (Reimann et al 2001). I observed that
foxo5 mutants display significantly reduced cell proliferation, increased cell size, and no body
growth (Fig. 6.5A-G). Moreover, the fbxo5 brain ventricle phenotype is significantly more
severe than that observed when cell proliferation is reduced pharmacologically, showing
defective midline separation (Fig. 6.51). It is unclear whether the Fbxo5 protein has a non-cell
proliferation function, or whether abnormal/reduced cell proliferation is leading to the brain
ventricle phenotype. Two possibilities are that cells must be actively cycling in order to respond
to signals that promote certain cell movement or shape changes, or that differential proliferation
within the neuroepithelium regulates later cell behavior by promoting loss of cell-cell
interactions at the midline. In the zebrafish neuroepithelium, control of the plane of cell division
is intimately connected with apicobasal and planar cell polarity, and disrupting signaling
pathways controlling cell polarity lead to abnormal cell behavior following division and
defective daughter cell intercalation into the neuroepithelium (Geldmacher-Voss et al 2003;
Ciruna et al 2006; Tawk et al 2007). As fbxo5 mutant brain ventricles appear somewhat similar
to mutants with apicobasal polarity defects, this is a likely connection between cell proliferation
and brain ventricle defects, and perhaps epithelial intercalation is disrupted in the fbxo5 mutant.
However, further analysis of the fbxo5 mutant, and in particular, confocal time-lapse imaging of
cell behavior during brain morphogenesis, will be required to elucidate the underlying cause of

the fbxo5 brain phenotype.
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Table 6.1 Dose-dependent brain phenotypes with atplal MO at 1 and 2 dpf.

Note: for treatment with 0.5ng MO, 60% of the embryos showed a snk-like brain phenotype. Of

these embryos, one-half showed a partial recovery along with hindbrain ventricle roofplate

hyperplasia, whereas the remaining half appeared wild type.

MO amount | 1 day post fertilization | 2 days post fertilization

1 ng 100% snk 100% snk
0% partial snk 0% partial with roofplate hyperplasia
0% WT 0% WT

0.5 ng 60% snk L, 0% snk
30% partial sn v, 30% partial with roofplate hyperplasia
10% WT 70% WT

0.25 ng 35% snk 0% snk
25% partial snk 0% partial with roofplate hyperplasia
40% WT 100% WT
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Figure 6.1 Possible choroid plexus identification in zebrafish embryos.

(A-H) Lateral views of live 2 days post fertilization embryos, injected with antisense
morpholino oligonucleotides (MO) at the 1-cell stage. (E-H) are higher magnification view of
(A-D). (A,E) Hindbrain ventricle roofplate in control MO has a smooth surface, although
pigment obscures ventricle. (B-D, F-H) 30% of embryos injected with 0.5 ng atplal MO show
hindbrain ventricle roofplate hyperplasia, possibly of choroid plexus tissue (arrows).
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Figure 6.2 Preliminary schematic of zebrafish embryo eCSF flow.

Preliminary cartoon schematic based on 4 movies of eCSF fluorescent dextran flow in 24-26
hours post fertilization embryos. Black line depicts outline of ventricle, red line depicts eCSF
flow. F forebrain ventricle, M midbrain ventricle, H hindbrain ventricle.

eCSF Flow
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Figure 6.3 Severed head assay results in snk-like head phenotype.

(A-C) Lateral views of live embryos at 2 dpf. (A) Wild-type embryos: midbrain and hindbrain

hinge-points apparent (asterisks) and hindbrain ventricle is inflated (red bar notes ventricle
height). (B) Wild-type embryos after severed brain from the rest of the body at 18 hpf: brain
ventricles do not inflate and appear similar to snk embryos (C).

B severed head C snk
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Figure 6.4 Defects in snk hindbrain neurons at 3 dpf.

(A-D) Confocal images of zebrafish dorsal hindbrain flatmounts after immunohistochemistry for
Neurofilament M, which labels hindbrain reticulospinal neurons. (A) Wild-type sibling of snk
clutch. (B-D) Three different snk mutants show variable defects in axon structure and
organization.
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Figure 6.5 fbxo5 mutants show reduced cell proliferation, increased cell size, and midline
opening brain ventricle defects. (A,B) Brightfield microscopy dorsal views of 24 hpf embryos
after immunolabeling with the PH3 Ab. (C,D) Confocal microscopy of epidermis overlying the
brain of 24 hpf embryos after immunolabeling with E-cadherin Ab. Cell surface area quantitated
in (E). (F,G) Brightfield microscopy lateral views of 4 dpf live embryos. (H,I) Superimposition
of brightfield and fluorescent microscopy after ventricle injection with fluorescent-dextran at 26
hpf. Bracket in (I) refers to area of defective midline opening in foxo5 mutant. F forebrain
ventricle, M midbrain ventricle, H hindbrain ventricle.
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Abstract

Organogenesis involves both the development of specific cell types and their organization into a
functional three-dimensional structure. We are using the zebrafish to assess the genetic basis for
brain organogenesis. We show that the whitesnake mutant corresponds to the sfpg (splicing
factor, proline/glutamine rich) gene, encoding the PSF protein (polypyrimidine tract-binding
protein-associated splicing factor). In vitro studies have shown that PSF is important for RNA
splicing and transcription, and is a candidate brain-specific splicing factor, however the in vivo
function of this gene is unclear. sfpq is expressed throughout development and in the adult
zebrafish, with strong expression in the developing brain, particularly in regions enriched for
neuronal progenitors. In the whitesnake mutant, a brain phenotype is visible by 28 hours after
fertilization, when it becomes apparent that the midbrain and hindbrain are abnormally shaped.
Neural crest, heart, and muscle development or function is also abnormal. sfpq function appears
to be required in two distinct phases during development. First, loss of sfpq gene function leads
to increased cell death throughout the early embryo, suggesting that cell survival requires
functional PSF protein. Second, sfpg function is required for differentiation, but not for
determination, of specific classes of brain neurons. These data indicate that, in vertebrates, sfpq

plays a key role in neuronal development, and is essential for normal brain development.
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Introduction

The development of organs is complex, involving both generation of appropriate cell
types and tissues and organization of these in the correct three-dimensional structure. We have
begun to examine brain organogenesis, using the zebrafish as a model and by studying mutants
suggested to be defective in brain development (Jiang et al., 1996; Schier et al., 1996;
Amsterdam et al., 2004).

The whitesnake (wis) mutant was isolated from a chemical mutagenesis screen, and
shows a distinct brain phenotype (Jiang et al., 1996; Schier et al., 1996). Here, we show that the
zebrafish whitesnake (wis) mutant corresponds to disruption of the sfpq gene. sfpq (splicing
factor, proline/glutamine rich), which encodes the polypyrimidine tract binding protein
associated splicing factor (PSF), is enriched in differentiating neurons in the mouse brain and has
been suggested to play a role in neural-specific splicing (Chanas-Sacre et al., 1999). PSF was
first identified as an essential pre-mRNA splicing factor (Patton et al., 1993) and has since been
shown to exhibit multiple functions in nucleic acid synthesis and processing in vitro and in tissue
culture including transcriptional co-repression, DNA unwinding, and linking RNA transcripts
with RNA polymerase II (Emili et al., 2002; Shav-Tal and Zipori, 2002). In addition, it has been
suggested to play a role in tumorigenesis as well as apoptosis, as sfpq translocation occurs in
papillary renal cell carcinoma (Clark et al., 1997), and nuclear relocalization and
hyperphosphorylation of PSF occur during apoptosis (Shav-Tal et al., 2001).

In this report, we present the first whole animal study of sfpq loss of function. Our data
suggest that sfpq function is required for cell survival, and that it is also required for the

differentiation, but not determination, of specific neuronal classes.

Results and Discussion

The whitesnake mutation disrupts normal brain and body development

The whitesnake (wis) mutant was isolated from a chemical mutagenesis screen, and
shows a distinct brain phenotype (Jiang et al., 1996; Schier et al., 1996). Phenotypic
abnormalities are first visible during mid-somitogenesis. By 22 hours post fertilization (hpf),
there is a subtle change in the curvature of the entire body, with the tail remaining more curved

than wild-type siblings and the hindbrain more flat (not shown). In addition, wis mutants lack
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myotomal contractions, and the somites are abnormally organized (not shown). The wis
phenotype is more pronounced by 24 hpf, with absence of eye pigmentation, and slightly
reduced brain ventricle width (Fig. A1.1B,E). By 28 hpf, mutants show an absence or severe
reduction in body pigmentation, flattening of the brain, a curved and thick yolk extension,
reduced heartbeat, and a lack of touch response (Fig. A1.1H, and not shown). Injecting the brain
cavity with a fluorescent dye (Lowery and Sive, 2005) highlights structural abnormalities by this
stage - all the embryonic brain ventricles are reduced, with the midbrain ventricle most severely
affected, however there is variability in the extent of ventricle reduction (Fig. A1.1H and Fig.
A1.2). At 2 days post fertilization (dpf), the wis brain is smaller than in wild-type siblings, and
the size of all brain ventricle cavities are severely reduced, with the midbrain ventricle almost
completely absent (Fig. A1.1J-Q). The tail does become straight, though all other 24 hpf defects
persist. wis mutant embryos die by 4 dpf, when cells appear to become necrotic and the embryo
disintegrates. The two alleles analyzed, tr241 and m427, have indistinguishable phenotypes.
These results show that loss of wis function leads to profound morphological defects
affecting several organ systems, with specific defects in the brain. The brain morphology defect

appears relatively late, after the initial shaping of the brain.

The whitesnake mutant corresponds to the sfpq gene, encoding the PSF protein

We observed that the wis phenotype appears very similar to that of the sfpg hil779
retroviral insertion mutant (compare Fig. A1.1B and C, E and F, H and 1), although only
preliminary analysis of the sfpq phenotype has been reported (Amsterdam et al., 2004). The sfpq
gene (splicing factor, proline/glutamine (q) rich) encodes the PSF (polypyrimidine tract-binding
protein-associated splicing factor) protein, a 619-amino-acid nuclear factor. In vitro assays using
cell extracts indicate that PSF can participate in a variety of functions, including RNA splicing
and transcriptional regulation (Patton et al., 1993; Shav-Tal and Zipori, 2002).

Crosses between the wis"*

and sfpgq mutants showed that they fail to complement, and
are therefore likely to be different alleles of the same locus. In a cross of wis and sfpq
heterozygotes, 144 (73%) showed a wild-type phenotype and 54 (27%) a mutant phenotype, as
expected for non-complementing loci (198 embryos total).

sfpgq™*’"® has a 6kb retroviral insertion at base 553 in the coding sequence, which leads to
a truncation of the protein at amino acid 197 (Fig. A1.1R). This truncation removes the RNA

recognition motifs and the two nuclear localization sequences needed for protein function (Dye
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and Patton, 2001), suggesting that the hil779 PSF protein is not functional. We asked whether
the wis phenotype is due to a mutation in the sfpq gene by comparing cDNA sequences from

tr241 m427

wild type, wis™ <"~ and wis™ " mutants. The tr241 allele of wis contains a C to T mutation at

position 499 in the sfpg coding sequence, which results in a premature stop codon at amino acid

M427 allele has incorrect

position 167 (Fig. A1.1R) and severe truncation of the protein. The wis
splicing of the last exon which truncates the last 39 amino acids, removing the last nuclear
localization sequence previously shown to be necessary for protein function (Dye and Patton,

2001). There are no obvious mutations in the wis™?’

genomic DNA coding sequence which
could account for the splicing error, and thus it is likely that the mutation exists elsewhere,
perhaps in intronic sequence. We used RT-PCR to analyze sfpq RNA levels in wis™* and did
not see gross differences in levels between mutant and wildtype (data not shown).

We further confirmed gene assignment by rescuing the wis phenotype with sfpg mRNA.
Injection of 100 - 200 pg sfpg mRNA partially rescues the wis brain ventricle, yolk extension,
pigment, and movement defects at 28 hpf (n=17, 94% rescue, Fig. A1.3B,E). The incomplete
rescue is likely to be due to degradation of the injected mRNA by later stages of development.
Consistently, we were able to partially phenocopy the wis phenotype by injecting 8 ng antisense
morpholino oligonucleotides targeted to the sfpq start site (Fig. A1.3G-L). These morphant
embryos showed the wis brain morphology defect, mild tail curvature, and reduced pigmentation
in 100% of injected embryos (n=89) (Fig. A1.3H,K), although myotomal contractions and touch
response were not eliminated, suggesting we were not able to completely deplete sfpg function

with the morpholino.

sfpq is expressed throughout the embryo and adult zebrafish and is enriched in the brain
during neuronal development

PSF protein is localized to differentiating neurons in the embryonic mouse brain
(Chanas-Sacre et al., 1999), but the expression pattern of this gene has not been thoroughly
examined during development. We therefore examined the expression patterns and level of sfpq
RNA during zebrafish development, using RT-PCR and whole mount in situ hybridization. RT-
PCR shows that sfpq is expressed both maternally and zygotically, with maximal expression at
18 hpf and continuing through 3 dpf. Expression is also strong in the adult brain, but there are
varying levels of weaker expression in the eyes, gut, heart, and body muscle (Fig. A1.4A). In

situ hybridization demonstrates that sfpq expression is ubiquitous until mid-somitogenesis (Fig.
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A1.4B-G). By 18 hpf, sfpq expression is slightly stronger in presumptive rhombomere 4 (Fig.
A1.4H, arrow) as well as in the developing telencephalon (Fig. A1.4H, bracket). By 24 hpf,
expression appears much stronger in the brain than in non-neural tissue (Fig. A1.4I), with
strongest expression in the telencephalon, midbrain, hindbrain and retina (Fig. A1.4J,K). At2-3
dpf, sfpq expression is apparent only in distinct regions of the brain (Fig. A1.4L-Q). At 2 dpf,
expression is strong in the ventral hindbrain and in dorsoventral stripes throughout the hindbrain
(Fig. A1.4M,N). At 3 dpf, expression is strongly detected in a region ventral to the brain, but
also faintly along many axon tracts (Fig. A1.40-Q). By the more sensitive RT-PCR assay, sfpq
is also expressed in the tail at 3 dpf (Fig. A1.4A, lane 9).

The strong expression of sfpq in distinct areas of the brain prompted us to ask whether
this gene is expressed in regions of active neurogenesis. We addressed this question by double-
labeling 24 hpf embryos for sfpg RNA by in situ hybridization followed by antibody labeling for
HuC/D, an early marker for post-mitotic neurons (Marusich et al., 1994). This confirmed that
multiple regions in the brain with the strongest sfpq expression overlap with regions labeled with
HuC/D (Fig. A1.5). This overlap is particularly apparent in the telencephalon (Fig. A1.5A,C
bracket) and in the hindbrain (Fig. A1.5B,D bracket). A higher magnification view of the
hindbrain shows two darker stripes along its anteroposterior extent, with less expression
medially (Fig. A1.5B, dark stripe in brackets). HuC/D labeling in the hindbrain occurs only
within the region of stronger sfpq expression (Fig. A1.5D).

These data show that differentiating neurons express high levels of sfpq in the zebrafish,
and together with a report of high PSF levels in differentiating mouse brain neurons (Chanas-
Sacre et al., 1999), suggest that PSF may have brain-specific activity, functioning during
neuronal differentiation. However, sfpq is also expressed broadly during zebrafish embryonic
development and in the adult, consistent with PSF expression in non-neural human and rat
tissues (Shav-Tal et al., 2000; Dong et al., 2005). Reminiscent of the case for sfpg, the RNA
binding proteins, Noval and Nova2, have been proposed to be brain-specific splicing factors in
mammals, and aberrant splicing of neural genes is seen in Nova knock-out mutants (Yang et al.,
1998; Jensen et al., 2000; Ule et al., 2005). However, both Noval and Nova2 are also expressed
in one or more non-neural tissues, including liver and lung (Buckanovich et al., 1993; Yang et
al., 1998). Thus, splicing factors with tissue-specific activity may also have more general
activity. This is the case for the essential splicing factor ASF/SF2, which has been implicated in
cardiac-specific splicing (Xu et al., 2005b), while the ubiquitously expressed PTB, the
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polypyrimidine-tract-binding protein, specifically represses neuron-specific splicing of the

GABA (A) receptor in non-neuronal cells (Ashiya and Grabowski, 1997).

Loss of sfpg function does not affect cell proliferation but leads to widespread cell death

While extensive in vitro analysis has shown that PSF protein can participate in a variety
of functions (Shav-Tal and Zipori, 2002), loss of PSF function has not been examined in any
whole animal. In order to characterize the PSF loss of function phenotype, we analyzed levels of
cell proliferation in wis embryos at 24 hpf, by labeling mitotic cells with an antibody to
phosphorylated histone H3 (PH3) (Hendzel et al., 1997; Saka and Smith, 2001). There are no
obvious differences in cell proliferation levels between wis mutants and their wild-type siblings
(Fig. A1.6A,B), and quantitation of PH3 positive cells in the hindbrain and trunk region show no
statistical difference between mutant and wild type embryos (n=8, p=0.8046, Fig. A1.6C, and
data not shown).

In contrast, analysis of cell death at 24 hpf by TUNEL labeling shows that wis mutants
display twice the normal amount of cell death throughout the embryo (Fig. A1.6D-F, n=14,
p<0.0001, and data not shown). Increased cell death continues through 2 dpf (data not shown),
occurring in many tissues, even those which express sfpq at low levels. This could be due to loss
of low level sfpq expression, or it could be a result of loss of sfpq at earlier timepoints.
Regardless, these results suggest that sfpq is not required for regulation of cell proliferation, but
is involved in regulating cell death. Several lines of evidence suggest that PSF responds to
and/or can modulate apoptosis. In apoptotic cells, PSF dissociates from a partner, PTB, and
binds new partners, including the splicing factors UI-70K and SR proteins (Shav-Tal et al.,
2001). Additionally, during apoptosis, PSF relocalizes into globular nuclear structures, rather
than in the nuclear “speckles” (interchromatin granules) normally observed (Shav-Tal et al.,
2001). Interestingly, PSF induces apoptosis when over-expressed in mammalian cell culture (Xu
et al., 2005a), and it is not clear how this observation relates to the increase in apoptosis we

observe in Wis/sfpg mutants.

sfpq is required for the differentiation, but not determination, of certain neuronal cell types
Since sfpq is strongly expressed in the brain, and particularly in determined, post-mitotic
neuronal precursors, we asked whether and when sfpq alters neuronal development. We first

analyzed neural patterning in Wis mutants at 24 hpf. Expression of the anteroposterior neural
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markers krox20, pax2.1, and the dorsoventral markers opl, and shh (Krauss et al., 1991; Krauss
et al., 1993; Oxtoby and Jowett, 1993; Grinblat et al., 1998) is identical in wis mutants and wild-
type siblings (Fig. A1.7A,B, and data not shown), suggesting that sfpq is not required for early
neural patterning. Second, we analyzed early neurogenesis in wis mutants. Expression of
zash1B, a proneural gene expressed exclusively in cycling neural progenitors (Allende and
Weinberg, 1994; Mueller and Wullimann, 2003), is similar between wis mutants and wild-type
siblings (data not shown). Similarly, expression of HuC/D, one of the earliest markers for post-
mitotic neuronal precursors (Marusich et al., 1994), shows no difference between wis and wild-
type siblings (Fig. A1.7C-G). Quantitation of HuC/D cell labeling in the spinal cord confirms
that the number of Hu-positive cells is the same between wis and wild-type embryos (Fig.
A1.7E-G, n=5, p=0.2672). These results indicate that sfpq is not required for early neural
patterning and neuronal determination, and show that the number of post-mitotic neuronal
precursors is normal in the wis mutant.

In contrast, markers for later neuronal differentiation show obvious expression defects in
wis mutants. Labeling the 24 hpf embryonic axon scaffolds with anti-acetylated tubulin or anti-
HNK-1 (Metcalfe et al., 1990) demonstrates a large reduction in the number of axon tracts
throughout the brain (Fig. A1.8A-J). Immunostaining with a monoclonal antibody directed
against Neurofilament M, which labels both cell bodies and axons of hindbrain reticulospinal
neuronal (Pleasure et al., 1989), shows a complete absence of all reticulospinal neurons in the
hindbrain except the Mauthner neurons (Fig. A1.8K,L). By 2 dpf, Mauthner neurons appear
somewhat abnormal, with a rounded cell body and occasional axonal pathfinding abnormalities
(Fig. A1.8M,N, and not shown). No other hindbrain reticulospinal neurons are present.
Importantly, not all neuronal cell types are affected in wis, as labeling with an anti-islet antibody
which marks differentiated motoneuron cell bodies (Ericson et al., 1992) shows no differences
between wis and wild-type siblings in the brain (Fig. A1.80,P) or in the spinal cord (Fig.
A1.8Q,R). Quantitation in the brain demonstrates identical numbers of labeled cells are present
in this region (n=5, p=0.7517, Fig. A1.9). One caveat to these conclusions is that we have
analyzed survival of motoneuron cell bodies but not axons, raising the interesting possibility that
cell bodies survive while axons degenerate. However, this is clearly not generally true, as both
cell bodies and axons were absent from wis reticulospinal neurons.

These data suggest that a second phase of sfpq function is neural-specific. In particular,

only specific classes of differentiated neurons are absent in the sfpg/wis mutants, while other
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classes are present in normal numbers. Furthermore, the number of post-mitotic neuronal
precursors identified by HuC/D labeling is indistinguishable between wild type and mutant at 24
hpf. Thus, even with increased cell death throughout the embryo, normal numbers of determined
and post-mitotic neurons are recruited. Together, the data indicate that neuronal differentiation,

but not neuronal determination, requires sfpq function.

Conclusion: Separable functions for sfpg?

Is the increase in cell death we observe in sfpg/wis mutants simply the result of removing
a housekeeping function from the embryo? The notion of housekeeping functions has become
complex, where some genes have both ubiquitously required functions and cell type-specific
functions, such as the essential splicing factor ASF/SF2, implicated in cardiac-specific splicing
(Xu et al., 2005b), and the ubiquitously expressed PTB, the polypyrimidine-tract-binding
protein, which represses neuron-specific splicing in non-neuronal cells (Ashiya and Grabowski,
1997). PSF may also have both general and tissue-specific functions.

Clearly, there is an embryo-wide requirement for PSF protein. Our data suggest that PSF
normally suppresses apoptosis, although the mechanisms by which it interfaces with the
apoptotic machinery is not clear. A report that overexpressed PSF promotes apoptosis in
mammalian tissue culture contradicts our finding in whole animals (Xu et al., 2005a), and
suggests either that cells respond to either too much or too little PSF, or indicates a species-
specific difference in PSF function.

Later in development, a second effect of loss of PSF function is apparent, as specific
neuronal classes fail to differentiate. This is not a general phenotype, as formation of some
neuronal classes is unaffected, while numbers of neurons in other classes are profoundly
decreased or are absent. Consistent with two phases of sfpq function is the replacement of low
level, ubiquitous early expression of sfpq with later and very strong expression that is enriched in
developing brain relative to the rest of the embryo. This suggests separable early and late
functions for sfpg. Our data are consistent with other reports that demonstrate PSF has numerous

cellular functions (Shav-Tal and Zipori, 2002).

Is specific neuronal loss linked to the effects of PSF on apoptosis? We cannot yet
distinguish whether particular neuronal classes are absent because they do not survive or because

they cannot differentiate. This question will be best answered by defining whether neuronal
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progenitors die in spfg/wis mutants. Definition of PSF target genes will also help answer this
question. An alternate explanation is that another function of PSF is necessary for differentiation
of specific neuronal classes. In particular, PSF could play a role in brain-specific splicing or
transcriptional regulation. whitesnake/sfpg mutants will be indispensible tools to investigate
whether PSF function depends on its splicing activity or on another function of this protein, and

to characterize potential targets of PSF.

Experimental Procedures

Fish lines and maintenance
Danio rerio were raised and bred according to standard methods (Westerfield, 1995). Embryos
were kept at 28.5°C and staged according to Kimmel et al. (Kimmel et al., 1995). Times of

development are expressed as hours post-fertilization (hpf) or days post-fertilization (dpf).

Lines used were: AB, Tiibingen Long Fin, Squhi1779 (Amsterdam et al., 2004), wis4 (Jiang et
al., 1996), wis™?’ (Schier et al., 1996). For PCR genotyping, tails or embryos were digested
with proteinase K (1 mg/ml) in lysis buffer (10 mmol/l Tris pH 8§, 1 mmol/l EDTA, 0.3% Tween-
20, 0.3% NP40). Because Squhi1779 has a retroviral insertion in the sfpq gene, mutant
individuals could be identified by PCR. Primersused: 1779c: 5’- cagcagactcccaccgteg -3°,
MSLA4: 5°- gctagcettgccaaacctacaggt -3’ (MWG Biotech). MSL4 detects the retroviral insertion
which is located 553 base pairs downstream from the sfpq start site in the hil779 mutant. The C

to T mutation present in wis">*

introduces an Accl restriction site and thus can be detected by
PCR followed by digestion. All procedures on live animals and embryos were approved by the

Massachusetts Institute of Technology Committee on Animal Care.

Brain ventricle imaging

Methods for brain ventricle imaging have been described previously (Lowery and Sive, 2005).
Briefly, embryos were anesthetized in 0.1 mg/ml Tricaine (Sigma) dissolved in embryo medium
prior to hindbrain ventricle microinjection with 2-10 nl dextran conjugated to Rhodamine (5% in

0.2 mol/l KCl, Sigma), and then embryos were imaged by light and fluorescence microscopy
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with a Leica dissecting microscope, using a KT Spot Digital Camera (RT KE Diagnostic

Instruments). Images were superimposed in Photoshop 6 (Adobe).

Detection of whitesnake mutation

Total RNA was extracted from mutant embryos and wild-type siblings using Trizol reagent
(Invitrogen), followed by chloroform extraction and isopropanol precipitation. cDNA synthesis
was performed with Super Script I Reverse Transcriptase (Invitrogen) and random hexamers.
PCR was then performed using five sets of primers, which amplify the coding region of sfpq.
Primers used: sfpqlF 5°- tgagggtgctcctetetttg -3°, sfpqlR 5°- gagagcgttgccttcaatte -3°,
sfpg2F 5°- tccaccgaagatccagtete-3°, sfpq2R 5°- ggcagetggcettagaagaaa-3’,

sfpq3F 5°- gaggttgcgaaagcagagtt-3°, sfpq3R 5’- tcatctcctectetetectacg-3°,

sfpg4F 5’-aggcagcaagtggagaaaaa-3’, sfpq4R 5’- gccacaaatgggatgagttt-3’

sfpq5F 5’-gcaaacgcgaggaatcttac-3°, sfpgSR 5’-tttttgggagaaccaactge-3’

RT-PCR products were used for sequencing analysis, performed by Northwoods DNA, Inc.
(Solway MN). Sequencing data were analyzed using the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/), and the cDNA sequence of sfpq was obtained from the
GenBank database (NM_213278).

RNA injections

Full-length sfpg cDNAs were generated by RTPCR with primers including Clal/Xbal sites,
Clal-sfpqlF 5’- ccat/cgattgagggtgctcctetetttg -3°,

Xbal-sfpqSR  5'- gct/ctagatttttgggagaaccaactge -3'. The PCR fragments were subcloned into
pCS2+, and the pCS2+ constructs were linearized by Notl. Capped mRNA was transcribed in
vitro using the SP6 mMessage mMachine kit (Ambion). Embryos were injected at the one-cell
stage with 100-300 pg mRNA. The embryos phenotypically rescued by mRNA injection were
identified as mutants by genotyping.

Morpholino oligo injections
A morpholino antisense oligonucleotide (MO) targeted to the translation start site of zebrafish
sfpq (5°- ccatgecaccgegeatecccattee -3°) was injected into 1-2 cell embryos. The final amounts

used were 8 ng of sfpg or control MO (provided by Gene Tools Inc).
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RT-PCR time course

Total RNA was extracted from staged wild-type embryos or adult dissected tissue using Trizol
reagent (Invitrogen), followed by chloroform extraction and isopropanol precipitation. cDNA
synthesis was performed with Super Script II Reverse Transcriptase (Invitrogen) and random
hexamers. PCR was then performed using sfpg4F and sfpg4R (listed above), and actinF 5°-

tatccacgagaccaccttcaactcc-3’, actinR 5’°-ctgcttgetgatccacatctgetgg-3’

In situ hybridization

RNA probes containing digoxigenin-11-UTP were synthesized from linearized plasmid DNA for
sfpq, pax2.1(Krauss et al., 1991), krox20 (Oxtoby and Jowett, 1993), opl (Grinblat et al., 1998),
shh (Krauss et al., 1993), and zash1B (Allende and Weinberg, 1994) as described (Harland,
1991). Standard methods for hybridization and for single color labeling were used as described
elsewhere (Sagerstrom et al., 1996). After staining, embryos were fixed in 4%
paraformaldehyde overnight at 4 degrees C, washed in PBS, dehydrated in methanol, and then
cleared in a 3:1 benzyl benzoate/ benzyl alcohol (BB/BA) solution prior to mounting and

imaging with a Nikon compound microscope.

Immunohistochemistry

Whole-mount immunostaining was carried out using rabbit anti-phosphohistone H3 (Upstate
Biotechnology, 1:800), mouse anti-acetylated tubulin (Sigma, 1:1000), mouse anti-neurofilament
RMO044 (Zymed #13-0500, 1:50), mouse HNK-1/zn-12 (Zebrafish International Resource
Center, 1:500), mouse 39.4D5 anti-islet (Developmental Studies Hybridoma Bank, 1:100),
mouse anti-HuC (Molecular Probes, 1:500), and mouse MF20 IgG2b (Developmental Studies
Hybridoma Bank, 1:10). Goat anti-rabbit IgG Alexa Fluor 488 (Molecular Probes, 1:500), goat
anti-mouse Alexa Fluor 488 (Molecular Probes, 1:500), goat anti-mouse IgG HRP (Sigma,
1:500), goat anti-rabbit I[gG HRP (Sigma, 1:500), and goat anti-mouse 1gG2b Alexa Fluor 568

(Molecular Probes, 1:500) were used as secondary antibodies.

For labeling with anti-phosphohistone H3, anti-acetylated tubulin, HNK-1 antibody, 39.4D5
antibody, anti-HuC, and MF20 antibody, dechorionated embryos were fixed in 4%
paraformaldehyde for 2 hours at room temperature, then rinsed in PBS. For anti-phosphohistone

H3 and anti-HuC, endogenous peroxidase activity was quenched in 10% hydrogen peroxide in
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PBT for 1 hour. For all antibodies, blocking was done for 4 hours at room temperature in 0.5%
Triton X, 4% normal goat serum, in phosphate buffer. Detection of HRP was performed with the
DAB substrate peroxidase kit (Vector Laboratories). Fluorescent secondary antibodies were
visualized by confocal microscopy (LSM510). Brains were flat-mounted in glycerol and

imaged. Images are composites of several scans.

For labeling with RM044 antibody, dechorionated embryos were fixed in 2% tricloroacetic acid
3 hours at room temperature, washed in PBS, blocked in 10% normal goat serum in PBT for 3
hours, prior to incubation in antibody. The brains were partially dissected and mounted for
visualization by confocal microscopy.

To block pigmentation, embryos were incubated in 0.2mM 1-phenyl-2-thiorurea in embryo

media beginning at 22 hpf.

Cell death labeling

DNA fragmentation during apoptosis was detected by the TUNEL method, using ‘ApopTag' kit
(Chemicon). Embryos were fixed in 4% paraformaldehyde in PBS for 2 hours, then rinsed in
PBS and dechorionated. Embryos were dehydrated to 100% ethanol, stored at —20°C overnight,
then rehydrated in PBS. Embryos were further permeabilized by incubation in proteinase K (5
pug/ml) for 5 minutes, then rinsed in PBS. TdT labeling was followed per manufacturer's
instructions. Anti-DIG-AP (Gibco, 1:100) was used to detect the DIG labeled ends. Brains were

flat-mounted in glycerol and imaged.

Statistical analysis
To quantify amount of cell proliferation, cell death, or antibody staining, labeled cells in a
defined area of the brain and/or tail were counted and then compared statistically using an

unpaired t-test (InStat v.3, GraphPad software).
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Figure A1.1 Phenotype of whitesnake/sfpg mutants.

Brain ventricles were visualized by microinjecting a fluorescent dye, Rhodamine-dextran, into
the hindbrain ventricle of living anesthetized embryos at 24 hpf (A-F), 28 hpf (G-I), and 2 dpf (J-
Q). At 24 hpf, the wis"™*! mutant has reduced brain ventricles and abnormal curvature of the tail
(B,E), as compared to wild type (A,D), and the squh'1779 mutant phenotype is similar (C,F). At
28 hpf, both wis"™* and Squh'1779 show variable reduction in brain ventricle size and reduced
pigmentation (H,I). By 48 hpf, the wis brain ventricle reduction becomes more severe compared
to wild type, especially in the midbrain (J-Q). Dorsal views (A-C, G-I, N-Q); side views (D-F, J-
M). F, forebrain; M, midbrain; H, hindbrain. Scale bar 100 pum.

(R) sfpq gene/PSF protein and corresponding mutations. wis"** has a C to T mutation at
position 491 of coding sequence, which results in an early stop codon at amino acid 167.
Squh'1779 has a 6kb retroviral insertion (which has a stop codon early in the insertion sequence).
wis™?" mRNA has aberrant splicing resulting in 200 base pairs of intronic sequence inserted
before the last exon. Both Squh'177 and wis"** are truncated near the end of P/Q-rich region,
and wis™?’ lacks the last NLS. P/Q, proline/glutamine-rich region; RRMs, RNA recognition
motifs; NLS, nuclear localization sequence.
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Figure Al.1 Continued
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Figure A1.2 Brain phenotype of the whitesnake/sfpq mutant is variable.

Brain ventricles were visualized by microinjecting a fluorescent dye, Rhodamine-dextran, into
hindbrain ventricle of living anesthetized embryos at 28 hpf. Both wis"*! and Squh'1779 show
variable reduction in brain ventricle size. (A,B) show most severe phenotype, while (C,D) show
least severe. Dorsal views, anterior left. Scale bar 100 pum.
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Figure A1.3 sfpqg mRNA partially rescues the whitesnake phenotype and sfpg morpholino
phenocopies mutant phenotype at 28 hPf'
(A.D) WT sibling of wis™* (B,E) wis"™* mutant injected with ~100 pg sfpqg mRNA (C,F)

il
Wis
sfpg morpholino, (I,L) sfpq
Scale bar 100 pum.

mutant. (G,J) WT irr11j 1e%ed with 8ng control morpholino, (H,K) WT injected with 8ng
I

mutant. (A-C, G-I) dorsal views; (D-F, J-L) lateral views.
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Figure A1.4 sfpg expression patterns.

(A) RTPCR for sfpq in embryonic tissue shows that sfpq is expressed beginning at 1 hpf (lane 1)
and peaks at 18 hpf (lane 5). Adult tissue also has sfpq expression, with the brain showing the
highest level (lane 11) and heart and body muscle showing lower levels (lanes 14, 15). Actin
RTPCR was used as control for RNA levels.

(B-Q) sfpq in situ hybridization time course shows that sfpq is expressed throughout
embryogenesis. (B) 1 hpf (4 cell stage), side view; (C) 4 hpf (blastula stage), side view; (D) 8
hpf (75% epiboly stage), side view, dorsal right; (E) 12 hpf (6 somite stage), side view, dorsal
right, anterior top. (F-H) 18 hpf, strongest expression in the forebrain (H, bracket) and in
presumptive rhombomere 4 (H, arrow). (I-K) 24 hpf. (L-N) 2 dpf, expression appears restricted
to strong longitudinal strips in the ventral brain (M, arrow) and in weaker transverse stripes in
the hindbrain. (O-Q) 3 dpf, expression ventral to brain (P, arrow) and along axon tracts. (F-G, I-
J, L-M, O-P) side views, anterior left. (H,K,N,Q) dorsal views, anterior left. Note: in I-Q,
regions without staining may not be in focus, as to allow high magnification imaging of the
stained regions. In areas of staining, the fuzziness sometimes observed is due to low levels of
diffuse staining, not poor imaging. Scale bar 100 pum.
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Figure A1.4 Continued
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Figure A1.5 sfpq is strongly expressed in regions of neurogenic activity.

(A,B) 24 hpf wild-type embryos labeled for sfpq expression by in situ hybridization only, and
(C,D) wild-type sibling embryos double labeled for sfpqg mRNA expression and HuC protein by
immunohistochemistry show that regions of strongest sfpq expression in the brain (brackets)
overlap with HuC, a marker for post-mitotic neuronal precursors. (B,D) show higher
magnification of hindbrain; brackets mark strong sfpq expression overlapping with HuC
labeling. Midline staining is an artifact of the staining process, since it is not observed in
embryos cut open prior to staining. (A-D) Dorsal views. Anterior left. Scale bar 100 um.
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Figure A1.6 Cell proliferation and cell death analysis in whitesnake mutants.

(A-C) Cell proliferation analysis, using PH3 antibody labeling. (A,B) Fixed and labeled wild
type and wis brain at 24 hpf. (C) Quantification comparing labeling in hindbrain shows no
difference between wild type and mutant, n=8, p=0.8046. (D-F) Cell death analysis, using
TUNEL staining. (D,E) Fixed and labeled wild type and wis brain at 24 hpf. (F) Quantification
comparing labeling in hindbrain shows approximately twice the amount of cell death in the
mutant than in wild type, n=14, p<0.0001. Error bars denote standard error. (A-B, D-E) Dorsal
views. Boxes mark region used for quantitation. F forebrain, M midbrain, H hindbrain. Scale

bar 100 pum.
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Figure A1.7 Neuronal determination is normal in whitesnake mutants.

(A,B) in situ hybridization for pax2a (labeling nasal placodes, midbrain-hindbrain boundary, and
otic vesicles - arrowheads) and krox20 (labeling rhombomeres 3 and 5 - arrows) show similar
staining patterns in wild type and mutant. (C,D) immunohistochemistry for HuC, a marker for
post-mitotic neurons, shows identical patterns between wild type and mutant. This has been
quantified in graph (E), which depicts the number of HuC labeled cells per unit area in the spinal

cords of wild type and wis (F,G). F forebrain, M midbrain, H hindbrain. Scale bar 100 pm.
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Figure A1.8 Specific neurons are absent in whitesnake mutants.

(A-F) acetylated tubulin antibody labeling, and (G-J) HNK-1 antibody labeling, both of which
mark most differentiated neurons and their axons, show reduced number of axons in wis mutant
in the hindbrain (B,D,H), midbrain (F) and eyes/forebrain (J) compared to wild type (A,C,E,G,I);
(K-N) RM044 Ab, which labels reticulospinal neurons, shows an absence of all reticulospinal
neurons in the wis hindbrain except Mauthner neurons (labeled with M) at both 24 hpf (L) and 2
dpf (N), compared to wild type (K,M); (O-R) 4D5 Islet antibody, labeling motoneurons, shows
no loss of motoneurons in whitesnake in the dorsal diencephalon (P) or spinal cord (R) compared
to wild type (O,Q). A anterior, P posterior. (A-D, G-P) dorsal views. (E-F, Q-R) side views.
Scale bar 50 pm.

Ac Tub Ab

WT 24 hpf wis 24 hpf

HNK-1 Ab

RMO44 Ab
reticulospinal neurons ——— most differentiated neurons

p #% u B gy

pboe % ©.9 ot %

Islet Ab
motoneurons

297



298



Figure A1.9 Quantification of Islet antibody labeling in brain.
Quantification comparing Islet antibody labeling in brain shows approximately the same amount

of labeling in wis mutants as in wild-type embryo at 24 hpf, n=5, p=0.7517. Error bars denote
standard error.
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Appendix Two

Formation of the midbrain-hindbrain boundary
constriction requires laminin-dependent basal
constriction

To Be Published As:

Jennifer H. Gutzman’, Ellie G. Graeden’, Laura Anne Lowery, Heidi S. Holley, and Hazel Sive.
Formation of the midbrain-hindbrain boundary constriction requires laminin-dependent basal
constriction. *authors contibuted equally

Contributions:

LAL performed preliminary experiments identifying sly and gup as MHB constriction mutants,
examined wild-type MHB formation by time-lapse confocal microscopy, and proposed the
hypothesis that MHB constriction requires laminin but not ventricle inflation or apical epithelial
integrity. LAL also assisted in editing the manuscript. JHG did the immunohistochemistry and
some of the live confocal imaging used in this paper, and co-wrote the manuscript with EG, who
also did the live confocal imaging and quantification of cell shape changes. HSH did the brain
ventricle imaging.

Abstract
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The midbrain-hindbrain boundary (MHB) is a highly conserved fold in the embryonic
vertebrate brain. We have termed the point of deepest constriction of this fold the “MHB
constriction” (MHBC), and have begun to define the mechanisms by which it develops. The
MHBC is formed soon after neural tube closure in the zebrafish, concomitant with other aspects
of brain morphogenesis, including inflation of the brain ventricles. We show that zebrafish
MHBC formation begins as cells at the MHB shorten to 75% of the length of surrounding cells.
This is followed by basal constriction and apical expansion of a small group of cells that
contribute to the MHBC. Brain ventricle inflation is not necessary for basal constriction at the
MHBC, demonstrating that this process is likely to be actively regulated. Furthermore, basal
constriction, but not the earlier cell shortening, requires laminin. This study demonstrates
laminin-dependent basal constriction as a previously undescribed molecular mechanism for brain

morphogenesis.
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Introduction

During development of the vertebrate brain, the neural tube acquires complex structure
including the brain ventricles and conserved folds and bends. These folds and bends delineate
functional units of the brain, and are likely to shape the brain such that it can pack into the skull.
The midbrain-hindbrain boundary (MHB) is the site of one of the earliest bends in the
developing brain. In the embryo, the MHB functions as an embryonic organizing center (Brand
et al., 1996; Joyner, 1996; Puelles and Martinez-de-la-Torre, 1987; Sato et al., 2004) and later
becomes the cerebellum and part of the tectum (Louvi et al., 2003).

We have called the point of deepest constriction in the MHB the “midbrain-hindbrain
boundary constriction” (MHBC). In the present study, we ask what processes are necessary for
MHBC morphogenesis, using the zebrafish as a model. In the zebrafish, the MHBC forms
between 17 and 24 hours post fertilization (hpf), concomitant with formation of the brain
ventricles. At this stage of development, the neuroepithelium is a pseudostratified-columnar
epithelium where apical cell surfaces face the brain ventricle lumen, and basal cell surfaces, on
the outside of the tube, are lined by the basement membrane, a major component of the
extracellular matrix (ECM). The organization of the neuroepithelium, and correlation with brain
ventricle inflation led us to consider three factors potentially relevant for MHBC
morphogenesis: (1) changes in cell shape during bending, (2) fluid pressure on the inside of the
neural tube as the brain ventricles inflate (Lowery and Sive, 2005), and (3) interactions with the

ECM on the outside of the tube.

We show that MHBC morphogenesis involves at least two processes, cell shortening at
the MHB and basal constriction of the neuroepithelial cells that comprise the MHBC. We
demonstrate that basal constriction is dependent upon laminin function, but not upon inflation of
the brain ventricles. These data indicate that the MHBC forms through changes in cell shape,

dependent on the ECM, which have not been previously described during brain morphogenesis.
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Results and Discussion

Zebrafish MHBC morphogenesis occurs soon after neural tube closure

In the zebrafish, brain morphogenesis begins after neural tube closure at 17 hpf (Kimmel
et al., 1995; Lowery and Sive, 2005). At this stage, a slight indentation, visible on the outside of
the tube at the MHB anlage (Fig. A2.1A), corresponds to the basal side of the neuroepithelium.
Beginning at 18 hpf, the opposing apical sides of the neuroepithelium separate along the midline
and inflate to form the fore-, mid-, and hindbrain ventricles (Lowery and Sive, 2005). However,
midline cells at the MHB remain closely apposed. At 21 hpf, after the midbrain and hindbrain
ventricles have opened further, the indentation at the MHB outside the tube is more prominent,
but still shallow (Fig. A2.1B). By 24 hpf, the MHB is bent acutely at the basal surface creating a
sharp point on the outside of the tube (Fig. A2.1C). This is clearly visualized by staining the
outside of the neural tube with a laminin antibody as in wild-type embryos (Fig. A2.1D). We
have called this sharp point, equivalent to the site of deepest constriction, as the midbrain-
hindbrain boundary constriction (MHBC). This constriction is highly conserved amongst the

vertebrates (Rhinn and Brand, 2001).

A sharp MHBC forms in ventricle inflation mutants but not in the laminin mutants

In order to determine the mechanisms regulating MHBC morphogenesis, we asked
whether brain ventricle inflation and/or the extracellular matrix play a role in this process. First,
we hypothesized that pressure from the embryonic cerebrospinal fluid (eCSF) within the brain
ventricles is required to form the MHBC (Desmond and Levitan, 2002; Lowery and Sive, 2005).
Consistent with this hypothesis, blood flow through the heart modifies heart chamber
morphology and stimulates valve morphogenesis (Berdougo et al., 2003; Hove et al., 2003;
Seidman and Seidman, 2001).

We therefore analyzed MHBC morphogenesis in two zebrafish mutants lacking inflated
brain ventricles, snakehead (snk), with a mutation in atplal encoding a Na 'K~ ATPase (Lowery
and Sive, 2005) and nagie oko (nok), a mutant allele of the MAGUK scaffolding protein, MPP5
(Wei and Malicki, 2002). snk and nok embryos were imaged at 24 hpf to examine the overall
outline of the neural tube, and shape of the MHBC. The abnormal refractility in Snk embryos
prevents visualization of the MHBC by brightfield microscopy (Fig. A2.1E). However, laminin
staining of these embryos revealed that the MHBC does define a sharp point, although this is less
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acute than that of wild-type embryos (Fig. A2.1F). Brightfield imaging did not clearly indicate
morphology of the MHBC in nok mutants (Fig. A2.1G); however, laminin staining indicated that
the MHBC also defined a sharp point (Fig. A2.1H). These data indicate that brain ventricle
inflation is not essential for formation of an acutely bent MHBC.

We also hypothesized that the basement membrane, which lies adjacent to the MHBC on
the outside of the brain primordium, may play a role in its formation. Laminin interacts with
integrins to mediate adhesion of the basement membrane to the cytoskeleton of the overlying
cells (Miner and Yurchenco, 2004). A role for laminin has been demonstrated during mouse
salivary gland branching, for axon pathfinding in multiple organisms, and for zebrafish
notochord development (Bernfield et al., 1984; Garcia-Alonso et al., 1996; Karlstrom et al.,
1996; Parsons et al., 2002; Paulus and Halloran, 2006). Laminin has not previously been
implicated in brain morphogenesis in any system.

We tested the requirement for laminin by examining the MHBC in the sleepy mutant

m86)’ which has a mutation in the gammal laminin gene (lamcl) (Miner and Yurchenco,

hi1113b

(sly
2004) and in the grumpy mutant (gup ), which has a viral insertion in the first intron of the
laminin betal gene (lambl), (Amsterdam et al., 2004 and A. Amsterdam, personal
communication). By brightfield imaging, sly mutants showed an initially normally shaped neural
tube (Fig. A2.11,J), but by 24 hpf, the MHBC remained a shallow indentation (Fig. A2.1K).
Similar results were observed with gup mutants (data not shown). Consistent with brightfield
imaging, at 24 hpf, a shallow MHBC was observed in gup mutant embryos stained with the
laminin 1 antibody (Fig. A2.1L). gup embryos were used because, as previously reported, the
laminin 1 antibody is not immunoreactive in sly mutants (Parsons et al., 2002). These data

showed that laminin function is essential for the sharp bend normally seen at the MHBC and

define a new role for laminin in brain morphogenesis.

Cells shorten and basally constrict at the MHBC

Bends or folds in epithelial sheets are often driven by changes in cell length and shape
such as the cell shortening and apical constriction during neurulation in Xenopus, optic vesicle
formation in mice, and ventral furrow invagination in Drosophila (Lee et al., 2007; Smith et al.,
1994; Svoboda and O'Shea, 1987; Sweeton et al., 1991). We therefore hypothesized that wedge
shaped cells would be required to form the deep constriction in the neuroepithelium at the

MHBC. However, based on the orientation of the MHBC, we speculated that such wedge-
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shaped cells would be basally, rather than apically, constricted. Basal constriction has
previously been mentioned only briefly in reference to Drosophila salivary gland morphogenesis
(Fristrom, 1988).

In order to test this hypothesis, we analyzed cell shape at the MHBC in wild-type
embryos by expressing membrane-localized green fluorescent protein (memGFP) and imaging
live embryos by laser-scanning confocal microscopy. At 17 hpf, cells in the midbrain, hindbrain,
and MHB are uniform in length and are both spindle and columnar-shaped (Fig. A2.2A,A"), with
some rounded dividing cells visible. In contrast, by 21 hpf, MHB cells are shorter in length (0.76
the apical-basal length) than those in either the midbrain or hindbrain (Fig. A2.2B,B",J).

Do these MHB cells shorten relative to surrounding cells, or do they fail to lengthen in
concert with the rest of the neuroepithelium? We addressed this by imaging wild-type embryos
expressing memGFP, using spinning-disk confocal microscopy between 17 and 21 hpf. A single
cell at the MHB was followed in a live time-lapse data series (Fig. A2.2D-I). Thus, a first step in
MHBC formation is the shortening of cells at the MHB.

Subsequent to cell shortening, we found that, by 24 hpf, a group of cells at the MHBC
had become wedge-shaped, with constriction at their basal surface (Fig. A2.2C,C’). Within a
single plane (Z-section) three to four wedge-shaped cells meet at a sharp point at the MHBC
(Fig. A2.2C",L). We further found that the apical width of the wedge-shaped cells at the MHBC
is 1.6 times that of cells outside the MHBC (outlined cells in Fig. A2.2C’, Fig. A2.2K).
Interestingly, although the midline in the MHB does not separate, we found that the basally
constricted MHBC cells were not apposed at the midline, but instead are oriented such that their
apical surface was exposed to the midbrain ventricle lumen (Fig. A2.2C,C"). These data
demonstrate that cells at the MHBC undergo basal constriction and apical expansion, following

an initial cell-shortening step.

Basal constriction at the MHBC occurs without ventricle inflation, but requires laminin

In order to address whether basally constricted cells formed independent of brain
ventricle inflation, we examined the MHBC in snk and nok mutants. Cells at the MHBC in both
mutants demonstrated basal constriction (Fig. A2.3A-C"). However, unlike wild type, the
basally constricted cells in these mutants did not show apical expansion, relative to adjacent cells

in the same embryo (Fig. A2.4A). This may be because apical expansion requires that cells have
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an unconstrained apical surface, which occurs when wild-type MHBC cells abut the midbrain
lumen, and which does not occur when the ventricles do not inflate and the midline of the brain
primordium does not separate. These data show that the basal constriction in the MHBC can
occur independent of brain ventricle inflation, and independent of apical expansion.

In order to determine what aspect of MHBC formation is disrupted in laminin mutants,
we analyzed sly embryos for changes in cell length and shape (Fig. A2.3D-F’). At 17 hpf, the
cells at the MHB of sly mutants appeared similar to wild type (compare Fig. A2.2A" with Fig.
A2.3D’). By 21 hpf, cells at the MHBC in sly mutants were 0.76 the length of cells on either
side (Fig. A2.3D,D’), similar to wild type (Fig. A2.4B). By 24 hpf, cells at the MHBC in sly
mutants have not basally constricted (Fig. A2.3F"). These data indicate that laminin is not
necessary for the cell shortening at the MHB, but is necessary for the second step of basal
constriction. Moreover, basal constriction is required for formation of the sharp MHBC bend,
and cell shortening is insufficient for this process. A role for laminin in mediating basal

constriction has not previously been described.

Mechanisms of MHBC morphogenesis

The model presented in Fig. A2.5 summarizes our data that describe morphogenesis of a
major embryonic brain fold, the MHBC, and demonstrates two steps that are involved. In the
first step, cells of the MHB shorten relative to the surrounding cells. This is followed by laminin-
dependent basal constriction and coordinate apical expansion of a small group of cells that
contribute to the sharp bend of the MHBC. Basal constriction apparently occurs independently
of apical expansion in mutants lacking ventricle inflation, suggesting that it is an active process.
The mechanisms underlying basal constriction are not known; however, our data indicate that
laminin provides a crucial function, perhaps through exerting force on adjacent cells and likely
requiring integrin function (Hynes, 2002; Wang and Ingber, 1994). Future analysis will explore
the cell biology involved in MHBC formation and the mechanisms by which this fold is

positioned.

Experimental Procedures

Fish lines and Maintenance
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Zebrafish lines were maintained and stages determined as previously described (Kimmel et al.,
1995; Westerfield, 1995). Strains used include wild-type AB, sly™® (Schier et al., 1996),
gup™'** (Amsterdam et al., 2004), nok™?*’ (Malicki et al., 1996), and snk'*’* (Jiang et al.,
1996).

Live imaging

Brain ventricle imaging was carried out as previously described (Lowery and Sive, 2005). For
confocal imaging, single cell embryos were micro-injected with CAAX-eGFP mRNA
(memGFP) (kindly provided by J. B. Green, Dana-Farber Cancer Institute Boston, MA)
transcribed with the mMessage mMachine kit (Ambion). The embryos were mounted inverted in
0.7% agarose (Sigma) and imaged by fluorescent, laser-scanning confocal microscopy (Zeiss
LSM510) or with spinning disk confocal microscopy (Perkin Elmer Ultraview RS). Time-lapse

data were analyzed using Imaris (Bitplane).

Quantitation of cell length and apical cell width

Slices for measurement were chosen based on the ability to outline the entire extent of a cell
from the apical to basal surface of the neuroepithelium, and by following the cell through a full
Z-series. The length of three cells at the MHBC and four cells outside the MHBC were
measured using Imaris (Bitplane) software, and the ratio between cell lengths at and outside the
MHBC were calculated for each embryo and averaged. The width of two wedge shaped cells at
the MHBC and three unconstricted cells outside the MHBC at 24 hpf in each embryo were
measured using Imaris (Bitplane). The error bars in Fig. A2.2 indicate the standard deviation

between the ratios found for each embryo.

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde and dehydrated in methanol. After rehydrating in
PBT, embryos were permeablized with 2.5 [1g/ml proteinase K for 1 minute, and blocked in
PBT, 0.1% Triton X, 1% BSA, and 1% NGS. Embryos were incubated overnight at room
temperature in laminin antibody (laminin rabbit anti-mouse, Sigma L.-9393, 1:150), washed, and
incubated in secondary antibody, (goat anti-rabbit IgG Alexa Flour 488, Invitrogen, 1:500) in

combination with propidium iodide (PI) (Invitrogen, 1:1000). Embryos were flat mounted in
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glycerol, imaged using a Zeiss LSM510 laser-scanning confocal microscope, and images

analyzed with LSM software (Zeiss) and Photoshop.
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Figure A2.1 Zebrafish MHB morphogenesis occurs between 17 and 24 hpf, and requires
laminin but not ventricle inflation.

(A-C) Brightfield and fluorescent images and schematics of wild-type (WT) MHBC formation.
(D) WT embryo at 24 hpf was stained with anti-laminin 1 antibody (green); nuclei were stained
with propidium idodide (red). Laminin lines the basal surface of the neuroepithelium. (E)
Brightfield image of snk, a ventricle inflation mutant, at 24 hpf. Outside of neural tube in snk
embryos is not visible by brightfield imaging. (F) snk embryo at 24 hpf stained as in D. (G)
Brightfield image and schematic of nok, a ventricle inflation mutant, at 24 hpf. (H) nok embryo
at 24 hpf stained as in as D. (I-K) Brightfield and fluorescent images and schematics of MHBC
formation in the laminin mutant, sly. (L) gup embryo at 24 hpf stained as in D. Arrowheads
indicate MHB at 21 hpf and MHBC at 24 hpf. F, forebrain; M, midbrain; H, hindbrain. Scale
bars: A-C,E, G, [-K =100 uM, D, F, H, L = 6 uM.
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Figure A2.2 MHBC formation requires cell shortening and basal constriction.

(A-C') Live laser-scanning confocal imaging of wild-type embryos injected with memGFP
mRNA at the one cell stage and imaged at 17, 21, and 24 hpf. Boxed regions from A-C are
enlarged for panels A’-C’. Individual cells in the MHB are outlined, and a dividing cell is
indicated by an arrow in B. Asterisks in A-C mark cells outlined in A'-C’. Cells with two
asterisks are outside the MHB. (A") At 17 hpf, cells at the MHB are similar in length to the cells
in the surrounding tissue. (B’) At 21 hpf, cells at the MHB are shorter than the cells in the
surrounding tissue. (C") At 24 hpf, cells at the MHBC are basally constricted and apically
expanded. In A- C' some green fluorescence within outlined cells is due to the plane of section
that includes the cell membrane. (D-I) Time-course of MHB morphogenesis beginning at 17 hpf.
A single cell is outlined and followed through the time course. Cells at the MHB shorten relative
to those surrounding (n = 6 embryos). (J) Relative cell lengths at and outside the MHB in 21 hpf
wild-type embryos. Cells at the MHB were 0.76 times the length of those outside the MHB (+/-
0.06 s.d.) (n = 8 embryos, 3 cells at the MHB and 4 cells outside the MHB were measured per
embryo). (K) Relative apical width of unwedged cells (those outside the MHBC) and basally
constricted cells (at the MHBC) in wild-type embryos at 24 hpf. Cells at the MHBC had 1.6
times the apical width of those outside the MHBC (+/- 0.29 s.d.) (n = 6 embryos, 2 cells at the
MHBC and 3 cells outside the MHBC were measured per embryo). (L) Numbers of basally
constricted cells at the MHBC in wild-type embryos at 24 hpf (n = 9 embryos). Arrowheads
indicate the MHBC. M, midbrain. Scale bars: A-C =20 uM, A’-C' =9 uM, D-I =30 uM.
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Figure A2.2 Continued
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Figure A2.3 Basal constriction at the MHBC is laminin-dependent and not dependent on
ventricle inflation.

(A-C") Live laser-confocal imaging of wild type, snk and nok embryos at 24 hpf, after injection
with memGFP. Boxed regions in A-C are enlarged in panels A’-C’. Cells at the MHBC in (A-
A") wild type, (B-B’) snk and (C-C") nok undergo basal constriction (see cell outlines). (D-F’)
Imaging of sly mutants injected with memGFP mRNA at the one cell stage and imaged at 17, 21,
and 24 hpf. Boxed regions in D-F are enlarged for panels D'-F". (D’) At 17 hpf, MHB and
surrounding cells are similar in length (see outlined cells). (E") At 21 hpf, cells at the MHB are
shorter than those surrounding. One cell at and one cell outside the MHB are outlined in yellow.
Some cells are visible outside the neural tube. (F') At 24 hpf, cells at the MHBC fail to basally
constrict. For panels A-C and D-F asterisks indicate the cell that is outlined in the image below.
Cells with two asterisks are outside MHB. Arrowheads indicate the MHBC. Dotted lines
delineate the outside of the neural tube. Some green fluorescence is apparent within outlined
cells since the plane of section contains the surface of the cell membrane. Anterior is to the left
in all images. Scale bars A-C=22uM, A'-C' =12 },LM D-F =18 uM, D’-F' =9 uM.
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Figure A2.4 Apical expansion does not correspond to basal constriction in lumen inflation
mutants; cells are shorter at MHBC in sly mutants as in WT.

(A) Graph compares the apical width of unwedged cells (outside MHBC) to basally constricted
cells (wedged at MHBC) in snk, and nok embryos at 24 hpf. Basally constricted cells at the
MHBC do not apparently show corresponding apical expansion snk and nok (n = 3 embryos each
mutant, 2 cells at MHBC, 3 cells outside MHBC were measure per embryo). (B) Length of cells
at the MHB relative to those outside the MHB in WT and sly mutants. At 21 hpf, cells at the
MHB (at MHB) in sly mutants are 0.76 (+/- 0.094 s.d.) the length of those outside the MHB
(outside MHB), as in WT embryos (n = 6).
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Figure A2.5 Schematic of the two steps required in MHBC formation.

In step one, cells shorten at the MHB. In step two, 3 to 4 cells (in a plane of section) basally
constrict, and expand apically, to allow an acute bend angle to form. This second step is laminin
dependent.
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