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The purpose of the thesis is to explore the role of BMP signaling in
developing vertebrate midbrain. BMP signaling plays important roles in various
tissues and stages of neural development to regulate cell fate, proliferation,
differentiation, morphogenesis and more. We observed that several major
BMPs are expressed not only at the roof plate but also the floor plate of the
midbrain. This has led us to ask the role of BMP signaling in dorsal and ventral
midbrain patterning. Despite ventral experiments, we found that BMP signaling
does not regulate ventral cell fate specification in the midbrain. Instead BMPs
profoundly influence the shape and early morphogenesis of the midbrain neural
plate as it closes into a neural tube.

During neural tube closure, one of the early events occurring at the
ventral midline is median hinge point (MHP) formation. Failure to form MHP

leads to neural tube closure defects, the 2"% most common birth defects in
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humans. However, the molecular mechanisms underlying MHP formation are
not well known. We found that the lowest BMP signaling occurs at the MHP
during early neurulation and BMP blockade is necessary and sufficient for MHP
formation. Interestingly, we also demonstrated that BMP blockade directs MHP
formation by regulating the apicobasal polarity pathway and this regulation may
be mediated by biochemical interactions between pSMAD5 and the apical
protein, PAR3. Additionally, our time-lapse data suggest that BMP blockade
slows cell cycle progression by increasing duration of G1 to S transition and S
phase which leads cell nuclei stay at the basal location longer. This mimics
basal nuclear migration seen at the MHP where low BMP signaling occurs.
Thus, we conclude that BMP signaling regulates neural tube closure via the
apicobasal polarity pathway and in a cell cycle dependent manner at the ventral
midline.

We observed that BMP signaling is necessary and sufficient for the
dorsal cell fate specification in a context-dependent manner and ventral BMP
signaling affects dorsal cell fates.

Taken together, we propose the idea that BMP signaling has distinct
roles in different contexts. BMPs regulate tissue morphogenesis in the ventral

midbrain and dorsally cell fate specification.
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CHAPTER 1 : GENERAL INTRODUCTION

The main goal of this thesis is to understand the role of Bone Morphogenetic
Proteins (BMPs) in the ventral and dorsal midbrain development. We found
several lines of evidence that show BMPs regulate neural progenitor fate
determination dorsally and cell/tissue morphogenesis which lead to the
formation of median hinge point during neurulation ventrally. For the better
understanding of these issues, | will first describe the canonical BMP signaling
cascade, the known roles of BMP signaling in neural patterning in the spinal
cord, neurulation and neural tube closure defects, interkinetic nuclear migration

and apicobasal polarity pathway and its role in cell shape change.

1.1 Bone Morphogenetic Protein (BMP) signaling pathway

1.1.1 BMP signaling cascade
BMPs are Transforming Growth Factor (TGF) B superfamily member and

evolutionarily conserved among species (Liu and Niswander, 2005). They were
first identified as bone forming proteins and hence the name. However, BMPs
are now known to have important roles in non-skeletal development during
development including cell division, apoptosis, cell migration, cell differentiation,
axon guidance and morphogenesis (Liu and Niswander, 2005). The BMP
signaling transduction begins with the binding of a BMP ligand to the single

transmembrane serine/threonine receptors, type | (ALK2, BMPRIA, and



Noggin, Chordin,

Follistatin
BMPRII . BMPRI
R-Smad R-Smad _@
(Smad1/5/8) (Smad1/5/8)
Co-Smad
Cytoplasm (Smadd) \
I-Smad
(Smad6)

Nucleus Transcriptional Transcriptional
co-activators CO-repressors

Figure 1.1 Bone morphogenetic protein (BMP) receptors mediate BMP
signaling by activating Smads.

BMP ligands bind to the BMP receptors BMPRI and BMPRII, and BMPRI is
phosphorylated. Phosphorylated BMPRI in turn phosphorylates receptor-
Smads (R-Smads), which make complex with common-Smad (Co-Smad)
and this complex enter the nucleus, where they regulate gene expression.
Modified from Liu et al., 2005.



BMPRIB) and type Il (BMPRIIB, ACTRIIA and ACTRIIB). Upon binding, type |
and type Il receptors dimerize and cross phosphorylate each other as a result of
which type | BMP receptor gets phosphorylated. Phosphorylated type | BMP
receptor, in turn phosphorylates its down stream effector Receptor-Smad (Smad
1, 5 or 8). Phosphorylated Smad1/5/8 associates with a second class of Smads
called Common-Smads (Smad 4), forming a protein complex that translocates
into the nucleus to activate or repress target gene expression (Liu and
Niswander, 2005) (Fig. 1.1).

BMP signaling can be altered by extracellular antagonists, Noggin, Chordin,
and Follistatin which bind to BMP ligands and inhibit the ability of the ligand to
bind to receptors (lemura et al., 1998; Nakamura et al., 1990). Intracellularly,
inhibitory Smads (Smad 6) can inhibit the phosphorylation of Receptor-Smads
or prevent their binding to the Common-Smads (Hata et al., 1998; Imamura et
al., 1997) (Fig. 1.1).

Recently, it has been found that type 1l BMP receptor could have a distinct,
Smad-independent, non-canonical role. In this cascade, the C-terminus of the
type Il BMP receptor binds to LIM Kinase 1 (LIMK1) to regulate cytoskeleton via
Cofilin. LIMK1 can interact with Rho GTPase, Cdc42 which are well known to

regulate actin dynamics (Foletta et al., 2003).

1.1.2 BMP signaling in neural tube patterning

As the neural tube closes, in avian midbrain, BMP proteins are secreted
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from the surface ectoderm and roof plate and induce dorsal cell-fates. In the
spinal cord, SHH, another powerful signaling molecule is released from the
notochord and the floor plate, a signaling center in the ventral midline. These
two potent morphogens establish opposing gradients which pattern the neural
tube along the dorsoventral axis. Neural crest, commissural neurons and
sensory interneurons are formed dorsally and floor plate, motor neurons and
multiple interneurons are formed ventrally (Liu and Niswander, 2005).
Repression of BMP signaling is also important for the normal ventral patterning
in the spinal cord. In the chick spinal cord, addition of BMP attenuates the effect
of SHH such that cells adopt a more dorsal fate, whereas BMP blockade
enhances the effect of SHH so that cells adopt a more ventral fate (Liem et al.,
1997). Thus BMP signaling is crucial in dorsoventral patterning in the spinal
cord. However, there are substantial controversies concerning the role of BMPs
in dorsal cell fate specification. For example, a BMP loss-of-function mutant
caused defective neural tube closure (spina bifida) thus it is not clear whether
the loss of dorsal cell fates are due to the loss of BMP signaling or secondary
effect of neural tube closure defects (Lee et al., 2000). Also BMP loss-of or
gain-of-function studies have shown only a subset of cell fates are affected;
these manipulations do not support gradient model generally proposed as the
mechanism for the DV patterning in the neural tube (Lee et al., 2000; Timmer et
al., 2002). Also, it has been suggested that BMP signaling does not affect dorsal

cell fate specification in the avian midbrain (Bobak et al., 2009). We will clarify
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the controversies in Chapter 4 by taking advantage of electroporation to alter

temporospatial BMP signaling without causing neural tube closure defects.

1.2 Vertebrate neurulation

Neurulation is a morphological event that converts a flat neural plate into the
neural tube that is the precursor of the brain and spinal cord (Smith and
Schoenwolf, 1997). There are two distinct modes of neurulation : primary and
secondary neurulation. In general, the anterior part of the neural tube is formed
by primary neurulation, while the posterior part is made by secondary
neurulation. In avians, mammalians and amphibians, the neural tube is formed
by both but in fish the neural tube is thought to be formed solely by secondary
neurulation (Lowery and Sive, 2004).

In primary neurulation, the neural tube is formed by the shaping, folding and
dorsal midline fusion of the neural plate (Smith and Schoenwolf, 1997). The
neural tube is concurrently pinched off from the surface ectoderm. In secondary
neurulation, the neural tube is formed from migratory mesenchyme cells which
make a solid cord ; the center of the cord is eliminated by cell death to create a
hollow tube by a process called cavitation. Thus no neural folding is associated

with secondary neurulation (Copp et al., 2003; Lowery and Sive, 2004).

1.2.1 The sequence of neurulation

Primary neurulation is often divided into several distinct stages, although



these stages are continuous events that overlap each other. Neurulation begins
with the formation of neural plate which is induced by the signals from
underlying dorsal mesoderm. With this signal, ectodermal cells above it
elongate into the columnar shape of neural plate cells (Smith and Schoenwolf,
1987; Smith and Schoenwolf, 1997). The neural plate is shaped by both intrinsic
and extrinsic forces actions on the surface ectoderm and neural plate area.
Intrinsically, it is thought that convergent extension is the main force for shaping
the neural tube whereby medially directed cell intercalation and movement
results in narrowing and lengthening of the neural plate (Keller, 2002). Recently,
it has been shown that convergent extension is required for the initiation of
neural tube closure by the study of various mutants that lack convergent
extension. Loop-tail, crash, circletail and dishevelled-1;dishevelled-2 double
mutants fail to close the neural tube which leads to neural tube closure defects
in mouse (Copp et al., 2003). Interestingly, all of these genes encode for
proteins that function in the non-canonical Wnt signaling pathway called the
planar cell-polarity pathway. After the neural plate has been shaped, bending of
the neural plate follows. In chicken embryos, the ventral midline starts to bend
at HH5 and the region that bends is called median hinge point (MHP). Cells in
MHP are derived from the portion of the neural plate just anterior to Hensen’s
node (Schoenwolf, 1985; Schoenwolf and Smith, 2000a; Schoenwolf and Smith,
2000b). The MHP overlies the notochord and is induced by signals from it

(Smith and Schoenwolf, 1997). MHP cells show characteristic polarized cell
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behaviors such as apical constriction, basal nuclear migration and apicobasal
shortening (Smith and Schoenwolf, 1997). However, the signaling mechanisms
involved in the MHP formation are not fully understood. In chapter 2 of this
thesis, | deal with the molecular mechanisms underlying MHP formation. Two
other hinge points are formed after MHP formation. These paired dorsolateral
hinge points (DLHPs) are located at the point of attachment of the surface
ectoderm to the each side of neural folds. DLHPs help both neural folds to meet
at the midline and finally fuse. It is known that SHH negatively regulates DLHP
formation in mouse (Ybot-Gonzalez et al., 2002; Ybot-Gonzalez et al., 2007)
and intrinsic forces are generated by cell shape changes mediated by SHH-
related signaling (Ybot-Gonzalez et al., 2002). However, extrinsic forces are
also at work. The surface ectoderm of the chick embryos pushes neural folds
toward the midline of the embryo provides an extrinsic force for the bending at
the DLHPs (Schoenwolf and Smith, 2000b). The pushing of the paired neural
folds towards each other at the dorsal midline culminates in neural tube fusion.
At the dorsal midline the two neural folds fuse with each other. Midline cell
death and epithelial remodeling are important to ensure proper dorsal midline

fusion of the neural tube (Copp et al., 2003).

1.2.2 Neural tube closure defects
Neural tube closure defects are a group of congenital malformations

caused when the neural tube fails to close during neurulation (Copp et al.,

7



2003). Neural tube closure defects occur in 1 out of 1000 pregnancies and are
the second most common malformations among humans. Neural tube closure
defects vary depending on the axial level of the neuroaxis. If the neural tube
closure defects occur at the posterior region, it is called spina bifida which
results in exposure of the spinal cord. Failure of anterior neural tube closure
causes anencephaly which is usually lethal. In some cases, the entire neural
tube caudal to the midbrain fails to close resulting in craniorachischisis (Copp et
al., 2003). As mentioned earlier, shaping of the neural plate by convergent
extension, elevation and apposition of the neural folds by hinge point formation
and fusion of the neural folds at the dorsal midline by apoptosis are required for
proper neural tube closure. Misregulation in any of these steps of neurulation
can cause neural tube closure defects (Copp et al., 2003). Although, more than
200 genes are known to be involved in neural tube closure, the molecular
mechanisms underlying neurulation are not well understood. In Chapter 2 and 3,
| show evidence that BMP signaling might be involved in ventral midline hinge

point formation during chick midbrain neural tube closure.

1.2.3 Molecular mechanisms underlying neural tube closure

Despite extensive studies carried out on the cell behaviors or shape
changes, molecular mechanisms of neural tube closure are not well known
(Jacobson et al., 1986; Keller, 2002; Schoenwolf and Smith, 2000b). As

mentioned earlier, planar cell polarity (PCP) related gene mutants caused
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neural tube closure defects by defective convergent extension (Wallingford and
Harland, 2002). Additionally, it has been shown that actin binding protein,
Shrooms3, is required for apical constriction at the MHP in Xenopus neurulation
(Lee et al., 2007; Lee and Harland, 2007). Copp and colleagues have shown
that BMP inhibition is required for dorsolateral hinge point (DLHP) formation in
mice (Ybot-Gonzalez et al., 2007). In humans, genetic studies have suggested
that mutants in BMP or its antagonist are highly correlated with neural tube
closure defects (Felder et al., 2002). However, how precisely these signaling
molecules regulate cell shape changes at the subcellular level and at the HP is
not well characterized. It is very important to understand the precise regulation
of neural tube closure since neural tube closure defects are one of the most

frequent birth defects in humans.

1.3 Regulation of epithelial cell shape by apicobasal polarity and cell-cell
adhesion

In metazoans, adhesion is involved in most processes during
development. In particular, cell-cell adhesion is required for generation of
coherent sheets or tubes of epithelial cells with distinct apical-basal polarity
(Carthew, 2005). Each epithelial cell is subdivided into an apical and a
basolateral membrane compartment each associated with different membrane
proteins (Nelson, 2003). The apical domain faces toward either the exterior
environment or the ventricular space. The basolateral domain is subdivided into

different compartments, including the adherens junction, which is involved in
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cell—cell adhesion. (Carthew, 2005). In Drosophila, adherens junction form an
apically localized cell-cell adhesive belt known as the zonula adherens (ZA),
and a more basal junctional complex known as the septate junction (SJ). Just
apical to the Drosophila ZA lies the subapical region (SAR), which has an
organizing role in epithelial polarization (Knust, 2002; Knust and Bossinger,
2002). In contrast to Drosophila, vertebrate epithelial cells have tight junctions
(TJ) instead of SJs located apical to the vertebrate ZAs in a position analogous
to the Drosophila SAR (Knust, 2002; Knust and Bossinger, 2002) (Fig. 1.2). The
apical tight junction complexes between vertebrate epithelial cells serve an
organizing role in epithelial polarization and establish a paracellular diffusion
barrier that restricts the movement of solutes across the cell layer (Tsukita et al.,
2001). This barrier effectively segregates the epithelium and surrounding media
into unmixed apical and basolateral compartments. In Drosophila, septate
junctions appear to have similar functions to the vertebrate tight junctions and
localize basal to the zonula adherens (Gibson and Perrimon, 2003).

Polarity proteins which regulate apicobasal polarization are conserved in
both Drosophila and vertebrates. Studies have shown that three groups of
epithelial polarity protein complexes exist. Par3(Partitioning defective 3)/Par6
(Partitioning defective 6)/aPKC (atypical Protein Kinase C) (the Par complex)
and Crumbs/Discs lost/Stardust (the Crb complex) are associated with apical
domains of epithelial cells and regulate junctional assembly, whereas the Lethal

giant larvae (Lgl)/Discs large/Scribble (the Lgl complex) is associated with
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basolateral membrane domain and involved in zonula adherence formation
(Gibson and Perrimon, 2003) (Fig. 1.2).

It has been shown that basolateral Lgl complex proteins antagonize the
apical polarization activity of the Crb complex through interactions with Par
complex directly or indirectly in Drosophila (Bilder et al., 2003). This mechanism
is conserved in vertebrates. Members of the vertebrate Par3/Par6/aPKC
complex localize to the tight junction and members of both the Par and Crb
complexes are involved in tight junction formation (Hurd and Margolis, 2005)
(Fig. 1.2). Several studies have shown that direct interactions exist between the
Crb and Par3/Par6/aPKC complexes during cell polarization and tight junction
formation (Gibson and Perrimon, 2003; Hurd and Margolis, 2005). Crb acts
through PALS1 (the homologue of Drosophila Stardust) to recruit the
Par3/Par6/aPKC complex to the apical tight junction complex of vertebrate
epithelia (Gibson and Perrimon, 2003) (Fig. 1.2). Vertebrate homologues of the
Drosophila Lgl group are localized to the basolateral plasma membrane in
polarized epithelial cells. Interestingly, recent studies have shown that
mammalian Lgl (mLgl) can bind Par6b and aPKC without Par3 in several
different types of tissue culture cells (Yamanaka et al., 2006). These results
suggest the existence of at least two distinct Par6/aPKC complexes in epithelial
cells. Active state complex composed of Par3/Par6/aPKC and an inactive one
where Lgl binds with Par6b/aPKC instead of Par3 in MDCK cells (Margolis and

Borg, 2005). During polarization, Lgl phosphorylation by aPKC dissociates Lgl
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Inactive complex

insect (Drosophila) Vertebrate

Current Opinion in Cell Biology

Figure 1.2 Distribution and activity of polarity complexes in Drosophila and
vertebrate epithelia
(A) Drosophila epithelial cells exhibit two major junctions : zonula adherens
(ZA) and saptate junctions (SJ). Basolateral proteins (Lgl complex) localize
at or below the SJ. The subapical marginal zone (SAR) lies apical to the ZA
in a position analogous to the vertebrate tight junction (TJ). Drosophila Crb
and Baz-Par3 complexes proteins are localized to the SAR. (B) Vertebrate
epithelia exhibit a ZA and more apical TJ complex. Both the vertebrate Crb
and Baz-Par3 complexes localize to the TJ. (C) Model for the activity of
polarity protein complexes in Drosophila epithelial polarization. (D) Model
for vertebrate epithelia. Lgl binds and inactivates Par6/aPKC in the lateral
membrane domain. Par6/aPKC is then free to bind Par3 and form an active
complex that mediates TJ formation through interactions between Par6 and
Crb complex. Taken from Gibson and Perrimon (2003).
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from the complex which in turn allows for the formation of active complex
(Yamanaka et al., 2006). These findings suggest a general model for polarity
control applicable in both Drosophila and vertebrate which suggests that
opposing apical and basolateral protein complexes position cell—cell junctions at
the boundary between apical and basolateral plasma membrane domains
(Gibson and Perrimon, 2003) (Fig. 1.2).

It has been described above that there are differences and similarities in
cell-cell adhesion and apicobasal polarity formation between Drosophila and
vertebrates. However, proteins involved in adhesion and apicobasal polarity are
tightly associated each other (Carthew, 2005). Thus, loss of any of related gene
function caused disruption of both polarity and cell-cell adhesion leading to cell
shape change, migration defects and disintegration of cell and tissue
architecture (Afonso and Henrique, 2006; Betschinger et al., 2003; Bilder et al.,
2003; Chalmers et al., 2005; Doudney and Stanier, 2005; Ganzler-Odenthal and
Redies, 1998; Georgiou et al., 2008; Ghosh et al., 2008; Hong and Brewster,
2006). Again, proteins involved in cell-cell adhesion and polarity are structurally
related each other. Although there is a close relationship between adhesion and
polarity, they are frequently studied separately.

Thus, it will be explained how these closely related cell-cell adhesion and
apicobasal polarity proteins regulate cell shape in epithelial cells and how they

are regulated by extracellular signals.
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1.3.1 Cell shape changes associated with apicobasal polarity

In the Drosophila embryo, loss of function mutants for any component of
the SAR complex (Crumbs, Stardust and Baz/Par3) shows the loss of cell
adhesion and polarity. This indicates that the SAR complex has an essential
function in the control of adhesion and polarity. In fact, one of the known
functions of the protein complex in the SAR is to stabilize and maintain the ZA
(Knust, 2002; Knust and Bossinger, 2002). Similarly, loss of Scribble which is
localized in the basolateral domain in Drosophila embryos results in
mislocalization of apical proteins and proteins of the adherens junctions to
basolateral positions, without affecting localization of basolateral proteins (Bilder
and Perrimon, 2000). Scribble is co-localized with Dlg and lethal giant larvae
(Lgl), and their localization mutually depends on each other. Removal of either
of them in the imaginal disc epithelium leads to loss of adhesion and polarity
(Bilder and Perrimon, 2000).

In vertebrate epithelial cells, overexpression of Par3 localized apically
leads to mislocalization and disruption of polarity (Afonso and Henrique, 2006).
Lethal giant larvae (Igl) mutant mice also show disruption of cell polarity and
tissue architecture (Klezovitch et al., 2004). In the developing Drosophila notum,
the loss or inhibition of apical membrane proteins such as Cdc42, aPKC or
PARG leads to discontinous junctional structures and the apical constriction of
affected cells (Georgiou et al., 2008). Apical constriction is thought to be one of

the major driving forces of cell shape change and tissue reorganization (Sawyer
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et al., 2009). These results suggest that the protein complexes localized at
apical or basolateral domains are essential for the establishment of a polarized
phenotype and the maintenance of tissue architecture in Drosophila and
vertebrate cells. In addition, the apicobasal polarity pathway could regulate cell
shape change by inducing apical constriction, however, which mechanism is not

well understood so far.

1.3.2 Cell shape changes associated with cell-cell adhesion

How different cadherin proteins regulate cell shape changes has been
well studied in Drosophila eye. Cadherins are adhesion molecules localized in
the adherens junction, which typically interact with other cadherins in a
homophilic manner through their extracellular domains (Carthew, 2005).
Cytoplasmic domains of cadherins interact with the actin cytoskeleton and
signaling molecules. Studies have shown that when E- and N-cadherins are
missing in cone cells in Drosophila, the cells lose their contacts with their
neighbors, and cell shape is changed (Hayashi and Carthew, 2004). Conversely,
expression of both cadherins in one of the surrounding pigment cells causes
disruption of the cone cell pattern by intercalation (Hayashi and Carthew, 2004).
These observations suggest that cadherins are necessary and sufficient to drive
changes in cell shape in epithelia. Only cone cells express N-cadherin, but
surrounding pigment cells do not (Hayashi and Carthew, 2004). This specific
expression of N-cadherin is important to ensure the shapes of cone cells since

loss of N-cadherin changes cone-cell shape. E-cadherin is also expressed in
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cone cells but it is not essential for shaping these cells (Hayashi and Carthew,
2004). One possible reason why N-cadherin affects cell shape but E-cadherin
cannot is that only N-cadherin provides differential adhesion. This model is
based on differential adhesion hypothesis (DAH) proposed fifty years ago
(Townes and Holtfreter, 1955). According to DAH, cells are sorted on the basis
of their relative adhesiveness (Steinberg, 2007; Townes and Holtfreter, 1955). It
is possible that differential cell affinities of different kinds of cadherins might
control cell shape in the developing Drosophila eye (Carthew, 2005).

Another possibility is that specific location of N-cadherin expression in
cone cells might shape them correctly. N-cadherin is specifically localized to
membranes that are in direct contact with other cone cell membranes, whereas
E-cadherin is uniformly distributed around each cone cell membrane. It is
possible that localized cadherin regulates cytoskeleton remodeling or adhesion
property to specific sides of a cell which might generate asymmetric changes in
adherens junction. In this explanation, the type of cadherin is not important but
its non-uniform localization is crucial to ensure proper cell shape. Actually, when
E-cadherin is expressed non-uniformly around a cone cell adherens junction,
the cell is altered in shape (Hayashi and Carthew, 2004). It has been also
suggested in vertebrates that N-cadherin is required for the polarized cell shape
change critical to the cell intercalation during neurulation (Hong and Brewster,
2006).

To summarize, in Drosophila and in vertebrate the regulation of cell-cell
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adhesion by cadherins is essential for maintaining proper cell shape and
epithelial formation in the developing embryo. However, the precise molecular
mechanisms underlying how cadherins shape cells are not well known. It is
important to know the relationship between adhesion and apicobasal polarity
pathway with regard to cell shape changes to understand dynamic

morphogenetic regulation during development.

1.3.3 Signaling implications for cell shape change during development

As mentioned above, disruption of cell-cell adhesion or cell polarity lead
to changes in cell shape. Epithelial cell integrity through proper expression and
localization of adhesion proteins and polarity proteins is essential for inducing
and maintaining correct cell and tissue shape. However, it is not well
understood what extracellular signaling mechanisms are involved in this
process. The Wnt signaling pathway has been raised as a possible candidate
because [(-catenin is not only a component of the adherens junction that links
cadherin and a-catenin, but also a transcriptional activator of the canonical Wnt
signaling pathway (Nelson and Nusse, 2004). Indeed, one study has shown that
Wwnt and BMP signaling regulate hair follicle morphogenesis in mammalian
epithelia (Jamora et al., 2003). Wnt protein stabilizes B-catenin and BMP
inhibitor Noggin induces Lef1. B-catenin binds to the Lefl transcriptional
complexes which in turn down-regulates E-cadherin gene. Downregulation of E-
cadherin and simultaneous upregulation of P-cadherin at local areas leads to

changes in cell shape during hair follicle formation (Jamora et al., 2003).
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Another study has shown that Dishevelled, an important mediator of Wnt
signaling pathway, regulates localization of Lgl. This suggests the Wnt signaling
pathway is required for normal apicobasal polarity in Xenopus ectoderm (Dollar
et al., 2005). Unexpectedly, individual cell shape changes were not detected.
One possibility is that the levels of Lgl misexpression were too low to lead to cell
shape change. Another possibility is that a redundant mechanism might exist in
Xenopus ectoderm. This result is also very interesting because Dishevelled is a
well known regulator of planar cell polarity (PCP) pathway in Drosophila and
vertebrates (Wallingford, 2005; Wallingford, 2010). Further studies are needed
to be carried to shed light on the relationship between apicobasal polarity and
planar cell polarity.

It has been reported that loss of Dpp signaling causes disruption of
epithelium integrity in Drosophila wing imaginal disc (Gibson and Perrimon,
2005; Shen and Dahmann, 2005). This suggests that BMP signaling pathway is
required for morphogenetic processes including changes in cell shape, cell
migration and tissue architecture. Recent studies have shown that Dpp
signaling is required to achieve correct cell-cell contacts, cell positions and cell
shape during Drosophila eye by regulating E-Cadherin (Cordero et al., 2007). In
vertebrates, the BMP gradient guides dorsal migration of lateral mesoderm by
regulating N-cadherin without affecting dorsal-ventral patterning during
zebrafish gastrulation (von der Hardt et al., 2007). Also, it has been recently

suggested that BMP signaling mediated cell adhesion is modulated via cadherin
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endocytosis (Ogata et al., 2007).

To summarize, Wnt and BMP signaling are involved in cell-cell adhesion
via regulating cadherin proteins which in turn leads to morphogenetic processes
during development. Adhesion proteins and apicobasal polarity complex
proteins are important for regulating cell shape during development and the
molecular machinery is conserved in both Drosophila and vertebrates. Although
it has been suggested that Wnt and BMP signaling are involved, precise
mechanisms of how and why are not well understood.

Interestingly, recent studies suggest a profound link between cell
architecture and proliferation. For example, disruption of cell architecture
causes uncontrolled cell proliferation (Bilder, 2004). Indeed, several cadherin
mutants (Hong and Brewster, 2006) and loss-of or gain-of-function studies of
apicobasal complex protein members show ectopic cell proliferation and tumor-
like cell clusters (Afonso and Henrique, 2006; Klezovitch et al., 2004). Loss of
adhesion and polarity are found to occur in many cancer cells (Feigin and
Muthuswamy, 2009). These studies suggest that the regulation of cell adhesion
and apicobasal polarity is tightly associated with cell cycle progression. Thus, it
is possible that cell and/or tissue architecture is regulated in a cell cycle

dependent manner. We tested this idea in Chapter 3.

1.4 Interkinetic nuclear migration (INM)

The nuclei of dividing neural progenitors undergo a cell-cycle-dependent

change in position along the apical-basal axis known as interkinetic nuclear
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migration (INM) (Sauer, 1935). During cell-cycle progression, neuroepithelial
progenitor cells have a radial glia-like morphology with an apical and a basal
attachment, but their nuclei undergo systematic changes in position along the
apical-basal axis (Baye and Link, 2007; Bayly et al., 2007; Sauer, 1935). After
undergoing mitosis at the apical surface of neuroepithelium, the nuclei of neural
progenitors progress to G1 phase by translocating basally, away from the apical
surface, and undergo DNA replication (S phase) at the basal part of the
ventricular zone. Finally, the nuclei migrate apically through G2 phase to
undergo M phase in apical position along the ventriclular surface (Baye and
Link, 2007; Guerrier and Polleux, 2007).

It is believed that interkinetic nuclear migration is coordinated with the
cell cycle (Sauer, 1935). However, this relationship seems not simple. When cell
cycle progression is inhibited by pharmacological treatment (5-azacytidine and
cyclophosphamide), interkinetic nuclear migration is inhibited in neuroepithelium
(Ueno et al., 2002). Interestingly, blockade of interkinetic nuclear migration does
not inhibit cell cycle progression but mitosis occurs at ectopic locations in the
neuroepithelium (Gambello et al., 2003; Murciano et al., 2002). This suggests
that nuclear migration is not essential for cell cycle progression. However,
several studies have shown that a well known cell cycle regulator Cdk1 (cyclin-
dependent kinase 1) might regulate nuclear migration via the interaction through
kinesin motor protein (Miki et al., 2005). Thus, the precise molecular

mechanisms of the relationship between interkinetic nuclear migration and cell
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cycle progression need to be further explored.

The functions of INM in development are not well characterized.
However, it is proposed that INM is required for the invagination of
neuroepithelium during neurulation (Langman et al., 1966; Messier, 1978).
Additionally, it is relatively well known that the apicobasal polarity is required for
normal INM (Cappello et al., 2006; Cui et al., 2007). INM may help maintain
apicobasal polarity during cell proliferation (Baye and Link, 2007). Most
interestingly, INM may be required for establishing heterogeneity among
progenitors since cells can respond to extrinsic cues depending on the nucleus
and cell body position and change their pattern of proliferation and
differentiation (Baye and Link, 2007).

INM is an evolutionarily conserved mechanism that underlies cell cycle
progression in neuronal development. Though, it is not mentioned in this section,
it is known to play a role in cell fate determination (Schenk et al., 2009; Tabler et
al., 2010). It is a highly complex and coordinated process that affects several
aspects of neuronal development. Especially, in neuroepithelium where cells
undergo INM, it is highly possible that cell and tissue morphogenesis, cell cycle
progression and cell fate determination are tightly associated with each other.
However, the relationships between these are not well understood during

vertebrate development.
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CHAPTER 2 : BONE MORPHOGENETIC PROTEINS (BMPs) REGULATE
NEURAL TUBE CLOSURE VIA THE APICOBASAL POLARITY PATHWAY

2.1 Introduction

During neurulation, a flat neural plate becomes a tubular structure called
neural tube. This process involves a diverse set of cell behaviors which are
beautifully described in classic studies (Davidson and Keller, 1999; Jacobson et
al., 1986; Smith and Schoenwolf, 1997). Early neurulation events shape the
ventral midline which is called median hinge point (MHP) by characteristic cell
movements including apical constriction and basal nuclear migration of
neuroepithelial cells. In association with the notochord, these cell shape
changes bend the ventral midline, causing the neural folds on either side of the
MHP to elevate. Later, two dorsolateral hinge points (DLHPs) form which are
associated with the adjacent surface ectoderm and push the neural folds
together as a result they fuse across the dorsal midline. Although the relative
importance of the MHP and the DLHPs differs across axial levels of the folding
neural tube, together they play an important role in neurulation (Smith and
Schoenwolf, 1997; Stottmann et al., 2006; Ybot-Gonzalez et al., 2002).

Recent studies implicate the active regulation of apical constriction in
bending and shaping epithelial sheets, including the neural plate (Copp et al.,
2003; Haigo et al., 2003; Nagele et al., 1989; Nishimura and Takeichi, 2008;
Smith and Schoenwolf, 1997; van Straaten et al., 2002). This process requires

contraction of the adherens belt, which runs immediately below the apical
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surface of epithelial sheets and can provide a mechanism for shaping whole
tissues via its association with adherens junctions (Nishimura and Takeichi,
2008). However, despite its importance in morphogenesis, only a handful of
molecules have been implicated in the regulation of apical constriction (Brouns
et al., 2000; Haigo et al., 2003; Nishimura and Takeichi, 2008; Sai and Ladher,
2008).

How are apicobasal events (e.g., apical constriction, cell cycle
progression, apicobasal cell thickening) implicated in neural tube closure
controlled and coordinated (Copp et al., 2003; Haigo et al., 2003; Nishimura and
Takeichi, 2008; Yang et al., 2009). Recently, an intriguing connection between
the bending of epithelial sheets into complex organs and the dynamic regulation
of apicobasal epithelial polarity has emerged (Andrew and Ewald, 2010; Bryant
and Mostov, 2008). These studies suggest that epithelial cells can progressively
transform themselves into complex structures, such as branched tubules, by
polarized cell divisions and dynamic shunting between unpolarized,
semipolarized and polarized states, each influenced by distinct signals (Bryant
and Mostov, 2008). In such “morphogenetically active” epithelia, altering the
polarity of a few cells at a time while retaining it in others, allows the epithelial
sheet to retain its overall integrity while simultaneously possessing the flexibility
to be bent and shaped (Ewald et al., 2008; Yang et al., 2009).

BMP homologs have also been implicated in the morphogenesis of many

epithelial tissues and can interact with molecules (e.g., cadherins) concentrated
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in apically located junctional complexes (Attisano and Wrana, 2002; Gibson and
Perrimon, 2005; Shen and Dahmann, 2005; Shoval et al.,, 2007). Such
cadherin-mediated BMP activity is essential for neural crest migration and the
directional, convergent-extension movements that narrow and elongate the fish
embryo during gastrulation (Shoval et al., 2007; von der Hardt et al., 2007).
Recent studies also demonstrate that the disruption of apically located tight
junctions by the BMP homolog, TGF[3, can critically regulate epithelial to
mesenchymal transformation often a key event during tissue morphogenesis
(Massague, 2008; Ozdamar et al., 2005).

Perturbed BMP signaling results in neural tube closure defects
(McMahon et al., 1998; Stottmann et al., 2006; Ybot-Gonzalez et al., 2007).
Although the role of BMP signaling in dorsal neural cell-fate specification has
been extensively examined, little is known at the cellular and molecular level
about how BMPs regulate neural tube closure (Liu and Niswander, 2005). In this
study, we examined the role of BMP signaling in the midbrain, a region where
exencephaly occurs frequently and where closure mechanisms are distinct from
those employed in the caudal neural tube (Copp et al., 2003). We show that a
complex 2-dimensional BMP gradient occurs in the anterior neural plate and
plays a profound role in MHP formation by regulating epithelial apicobasal
polarity. Coimmunoprecipitation studies demonstrate that members of the
canonical BMP signaling cascade biochemically interact with the apicobasal

polarity pathway in a BMP-dependent manner. As a result, direct perturbations
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of the apicobasal polarity pathway mimic the morphogenetic effects of BMP
blockade. Thus, by regulating apicobasal polarity, BMP signaling plays a critical

role in neural tube closure.

2.2 Results
2.2.1 Expression patterns of BMP signaling components in the developing
vertebrate midbrain.

We examined BMP signaling in the neurulating chick embryo between
Hamburger-Hamilton (HH) Stages 4-10 (Colas and Schoenwolf, 2001; Hamilton,
1951). BMP7 expression was seen in the notochord by HH5 and the ventral
midline/MHP by HH7, where it continued to be expressed until later (Fig. 2.1A-B,
4.1A-B; data not shown). Since BMP antagonists (Noggin and Chordin) and
transcriptional targets (MSX1) were expressed in complex patterns in the
neurulating chick, we focused our analysis on the expression of phosphorylated
(p)-SMAD 1/5/8, a definitive readout of canonical BMP signaling (Fig. 4.1A-E).

pSMAD 1/5/8 expression occurred in the neural plate as early as HH4 and
persisted in the neural tube throughout neurulation (Fig. 2.1C-F, H; data not
shown). Interestingly, pPSMAD 1/5/8 expression occurred along two intersecting
gradients in the neural plate (Fig. 2.1C, D, H). A dorsoventral (DV) gradient of
pSMAD 1/5/8 expression was seen with the lowest levels of expression at the
MHP (Fig. 2.1C, D, H). A second pSMAD 1/5/8 gradient was seen along the

apicobasal (ventricular-pial) axis of the presumptive midbrain plate, with strong,
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Figure 2.1 A 2-dimensional, spatiotemporally dynamic BMP gradient in the neural plate

(A, B) BMP7 mRNA expression in the notochord (NC) and the presumptive midbrain neural
plate (NP). Embryonic stages are noted at the bottom left of each micrograph. (C) Whole
embryo (top down view, rostral to the top) demonstrating dorsoventrally graded and mosaic
pSMAD 1/5/8 protein expression in the neural plate. Note that few pSMAD 1/5/8+ puncta
are present in the MHP (arrowheads) compared to lateral neural plate (NP) and are difficult
to visualize in the MHP in cross-sections (D-F). (D-F) Dorsoventrally and apicobasally
graded pSMAD 1/5/8 expression and its colocalization with pHH3+ in apical, mitotic cells
(e.g., boxed cell in F). (G) Quantitation of pPSMAD 1/5/8 and pHH3 overlap in the neural
plate. (H) HH7 cartoon summarizing the data in C-F. The dorsoventral and apicobasal
pSMAD 1/5/8 gradients and the overlap between pSMAD 1/5/8 and pHH3+ expression are
depicted. HH: Hamburger and Hamilton embryonic stages; HN: Hensen’s node; MHP:
median hinge point; NC: notochord; NP: neural plate; NF: neural fold.
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but mosaic, expression in apical cells (Fig. 2.1C-F, H).

Neural progenitors undergo interkinetic nuclear migration as they progress
through the cell cycle, with mitosis occurring apically (Sauer, 1935; Smith and
Schoenwolf, 1997). Interestingly, 100% of phospho-histone H3 (pHH3)+ mitotic
cells co-expressed high levels of pPSMAD 1/5/8 during neurulation, while 41% of
apical, pSMAD+ cells were pHH3-negative and presumably represented cells
about to enter into mitosis or those that had just exited this phase (Fig. 2.1D-G;
(Langman et al., 1966)). Based on previous studies, neurulation stage neural
progenitors exhibit a cell cycle of 7-12 hours, with 0.5-1.3 hr. allocated to mitosis
(Schoenwolf, 1985; Smith and Schoenwolf, 1987). Thus, high BMP signaling is
received only transiently by apical, predominantly mitotic, progenitors during
each cell cycle, with only a few such (pSMAD 1/5/8+, pHH3+) cells present at
the MHP compared to the rest of the neural plate. (Fig. 2.1C-H). Therefore, we
conclude that the MHP receives low levels of temporally dynamic canonical

BMP signaling during neurulation (summarized in Fig. 2.1H).

2.2.2 BMPs regulate midbrain shape and size but not cell fates.

We increased [constitutively active BMP receptor 1A (caBMPR1A)] or
attenuated [Noggin and dominant negative BMP receptor 1A (dnBMPR1A)]
BMP signaling in the developing midbrain using in ovo electroporation. Since

BMP7 is co-expressed with SHH at the MHP during neurulation and in the floor
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Fig. 2.2. BMP signaling regulates midbrain shape, but not ventral cell fate
specification.
(A, B) Control (A-A”) and Noggin (B-B”) electroporations (green cells)
demonstrating severely reduced pSMAD 1/5/8 (red) expression in the latter.
(C) Western blots demonstrating that Noggin reduces p-SMAD 1/5/8 levels
in a dose-dependent manner, but does not change the absolute levels of
SMAD1 or SMADS in E3 whole cell lysates. (D, E) Control (D) and Noggin-
electroporated midbrains (E) demonstrating that ventral cell fates, assayed
by SHH, PHOX2A and PAX6, are not perturbed by BMP blockade although
midbrain shape is altered. (F-G’) DAPI and EGFP (F’, G’) staining of
controls (F, F’) and Noggin-electroporated brains (G, G’) demonstrating
ectopic hinge-like invaginations (red arrowhead) in lateral midbrain and
exaggerated ventral midline grooving (white arrow) in G compared to F.
Note that the magnification in G and G’ is 1.5x the magnification in F and F’
for ease of viewing the invaginations. (H) High power micrograph
demonstrating that like Noggin, dnBMPR1A overexpression (green) can also
induce hinge-like invaginations of the PAR3+ (red) apical surface (arrowhead).
EP: electroporation; L: lumen; FP: floor plate.

29



plate (FP) later, we first asked whether BMP perturbations affect ventral
midbrain cell fate specification by modulating SHH (Fig. 4.1A; (Arkell and
Beddington, 1997; Liem et al., 1997)). Western blot analyses following Noggin
electroporations (0.2- 2 pg/ul) between HH7-11 resulted in a non-autonomous,
dose dependent reduction of pSMAD 1/5/8 levels, but not in the levels of total
SMAD1 or SMADS5 proteins in the midbrain (Fig. 2.2A-C). Despite significant
pSMAD 1/5/8 reduction, BMP blockade did not alter ventral midbrain cell fate
specification (Fig. 2.2D, E). However, Noggin and dnBMPR1 manipulations had
a profound effect on midbrain shape, including the induction of hinge-like
invaginations at multiple locations in the midbrain (Fig. 2.2F-H). The similarity of
shape changes produced by dnBMPR1 and Noggin manipulations suggested
that these effects were BMP-dependent and not due to non-specific effects of

Noggin manipulations (see also Fig. 2.10).

2.2.3 BMPs regulate hinge point formation during neural tube closure
Given the ability of BMP blockade to induce hinge-like invaginations and
the low levels of pSMAD 1/5/8 expression at the MHP, we asked whether BMP
signaling could regulate endogenous MHP formation (Fig. 2.1C-H; 2.2F-H).
For this purpose, we developed a focal, in vivo microelectroporation paradigm
for manipulating early neurulation stage (HH4-6) embryos. Early EGFP
electroporations resulted in a morphologically normal midbrain neural plate with

proper MHP formation at HH7 and neural tube closure at HH 10-11 (Fig. 2.3A-
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Fig. 2.3 BMP blockade is necessary and sufficient for MHP formation

Columns 1, 2:cross-sections, Column 3: Top down view of whole embryos, whose
cross-sections are shown in column 2. Black lines in C, F and | indicate the level of
cross-sections shown in B, E and H. (A-C) A normally contoured MHP at HH7 and
HH11 (arrows, A, B) and a correctly closed neural tube at HH11 (B, C) following
EGFP-electroporations at HH5. (D-F) Noggin overexpression at HH5 exaggerates
the endogenous MHP (arrow in D, E) and/or induces ectopic HPs in lateral neural
plate (red arrowhead, D). Note that the neural tube in E, F does not close, most likely
due to the increased thickness of the neurectoderm (compare white I- bars in A and

B {Fraser, 1954 #160}). (G-l) Targeted midline caBMPR1A overexpression at HH5
abolishes the MHP (arrow, G) at HH 7, and prevents the neural folds (NF, arrowheads,
H, I) from coming together to close the neural tube at HH11. For quantitative details
see Table 1. (J) DAPI-stained section demonstrating that dnBMPR1A overexpression
(green) at HH5 induces ectopic HP formation (red arrowhead) at HH7 (3 hours after
electroporation). White arrow: endogenous MHP. (K) DAPI-stained section
demonstrating that focal dnBMPR1A misexpression (green) at the MHP at HH5 can
also exaggerate the endogenous MHP by HH7 (Arrow, B). Note that not all cells
participating in HP formation are electroporated. EP: electroporation; HH: Hamburger
and Hamilton stages; MHP: median hinge point; NF: neural fold; MB: midbrain.
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C; Table 2.1). By contrast, both Noggin and dnBMPR1 electroporations resulted
in a dramatic exaggeration of the endogenous MHP and in the ectopic induction
of HPs in lateral midbrain (Fig 2.3D-F, J-K). The neural tube failed to close in
BMP blockade experiments (n=9/11 embryos), most likely due to the increased
apicobasal thickening of the neural epithelium (Compare Fig. 2.3A, D; Table 2.1;
(Fraser, 1954)).

Considerable controversy exists with regard to the requirement for MHP
formation in neural tube closure (Copp et al., 2003; Smith and Schoenwolf,
1997). Strikingly, overexpression of caBMPR1A at the ventral midline during
neural plate stages prevented MHP formation, flattening the ventral midline (Fig.
2.3G, H). Compared to controls (n=1/8 embryos), early midline electroporations
of caBMPR1A, which prevented MHP formation, also consistently prevented the
neural folds from elevating and drawing together so that they could not fuse
across the dorsal midline (n=8/12, arrowheads, Fig. 2.3H, I; Table 2.1).
Together, these results suggest that MHP formation is required for midbrain
neural plate closure and that BMP blockade is both necessary and sufficient for
MHP induction.

We asked whether MHP formation is a cell-autonomous effect of BMP
blockade. The determination of cell-autonomy is difficult when manipulating
gene expression with electroporations, since inheritance of the transgene-
bearing plasmid during cell division is idiosyncratic and gene expression can

shut down in a cell after a clear phenotype has been produced. To determine
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BMPs regulate neural tube closure

unaffected | NTD Total
EGFP 7 1 8
Noggin 2 9 11
caBMPR1A 4 8 12

* NTD : neural tube closure defects

Table 2.1. The effects of BMP signaling on Neural tube closure.

Phenotypes of EGFP, Noggin and caBMPR1A misexpressing midbrains electroporated

at HHS and examined at HH11 for neural tube closure defects (NTDs). Unaffected
embryos were determined by comparing tissue morphology with wildtype unelectroporated
embryos.
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whether the effects of BMP blockade were cell autonomous, we therefore
directed our analyses to those embryos focally electroporated with dnBMPR1-
IRES-EGFP and collected within 4 hours of electroporation. At this time, strong
EGFP expression is detected and cell cycle duration (~12 hours in lateral
midbrain neural plate) is not a significant confound (Fig. 2.3J, K; data not
shown; (Schoenwolf, 1985; Smith and Schoenwolf, 1987)). These dnBMPR1
manipulations clearly demonstrate that HP formation is a short-range, non-
autonomous event, typically involving BMP attenuation in some but not all cells
participating in the HP. As we will see below, similar non-autonomous HP
induction is also elicited by early apicobasal polarity manipulations followed by

short-term survivals.

2.2.4 BMPs regulate hinge point formation by directing apical constriction
and basal nuclear migration.

MHP formation is associated with characteristic cell behaviors such as
the basal migration of nuclei, apical constriction and apicobasal shortening
(Colas and Schoenwolf, 2001) (Fig. 2.4A, B). We therefore asked whether such
cell behaviors were induced by BMP blockade at ectopic hinge points.

Midbrain wholemounts electroporated with either membrane-targeted
EGFP (m-EGFP) alone, or in conjunction with Noggin were stained with PAR3
to distinguish the apical (PAR3+) surface from the basolateral (MNEGFP+/PAR3-

negative) surface. When such midbrain wholemounts were flattened so that
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their apical surface could be viewed, severe apical constriction was noted in
Noggin-electroporated cells and in all cells (Noggin-electroporated cells +
unelectroporated neighbors) within the sampling box (respectively 68% and
67% of controls; Fig 2.4C-F).

While the above data provide a measure of total apical constriction, they
do not distinguish between apical constriction and a reduction in total cell size.
Therefore, we stained brains with PAR3 as before and compared ratios of apical
width (aw) to the cell width at its widest point (ww) in control (MEGFP-
electroporated) and Noggin+tmEGFP-electroporated cells according to
established protocols (Lee et al.,, 2007). Compared to controls, Noggin-
electroporated cells displayed a 55.5% reduction in the aw:ww ratio, suggesting
that the apical constriction noted in wholemounts did not simply represent
altered cell sizes (Fig. 2.4G-I).

The mitotic duration in MHP cells is less than half that seen in lateral
neural plate, as a result of which MHP cell nuclei spend more time at basal
locations than lateral neural plate cells, possibly facilitating apical constriction
(Fig. 2.4A, B; (Smith and Schoenwolf, 1997)). We therefore asked whether BMP
signaling played a role in inducing basal nuclear migration at the MHP.
Compared to DAPI and PAR3-stained controls, Noggin-electroporated nuclei
seen at more basal locations (5.01um vs.15.2 um from the apical surface),
reproducing the phenotype seen at the endogenous MHP (Fig. 2.4A,B; J-L and

Fig. 2.2F, G (red arrowhead)).
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Figure 2.4. BMP signaling regulates apicobasal cell behaviors associated with MHP
formation.
(A) DAPI (pseudo-colored red) and Phalloidin (green) stained section through an HH7
neural plate demonstrating apical constriction and basal nuclear migration in most, but
not all cells at the MHP. Note the condensed apical phalloidin in apically constricted MHP
cells. (B) Schematic of A. (C-E) Apical constriction demonstrated by the reduced ratio
of apical width:widest width in Noggin-electroporated cells (D) compared to controls (C).
White lines in C and D depict where measurements were taken. E. Quantitation of C, D
(aw:ww ratio in control cells: 0.45; n=43cells / 9 brains. Noggin electroporated cells: 0.27,
n=87cells/12 brains p=2.034x10-10). (F-G’) F, F’: EGFP electroporations displaying the
smooth apical (PAR3+) contour of lateral midbrain and the normal distribution of DAPI
stained nuclei. Note that the density of DAPI staining is lower apically than elsewhere
(see also Fig. 2.4A). G, G’: Noggin-induced ectopic hinge in lateral midbrain (arrowhead)
is accompanied by apical constriction (condensed PAR3, arrowhead) and basally
migrated nuclei. Note the fewer number of apical Noggin+ cells (green, G) compared to
those in EGFP-electroporated controls (F). F, F’ and G, G’ show the same micrographs
with the green and red channel removed in F’ and G’ for clarity. (H) Quantitation of basal
migration. Distance from the apical surface: control cells: 5.01um; n=164 cells/5brains;
Noggin treated cells=15.2um; n=202cells/7brains; p=1.23x10-7 (I) Compared to controls,
Noggin-electroporated cells display increased apicobasal spans (compare Fig. 2.3A and
D or Fig. 2.5A and B). Apicobasal spans, EGFP electroporated cells: 63.22 ym, n=20
cells/5 brains, Noggin-electroporated cells: 90.31 um, 52 cells/8 brains; p=1.02x10-15.
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During neurulation, apicobasal shortening occurs at the MHP, while the
neurectoderm lateral to the MHP undergoes apicobasal thickening (Colas and
Schoenwolf, 2001). However, Noggin-electroporated midbrain progenitors
rapidly (within 6 hours) increased their length by 42% compared to controls (Fig.
2.4M; Compare the apicobasal thickness of sections in 2.4F and G’ and Fig.
2.3A and D; see Fig. 2.5A, B for micrographs of individual cell spans). Together,
these data suggest that BMP blockade is sufficient for apical constriction and
basal nuclear migration, but not for apicobasal shortening. Interestingly, despite
Noggin’s inability to induce apicobasal shortening, it is sufficient to elicit ectopic

HPs in the midbrain.

2.2.5 BMPs regulate epithelial apicobasal polarity.

The above data show that BMP signaling regulates apicobasal cell
behaviors associated with MHP formation. We therefore asked whether BMP
signaling might affect MHP formation by interacting with the apicobasal polarity
pathway. The apicobasal polarization of epithelial cells depends on antagonistic
interactions between basolateral protein complexes (e.g. LGL-Scribble-Disks
Large) and apically located protein complexes (e.g. PAR3-PAR6-aPKC
complex) associated with tight and adherens junctions (Margolis and Borg,
2005). As a result, apical and baslolateral proteins exhibit no overlap in
mature epithelia, although their expression can overlap in “morphogenetically

active” or immature epithelia (Margolis and Borg, 2005; Suzuki et al., 2009).
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Figure 5. BMP signaling regulates epithelial apicobasal polarity.

(A, A)) Control, low LGL-GFP electroporation showing complete segregation
between the apical (PAR3+) and basolateral (LGL-GFP+) cell compartments.

A’ is a magnified view of the boxed area in A. (B, B’) Noggin+ low LGL-GFP
electroporated cells showing ectopic apical LGL-GFP expression (arrowheads

in B and B’). B’ is a high magnification view of the boxed area in B. A, B: Maximum
intensity projections; A’, B’: 0.8um optical sections. (C-F) C: Control LGL-GFP
electroporations showing complete segregation of the apical and basolateral
compartments in apical cells in lateral midbrain. D-F: Due to the temporally dynamic
nature of HP formation, Noggin+ low LGL-GFP electroporations display variable
combinations of ectopic apical LGL-GFP (arrowheads, D-F), reduced apical PAR3
(D-F), cytoplasmic PAR3 (arrows D, E; see also Fig. 4G; 5L-L"), apical constriction
(E, F) and ectopic HP formation (D, F). (G-G”) Confocal images showing the
exclusively apical expression of ZO1 in tight junctions in control brains. A: EGFP
(green); A: ZO-1 (red); A” merge of A, A'. (H-H”) Noggin-electroporated brains
showing increased cytoplasmic ZO1+ puncta (arrowhead, H’). Inset in H” shows a
magnified view of the boxed area. H: EGFP (green channel), H ZO1 (red channel),
H” merge of B, B’. (I-”") Confocal images of Noggin-electroporated cells (green, |)
displaying reduced apical PAR3 and N-CAD (arrow, I') and ectopic PAR3 and
N-CAD in the cytoplasm (arrowheads I-I"). I”’: merge of I’, I”. Note that the ectopic,
basolateral expression of N-CAD (arrowheads, I”’) coincides with ectopic PAR3
(arrowheads, I-I""). Control electroporations can be seen in Fig. 2.6A-A”.
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Since no antibodies for basolateral proteins are available for the chick, we
simultaneously visualized the apical (PAR3/N-CAD/ZO1+) and the basolateral
(LGL+) compartments using immunohistochemistry combined with low-level
misexpression of the LGL-GFP (1 pg/ul) fusion protein (Dollar et al., 2005). A
complete segregation between apical and basolateral compartments was noted
in these experiments with no overlap between PAR3/ZO1/N-CAD and LGL-GFP,
suggesting that at these levels, LGL-GFP did not affect epithelial polarity (Fig.
2.5A, C, data not shown (Betschinger et al., 2003)). As expected, LGL-GFP was
also seen in the cytoplasm, although this did not interfere with our ability to
distinguish between the membrane-associated PAR3 and LGL proteins in the
apical and basolateral compartments (Fig. 2.5A, C). In contrast to control (low)
LGL-GFP electroporations, co-electroporations of Noggin with low LGL-GFP
resulted in a reduction of apical PAR3 and the ectopic apical expression of LGL-
GFP (Fig. 2.5A-B’). Since the process of HP formation is temporally dynamic,
Noggin-electroporated cells variably displayed combinations of apical
constriction, ectopic apical LGL, reduced apical junctional proteins and

increased cytoplasmic PAR3, ZO1 and N-Cad puncta (Fig. 2.5C-F; 2.5G-I"").

2.2.6 BMP blockade increases PAR3 endocytosis.
We noted that Noggin-electroporated cells frequently displayed PAR3+,
Z01+, N-CAD+ cytoplasmic puncta not seen in controls (arrows, Fig. 2.5D, E,

H’, H”, I-I""). Western blot analysis revealed no changes in PAR3 protein level in
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Fig. 2.6. BMP-blockade increases PAR3 endocytosis.

(A-B’”) Low (A-B”) and high power (B™) images demonstrating that compared to controls
(A-A”), Noggin electroporated embryos display increased PAR3+ cytoplasmic puncta
which colocalize with EEA1+ endosomes (arrowheads, B-B”). Note that the EGFP
channel has been omitted in B’ for clarity. (C-D”) Noggin+low level Rab5-cherry
electroporations demonstrating PAR3 and Rab5 colocalization in endosomes. C: Low
power cartoon view of a Noggin (green), Rab5-cherry co-electroporated brain. The
boxed area is magnified in D-D”. E: PAR3 (green channel); D’: Rab5-m-cherry (red
channel). D”: merge, D, D’. EP: electroporation; L: lumen.
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Noggin electroporated embryos as compared to the controls (Fig. 2.7C). We
therefore hypothesized that the apical loss of PAR3 noted above was due to the
endocytosis-mediated removal of apical membranes leading to apical
constriction, as observed during Xenopus gastrulation (Lee and Harland, 2010).
As in the Xenopus study, control EGFP+ midbrain cells displayed little or no
expression of the early endosomal markers EEA1 or Rab5, suggesting that
these organelles turn over rapidly (Fig. 2.6A-A”; data not shown) (Lee and
Harland, 2010). However, an increase in PAR3+, EEAl+ puncta in Noggin-
electroporated brains demonstrated that a proportion of apical PAR3 had been

”y

shunted into endocytotic vesicles (Fig 2.6B-B™). These results were confirmed
by co-electroporations of Noggin with Rab5-cherry, which also demonstrated
increased numbers of PAR3+, Rab5-cherry+ cytoplasmic puncta (Fig. 2.6C-D”).

Thus, these results implicate BMP blockade-mediated endocytosis of apical

proteins as a potential mechanism for apical constriction.

2.2.7 BMP signaling cascade biochemically interacts with PAR3

We next asked whether the BMP signaling cascade biochemically
interacted with members of the apicobasal polarity pathway. Strikingly,
immunoprecipitation of HH 9-11 brain lysates with pSMAD 1/5/8 antibody
(specific for the phosphorylated forms of SMAD1/5/8) followed by
immunoblotting with PAR3 or vice versa, demonstrated a biochemical

interaction between the effectors of canonical BMP signaling and the apicobasal
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Fig. 2.7. BMP signaling cascade biochemically interacted with PARS.

(A) Top: Biochemical interactions between pSMAD 1/5/8 and PARS3 in whole cell lysates
immunoprecipitated with PAR3 and immunoblotted with pSMAD1/5/8 antibody (lane 3).
Bottom: p-SMAD 1/5/8 and PARS interactions demonstrated by reversing pPSMAD 1/5/8
and PARS3 antibodies (lane 2). (B) Compared to EGFP controls, biochemical interactions
between pSMAD 1/5/8 and PARS3 are greatly reduced in Noggin-electroporated whole
cell lysates. Top Row: IP-PAR3, WB: pSMAD 1/5/8. Bottom row: IP: pSMAD1/5/8
antibody WB: PARS3. (C) Top Row: Western blot experiments showing that PAR3 protein
levels are not different in E3 whole cell lysates prepared from EGFP- or brains
electroporated with varying doses of Noggin. Bottom Row: loading controls.

(D) Immunoprecipitation with PAR3 and Western blotting with a SMADS antibody (which
recognizes both phosphorylated and non-phosphorylated SMAD 5). Note that the
interactions between PAR3 and SMADS5 seen in EGFP-electroporated embryos (lane 1)
are significantly decreased by Noggin electroporations (lane 5).
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polarity pathway (Fig. 2.7A). Interestingly, while PAR3-pSMAD 1/5/8 interactions
were preserved in EGFP-electroporated lysates, they were severely reduced in
Noggin-electroporated lysates (Fig. 2.7B).

Reduced interactions could occur if the total protein levels of PARS3,
SMAD 1, 5 or 8 proteins themselves were reduced. However, Noggin
electroporations at multiple concentrations followed by immunoblotting did not
show in a net loss of PAR3, SMAD1 or SMADS proteins (Fig. 2.7C; Fig. 2.2C).
Since no interactions were noted between SMAD1 and PAR3 in wild-type tissue
lysates, we eliminated SMAD1 from our analyses (data not shown) and focused
on PAR3-SMADS interactions, since the SMADS8 antibody did not work in our
hands. Despite their unchanged levels, interactions between PAR3 and SMAD5
(using antibodies that recognize both its phosphorylated and non-
phosphorylated forms) were severely reduced in Noggin, but not in EGFP-
electroporated cell lysates (Fig. 2.7D; Fig. 2.2C). Together with the reduced
pSMAD 1/5/8 and PAR3 interactions in Noggin-electroporated brains, these
results suggest that PAR3-pSMAD 5/8 interact with each other in a BMP-

dependent manner.

2.2.8 Partially polarized cells at the wild type MHP.
The formation of epithelial tissues (e.g., branched tubules) frequently
involves the dynamic modulation of cell polarity, giving such developing tissues

the flexibility to undergo complex shape changes while retaining overall
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Fig. 2.8. Partially polarized cells at the wild type MHP.

(A-A”) Embryo electroporated at HH5 with low LGL-GFP displays semi-polarized cells at
the MHP (Box A’), but not in lateral neural plate at HH7 (Box A”). Note that the
electroporated cell in A’ (arrow) displays apical LGL-GFP and reduced apical PAR3

(arrow, A') unlike the cell in A” (arrow), which displays a clear segregation between apical
(PAR3+) and basolateral (LGL+) compartments. (B) Greater frequency of partially polarized
cells at the MHP (63% of those electroporated) where BMP signaling is weak compared to
the lateral neural plate (7%) where it is strong.
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epithelial organization (Bryant and Mostov, 2008; Ewald et al., 2008; Suzuki et
al., 2009). Our findings that BMP blockade altered apicobasal polarity and
resulted in the apical LGL expression, led us to ask whether such cells existed
in the wild-type MHP where low BMP signaling occur. Combined low-level LGL-
GFP electroporations and PAR3 immunohistochemistry demonstrated that such
partially polarized cells (with apical LGL or LGL-PAR3 overlap) occurred in the
neural plate (Fig. 2.8A-B; data not shown; see Materials and Methods for details
on LGL-GFP concentrations and effects on cell polarity). Interestingly, their
frequency was inversely correlated with the level of BMP signaling with the
greatest numbers (n=11/16 electroporated) present at the wild-type MHP

compared to lateral midbrain (n=3/19 electroporated; Fig. 2.8A-B).

2.2.9 Apical LGL is sufficient to induce MHP formation.

We next asked to what extent would apical LGL misexpression account for
the hinge point-associated effects of BMP blockade. Unlike low LGL-GFP
misexpression, early (HH4-6) high-level LGL-GFP (3-5 pg/ul) electroporations
resulted in aberrant apical LGL-GFP expression and in ectopic hinge point
induction in the lateral neural plate (Fig. 2.9C-F; a control for C is shown in Fig.
2.3A). Such ectopic hinge points, like those induced by BMP blockade, also
displayed apical constriction, basal nuclear migration and increased PAR3
endocytosis into EEAl1+ endosomes (Fig. 2.9D-F). As with dnBMPR1

manipulations, LGL-GFP electroporations followed by short-term survivals (3
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Fig. 2.9. Apical LGL is sufficient to induce MHP formation.

(C) DAPI stained sections demonstrating that high level (3ug/ul) LGL-GFP misexpression
at HH5 is sufficient to induce ectopic HPs by HH7 (red arrowhead, C). White arrow (C)
marks the endogenous MHP. (D, D’) PAR3 and DAPI stained brains demonstrating basal
nuclear migration at ectopic hinge points (arrowheads) induced by high LGL-GFP
electroporations. D and D’ represent the same micrograph, with the green and red channel
removed in D’ for clarity. (E, F) Control (low LGL-GFP, E) and high LGL-GFP (F)
electroporations demonstrating apical LGL-GFP and apical constriction in F (arrowhead).
(G-H) Ectopic cytoplasmic PAR3+/EEA1+ puncta in cells electroporated with high levels

of LGL-GFP. G, G’: single channels, G”:merge of G-G’ and LGL-GFP, H: Merge of G-G’
showing the boxed area in G-G’. Control (EGFP) electroporations are shown in Fig. 5K-K”.
EP: electroporation; MHP: median hinge point; L: lumen.
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hours) also induced HP formation in a short range, non-autonomous manner,
possibly via apical junction mediated cell-cell communications. We conclude
that BMP blockade targets LGL to the apical compartment. Apical LGL in turn
is sufficient to account for the cellular and morphogenetic effects of BMP

blockade on MHP formation.

2.2.10 MHP formation is mediated by blockade of canonical BMP signaling.

In mammary gland epithelial cells, TGFR signaling interacts with apical
junctional complexes via non-canonical, transcription-independent mechanisms
(Ozdamar et al., 2005). The rapid onset of BMP-mediated epithelial effects
described above (Fig. 2.3) argued for the involvement of Smad-independent,
non-canonical mechanisms in hinge point formation. However, the graded
SMAD 1/5/8 expression and the ability of dnBMPR1A misexpression to elicit
ectopic hinge points and pSMAD5/8 interactions with PAR3 (Fig. 2.1D; 2.2H;
2.7A) argued for the involvement of Smad-dependent mechanisms. To resolve
this issue, we misexpressed an inhibitory Smad, Smad6, which interferes with
the ability of BMPR1 to phosphorylate receptor-activated Smads (SMAD 1, 5, 8)
and/or with the formation of SMAD 1/5/8-coSmad (SMAD4) complexes (Hata et
al., 1998; Imamura et al.,, 1997). Interestingly, Smad6 overexpression
mimicked the phenotypes produced by Noggin, dnBMPR1 and LGL
misexpression. These phenotypes included ectopic hinge point formation, the

removal of apical PAR3, basal migration of nuclei and apical constriction (Fig.
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Fig. 2.10. MHP formation is mediated by blockade of canonical BMP signaling

(A-B’) A: The apical (PAR3+) contour of lateral midbrain at E3 in EGFP-electroporated
controls. B, B: Smad6 overexpression induces ectopic HPs (arrows, B, B’) with basal
nuclear migration. B’ shows the same micrograph as B with the green channel omitted

for clarity. (C, C’) High magnification image of boxed area in B demonstrating apical
constriction (condensed PAR3 expression at the HP, arrow in C, C’) and the loss of apical
PARS3 (arrowheads in C, C’). (D) Smad6 overexpression resulting in an apically constricted
lateral midbrain cell (arrowhead). L: lumen.
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2.10A-D; data not shown). These results suggest that BMP blockade-
regulates MHP formation in the midbrain by canonical, Smad-dependent

mechanisms.

2.3 DISCUSSION
2.3.1 The cellular role of BMP signaling in regulating apicobasal polarity.
We have shown in chapter 2, BMP signaling is highest when cells are
located at the apical surface where cells normally undergo mitosis. We also
have shown that PAR3 and SMAD1/5/8 biochemically interact each other in the
presence of BMP signaling. In the absence of BMP signaling by overexpressing
BMP antagonist Noggin, we observed an increase of endocytosis of PARS.
Taken together data we have shown, we hypothesize that BMP signaling plays
an important role to maintain midbrain neuroepithelial apicobasal polarity. BMP
attenuation reduces the phosphorylation of SMAD5 which leads to removal of
apical junctional components including PAR3 or ZO-1 into Rab5+/EEAl+
endosomes. This causes the reduction of apical membrane area leading to
apical constriction, disruption of junctional structures and the apical
mislocalization of basolateral protein LGL (Fig. 2.11). In the MHP where
normally BMP signaling is low, cells partially lose their interaction between
PAR3 and canonical BMP signaling components which in turn induce apical
constriction, generating partially polarized epithelial phenotypes as we have

observed in Fig. 2.8. According to recent studies, actomyosin contractility can
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Fig. 2.11. The cellular role of BMP signaling in regulating apicobasal polarity.

A. Depicts a neural plate cell receiving BMP signaling. BMP binding to its receptors
phosphorylates pPSMAD 1/5/8, which bind to the PAR3-PKC-PAR6 complex at the tight
junction via its interactions with PAR3. The PAR complex is stabilized and LGL is restricted
to the basolateral compartment and cytoplasm. B. A cell experiencing BMP attenuation.
Due to reduced SMAD 1/5/8 phosphorylation, the PAR complex becomes unstable and
disrupts the tight junction. This permits the apical incursion of LGL, PAR3 endocytosis
and apical constriction. Note that the same cell can shuttle between states A and B in

a cell cycle- dependent manner. Note also that in addition to cell-autonomous effects,
non-autonomous inclusion of cells in the HP is expected, possibly by intercellular
communication via the apical actin/adherens belt (not shown).
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induce nuclear migration (Martini and Valdeolmillos, 2010; Schenk et al., 2009).
Thus, apical constriction induced by the removal of apical components at the
ventral midline in turn causes basal nuclear migration, culminating in the

formation of median hinge point formation.

2.3.2 BMPs regulate MHP-induction independent of ventral cell fate
specification

Although BMP and SHH activity overlap at the MHP/Floor plate, BMP
blockade can regulate MHP formation, but cannot alter midbrain cell fates.
Conversely, the ectopic HPs induced by BMP manipulations do not display rFP
specific markers (SHH, LMX1B, FOXA2, Notch-Delta pathway members, Wnts,
Fig. S1B; data not shown). Thus, while BMP blockade can elicit cell behaviors
required for HP formation, it is not sufficient to induce rFP-specific markers and
cell fates. By contrast, SHH misexpression induces ventral midline cell fates,
but is not sufficient for inducing a morphogenetic MHP (Agarwala et al., 2001),
data not shown), although it can prevent DLHP formation by blocking dorsally
expressed Noggin (Ybot-Gonzalez et al., 2007). Thus, MHP induction and cell
fate specification in the ventral midbrain are likely to be regulated via

independent mechanisms.

2.3.3 Smad-dependent BMP signaling regulates MHP formation

TGFR-mediated regulation of the apicobasal polarity or cellular
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cytoskeleton in multiple systems has been shown to occur in a BMPRII-
dependent, Smad-independent manner (Eaton and Davis, 2005; Foletta et al.,
2003; Ozdamar et al., 2005). In vitro studies in mammary gland epithelial cells
have established direct interactions between TGFR signaling and Par6, an
apical protein of the Par6-aPKC-Cdc42 complex (Bryant and Mostov, 2008;
Ozdamar et al., 2005). TGFR receptor-mediated phosphorylation of Par6
activates the E3 ubiquitin ligase, Smurfl, degrading RhoA GTPases and
disrupting tight junctions (Ozdamar et al., 2005).

Many of the changes in cell behaviors caused by BMP blockade in the
midbrain (HP formation, interkinetic nuclear migration, epithelial disruption,
rosette formation) were evident at < 6 hours of electroporation of Noggin-ires-
EGFP and within 2 hours of the detection of EGFP fluorescence. Although the
rapidity of BMP action suggests non-transcriptional (Smad-independent)
mechanisms in BMP-mediated regulation of apicobasal polarity, the presence of
an MSX1 and a pSmad1/5/8 DV gradient in the neurulating midbrain support
the involvement of canonical BMP signaling in regulating the cell behaviors
involved in neural tube closure (Attisano and Wrana, 2002; Derynck and Zhang,
2003; Ozdamar et al., 2005). Moreover, overexpression of Smad6, which
intereferes with the Smad 1/5/8-Smad 4 Smad complex formation and/or with
the phosphorylation of R-Smads by BMPRL1, strongly suggests that canonical
BMP signaling might be involved in MHP induction in the midbrain (Hata et al.,

1998; Imamura et al.,, 1997). Furthermore, our co-immunoprecipitation
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experiments indicate a biochemical interaction between the R-Smads 1/5/8 and
PAR3 in the ventral midbrain and suggests that TGF3 mediated regulation of
apicobasal cell polarity can occur in a Smad-dependent or Smad-independent

manner (Ozdamar et al., 2005; Warner et al., 2003).

2.3.4 The non-autonomy of BMP function during MHP formation.

Only a small number of cells at the neurulating ventral midline at any
given time are p-Smad1/5/8+. How do such few cells bring about a complex,
non-autonomous event like HP formation? While the answer to this is not yet
known, we noted that a few cells electroporated with Noggin, dnBMPR1A or
Smad6 are sufficient to cause large-scale epithelial reorganization such as the
formation of a hinge point (e.g., Fig. 2.3; 2.10). Similar effects have been noted
in the fly embryo where cells with altered polarity can direct the polarity of their
neighbors in a non-autonomous fashion (Zallen and Wieschaus, 2004).

Recent studies have also shown that an initially unpolarized cell can
transform itself into a complex structure such as a cyst and then a branched
tubule over time by simultaneously dividing and alternating between unpolarized,
semipolarized and polarized states, each influenced by distinct sets of signals
(Mostov et al., 2003). A handful of progenitors at the apical surface of the
ventral midline of the midbrain that are transiently responsive to BMP signaling
(pSmad 1/5/8+) could similarly alternate between different polarized states as

they progress through the cell cycle while undergoing interkinetic nuclear
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migration along the apicobasal axis of the midbrain (Bayly et al., 2007), data not
shown). Such alterations in polarity in an affected cell could in turn influence the
polarity of its neighbors via apical junctional complexes, producing the

multicellular non-autonomous effects observed by us.

2.3.5 The interaction between PAR3 and pSMADSs.

We have demonstrated that BMP signaling could regulate apicobasal
polarity pathway by biochemical interaction between SMAD5 (or SMAD8) and
PAR3 (Fig. 2.7). Studies of this interaction are incomplete so far. However, in
the developing mouse orofacial tissue, it has been suggested that SMAD3 can
interact with apicobasal polarity proteins on the basis of a yeast-two hybrid
screen (Warner et al., 2003). Recently, it has been suggested that SMAD3
directly interacts with a serine/threonine kinase (PKB/Akt) and this interaction
modulates TGF-beta signaling (Conery et al., 2004; Remy et al., 2004). These
studies suggest that SMADs have roles not only as transcriptional regulator but

also regulate other signaling pathway through protein-protein interaction.
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CHAPTER 3 : 4D-IMAGING REVEALS THAT BMPS REGULATE CELL
BEHAVIORS IN A CELL-CYCLE DEPENDENT MANNER.

3.1 Introduction

During neural tube closure, cells at the hinge points (median hinge point
(MHP) and dorsolateral hinge points (DLHP)) undergo dynamic and polarized
cell shape changes. Classic studies have described cell behaviors at hinge
points such as apical constriction and basal migration. However, their precise
temporal sequence, the causal relationship between the events and their
molecular control are not well understood (Jacobson et al., 1986; Smith and
Schoenwolf, 1987; Smith and Schoenwolf, 1997).

Cell cycle progression is thought to be involved in apicobasal shape
changes at the MHP (Smith and Schoenwolf, 1987; Smith and Schoenwolf,
1997). As neural progenitors divide, they exhibit interkinetic (apicobasal)
nuclear migration, undergoing mitosis apically, then moving basally through G1
and S phases, and apically again via G2 to the mitotic phase (Baye and Link,
2007; Sauer, 1935). This has led to the idea that basal expansion and apical
constriction at the MHP can be achieved simply by altering cell cycle
progression to induce basal nuclear migration. This can be achieved by
reducing mitotic duration and/or increasing the duration of the other phases of
the cell cycle (Bayly et al., 2007; Sauer, 1935). As | have described in Chapter 2,
neural progenitors have high BMP signaling apically as they enter the mitotic

(M) phase and then turn down the BMP signal as they move from the apical
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surface to the basal surface (G1-S, S phases) and migrate back to the apical
surface during the G2-M phase through the cell cycle (Fig. 2.1; (Baye and Link,
2007; Sauer, 1935)). Along the dorsoventral axis, BMP signaling is lowest at the
MHP (Fig. 2.1). It has been suggested that cell cycle duration is significantly
longer at the MHP than cells at the lateral neural plate (Smith and Schoenwolf,
1987; Smith and Schoenwolf, 1997). Thus the low BMP signaling could control
MHP-associated cell behaviors by regulating cell cycle, more specifically by
inducing cells to stay at the basal location. Here we tested this idea by asking
how BMP signaling affects cell cycle progression in the midbrain

neuroepithelium using 3D time-lapse-imaging methods.

3.2 Results
3.2.1 4D-imaging set up for chick midbrain

We developed a time-lapse imaging method for studying the dynamic
cell behaviors in the developing chick midbrain. We electroporate the gene of
interest at HH8-9 and collect embryos 6 hours later to allow time for the cells to
express the trangene. Embryos were collected in L-15 tissue culture media and
dissected as indicated along the dotted lines in Fig. 3.1A-B. The advantage of
this type of dissection is that it retains all of the major signaling centers of the
midbrain (roof plate, floor plate and notochord). Dissected embryos were placed
in a glass bottom dish where the rostral cross-sectional face is toward the glass

surface. This allows us to visualize apicobasal cell behaviors under a spinning
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Fig. 3.1. 4D-maging method for chick midbrain.

(A) 4-6 hours after electroporation, embryos were collected and dissected as indicated

with dotted lines in A, then placed a in 0.5% agarose block. The cross-sectioned neural
tube faces down to the glass bottom dish (B) allowing imaging of cell movements along the
apicobasal axis of midbrain neuroepithelium. (C, D) Time lapse images from two different
time points showing the movement of one nucleus is marked with red arrowhead. Note that
mMEGFP expressing cells undergoing interkinetic nuclear migration.
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disc confocal microscope (Fig. 3.1A-B).

We determined that the midbrain neuroepithelial cells undergo typical
interkinetic nuclear migration as described in the introduction (Sauer, 1935).
The zebrafish retina epithelium shows nuclei in G1, G2 and S phase distributed
across the entire apicobasal axis, except for the M phase which occurs
exclusively at the apical surface (Baye and Link, 2007; Baye and Link, 2008).
Our preliminary experiments of tracking cell nuclei undergoing INM at various
time intervals (Fig. 3.1C-D) combined with a 30min BrdU pulse suggest that,
unlike the zebrafish retina epithelium, S-phase occurs near the basal
membrane : the majority of BrdU positive cells localized at the basal surface of
the midbrain neuroepithelium (Fig. 3.4D). In radial glial cells, the basally
directed INM does not extend all the way to the basal surface, but is confined to
the portion of the cell between the apical surface and the basal boundary of the
ventricular zone or the subventricular zone (Gotz and Huttner, 2005). However,
in the HH10-13 chick midbrain explants, INM spans the entire apicobasal axis of

the cell (Fig. 3.2; 3.3; 3.5; 3.6).

3.2.2 Mitotic duration is not affected by BMP blockade

It is a well documented fact, conserved over various species, that
mitosis occurs only at the apical surface in the neuroepithelium (Baye and Link,
2007; Gotz and Huttner, 2005; Sauer, 1935). However, the localization of nuclei

can not be used as the only indicator of M-phase since the transitions from late
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Figure 3.2. Mitotic duration is not affected by BMP blockade.

(A, B) Time-lapse images of EGFP(A) or EGFP+Noggin (B) electroporated neuroepithelial
cells in lateral region of E3 midbrain with 10mins interval. Note that length of M-phase is
measured from where cell nuclei positions at the most apical location (0:00) till two daughter
cells are seen (0:40). (C) Quantitation data showing no significant difference

between control and Noggin electroporated cells with respect to the duration of M-phase.
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G2 and M or M to early G1 can also take place at or very close to the apical
surface. However, the majority of time spent at the apical surface will be in M
phase (Baye and Link, 2007; Sauer, 1935). We visually determined the mitotic
duration for which cells stayed at the apical surface following BMP blockade
with controls. The time spent at the apical surface was not significantly different
between Noggin overexpressing cells and EGFP controls (Fig 3.2). It takes
average 45mins in both EGFP and Noggin electroporated cells (EGFP cells:
n=6 / 3 explants; Noggin electroporated cells : n=6 / 3 explants). Hence, we
concluded that BMP blockade does not affect mitotic duration at the apical

surface.

3.2.3 Apical to basal migration was perturbed by BMP blockade

Next, we analyzed apical to basal migration equivalent to the M-G1-S
transition but mainly the G1 phase between EGFP and Noggin electroporated
cells (Baye and Link, 2007; Sauer, 1935). Interestingly, apical to basal nuclear
migration takes longer in Noggin electroporated cells as compared to the EGFP
electroporated control cells (Fig. 3.3B, D). Noggin electroporated cells not only
move slower (5.2um/hr for control : n=9 / 4 explants versus 12.1um/hr for
Noggin : n=10 / 4 explants; p< 1.02x10™"?) but also migrate irregularly. Some
cells start to move basally after mitosis but migrate back to apical direction
without reaching the basal surface (Fig. 3.3D, #2 red line). This impaired basal

migration is presumably due to the disruption of the apicobasal polarity pathway
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Figure 3.3. BMP blockade perturbs apical to basal nuclear migration (M-G1-S transition).

(A, B) mEGFP (A) or mMEGFP+Noggin (B) electroporated cells were imaged at various interval
as indicated. Noggin electroporated cells showed slower apical to basal movement (red
arrowheads in A and B). (C, D) Graphs showing the traces of nuclear movement imaged at

1 hour interval. Note that Noggin electroporated cells show slower and irregular migration

(D) as compared to the controls (C).
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(Costa et al., 2008). Apical to basal migration takes 7.8 hours on an average in
EGFP control cells (n=9 / 4 explants) (Fig. 3.3A, C). However, within 10 hours of
imaging, none of the Noggin electroporated cells had reached the basal surface
(Fig. 3.3D). Despite the fact that we couldn’t get images of the entire apical to
basal traverse of the Noggin electroporated cells, they did reach the basal
surface at a later time points (Fig. 3.5). Thus, it is clear that it takes a longer

time for Noggin electroporated cells to reach the basal surface than controls.

3.2.4 BMP blockade abolished differential migration of daughter cells post
cell division

We also observed that, depending on the mitotic spindle orientation, the
two daughter cells behave differently. In the EGFP electroporated cells, the two
daughter cells migrate basally at similar velocities when the spindle orientation
is perpendicular to the apical surface (Fig. 3.3C, cell traces 1-3, 5, Fig. 3.4A).
Interestingly, when the spindle orientation is parallel to the apical surface, the
more basally located daughter cell moves faster than the other (Fig. 3.3C, cell
trace 4, 6-9, Fig. 3.4B). The apically situated daughter cells behave in a similar
manner as the cells where the spindle is oriented perpendicularly. In contrast,
we did not observe the faster cell migration in Noggin electroporated cells that
underwent cell division in a perpendicular cleavage plane to the apical surface
(Fig. 3.3D). Although, spindle orientation is not a predictor of cell fate

(Alexandre et al., 2010; Wilcock et al., 2007), it is possible that it could have as
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Figure 3.4. Daughter cells behave differently depending on the division plane.

(A) A metaphase cell with a division plane perpendicular to the apical surface shows that the
two daughter cells migrate basally. (B) A cell that undergoes mitosis in a plane parallel to the
apical surface has one of the daughter cells which the one is more basally located migrates
3 times faster than the other. Note that two cells in A (perpendicular plane of division) and the
more apically divided cell show similar behaviors (takes abour 9hours to reach the basal most
surface. See Fig. 3.3C, n=5), however, basally located cells with parallel division migrate
basally faster (red arrowhead in B, n=5). See Fig. 3.3C blue graph (#4).
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yet an unknown role and would be a open for future investigation.

3.2.5 BMP blockade increases the duration of basal pause of cell nuclei
Next, we compared the time spent by the cell nuclei at the basal location
where cells are mainly in S-phase between EGFP and Noggin electroporated
cells (Sauer, 1935). Schoenwolf and colleagues have suggested that cells at the
MHP stay longer at the basal location as compared to the cells at lateral region.
It is proposed that this longer time spent at the basal location leads to the basal
expansion which eventually culminates into a hinge point (Schoenwolf and
Smith, 2000b). As | have shown in Chapter 2, BMP signaling is low at the MHP
and this low expression can be mimicked by Noggin overexpression. Therefore,
we expected to see more cells at the basal position in Noggin overexpressing
cells at any given time. Indeed, our time-lapse imaging experiments show that
BMP inhibition increases the time spent by the cells at the basal location by
about three fold over EGFP electroporated cells (EGFP control : 4.6hours, n=5/
3 explants versus Noggin : 12.06 hours, n=8 / 4 explants; p< 1.81x10™) (Fig.
3.5). A 30min pulse labeling with BrdU showed that more cells are BrdU positive
in Noggin expressed brains (46% of cells are BrdU positive) as compared to the
control (31.4%, p<4.1x10™) (Fig. 3.5D-E). We also observed that the apicobasal
extent of BrdU positive cells is larger than the controls (Fig. 3.5D-E, compare
BrdU channel). This might suggest that BMP blockade accelerates basal to

apical migration. However, Noggin electroporation thickens the neuroepithelium
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Figure 3.5. BMP blockade increases the duration of S-phase.

(A, B) Single mEGFP (arrowhead in A) or mEGFP+Noggin (arrowhead in B) electroporated
cell was imaged at various time intervals as indicated. (C) Cell nuclei of Noggin electroporated
cells stay longer at basal locations as compared to the controls (A, B and C). The length of S-
phase was measured when cell nucleus reached the most basal position till it starts to move
apically. (D, E) 30min-BrdU labelling reveals that there are more BrdU positive cells in the
Noggin electroporated embryos (E) as compared to the control (D).
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(Fig. 2.3A, D; 2.5A,B) and the apicobasal extent of BrdU staining was
proportional to the increase of neuroepithelium thickness (data not shown). In
summary, Noggin electroporated cells showed delayed apical to basal
movement and longer basal pause of cell nuclei. We propose that, at any given
time, cell nuclei stay longer at basal locations following BMP blockade as

compared to the controls.

3.2.6 BMP blockade does not affect basal to apical migration (S-G2-M
transition)

Finally, we analyzed basal to apical nuclear migration (S-G2-M
transition) between EGFP and Noggin electroporated cell nuclei. We found that
there is no difference in time required for basal to apical migration between
EGFP and Noggin electroporated cells during basal to apical migration (EGFP
electroporated cells: 58mins, n=10 / 3 explants; Noggin electroporated cells :
71mins, n=5 / 3 explants; p<0.24) (Fig. 3.5). Quantitative data shows slightly
longer time spent in Noggin electroporated cells. However, we couldn’t notice
the statistical difference (Fig. 3.5C). Presumably, BMP blockade does not affect
dynein mediated basal to apical nuclear migration (Schenk et al., 2009).
Interestingly, in the Noggin electroporated cells, apical constriction is apparent
(Fig. 3.5B, t=1:00) which further confirms that BMP blockade induces apical

constriction (Fig. 2.4).
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Figure 3.6. BMP blockade does not affect basal to apical nuclear migration (S-G2-M
transition).

(A, B) Single mEGFP (arrowhead in A) or mMEGFP+Noggin (arrowhead in B) electroporated

cells were imaged at 10min interval. (C) Mesurements of time spent during nuclei migation

from the basal to apical show no significant difference between control and Noggin

electroporated cells.
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Figure 3.7. BMP blockade slows down cell proliferation by increasing the length of G1-S and

S phase.
(A) Figure summarizing one cell cycle in EGFP cells (14.12hrs) and (B) in Noggin electroporated
23.99 hours. Note that this time is an underestimate for Noggin electroporated cells
since we couldn’t track apical to basal movement entirely. (C-E) Numbers of mitotic cells (pHH3+)
are fewer in Noggin electroporated brains (D, E) than the controls (C, E). (F-G”) Reduced
Cyclin B2 immunostaining in the Noggin electroporated cells (G-G”) as compared to the control
cells (F-F”, arrows). (H-l) Prematurely differentiated cells (HuC+) are more in Noggin
electroporated brains (I) as compared to the control (H). rFP : rostral floor plate.
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3.2.7 BMP blockade increases the duration of the cell cycle

Fig. 3.7A and B summarize the data described above. We calculated the
entire cell cycle length by pooling the average time duration of individual phases
of cell cycle progression. The total cell cycle length is increased in response to
the BMP blockade mainly due to the elongation of the time spent during apical
to basal migration and the basal pause of nuclei (Fig. 3.3; 3.5). However, the
time spent by cell nuclei at the apical surface and in basal to apical migration is
not affected by BMP blockade (Fig. 3.2; 3.6). These data suggest that BMP
blockade increases overall cell division time by increasing the G1-S and S
phases. This could result the reduction of the number of mitotic cells. Indeed, in
Noggin electroporated brains, pHH3 positive cells are 66% fewer than controls
(Fig. 3.7C-E). We also found that the protein level of Cyclin B2, a G2-M
transition marker was significantly reduced in Noggin electroporated cells,
suggesting that cell cycle progression to M phase is inhibited by BMP blockade
(Fig. 3.7F-G”). As a result of slower cell division and fewer mitotic cells, the size
of the embryos is smaller and the total number of midbrain cells reduced (data
not shown). Additionally, we found that cells prematurely undergo differentiation
in Noggin electroporated embryos (Fig. 3.7F-G). Presumably, BMP blockade
affects progenitor vs. neuron fate determination via the regulation of cell cycle

(See Discussion).

3.2.8 Basal nuclear migration is associated with ectopic hinge formation
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Frequently, we could recapitulate the formation of ectopic hinge point
following Noggin electroporation, in lateral midbrain of tissue explants where a
hinge point is not normally formed (Fig. 3.8). We analyzed cell behaviors at the
ectopic hinge points and compared them with control EGFP electroporated cells.
EGFP electroporated cells show normal interkinetic nuclear migration and at
any given time, cell nuclei are distributed all along the apicobasal axis (Fig.
3.8A-B). Also, no ectopic hinge points were produced in any of our EGFP
electroporations (Fig. 3.8A).

Interestingly, we found that basal nuclear migration is apparent where
an ectopic hinge point is produced in Noggin electroporated explants (Fig. 3.9A-
B). Especially, between 0 and 4 hours, all cell nuclei in these cases of Noggin
electroporated cells were largely basally localized (Fig. 3.9B). The hinging
events occurred during this time interval (0-4hours) (Fig. 3.9A-B).

Taken together the data in Chapter 2 and 3, suggest that it is highly
likely that BMP blockade induces hinge point formation by altering cell cycle
progression, increasing the duration of G1-S and/or S phase and maintaining

the cell nuclei at the basal position.

3.3 Discussion
3.3.1 Disruption of interkinetic nuclear migration due to apicobasal
polarity defects

We observed that Noggin electroporated cells show abnormal
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Figure. 3.8. Cell nuclei are evenly distributed along apicobasal axis in the EGFP
electroporated lateral midbrain.

(A) EGFP electroporated cells undergo interkinetic nuclear migration that spans the entire

apicobasal axis. Note that no ectopic invagination occurs. Images were taken with 1 hour

intervals. Dashed lines indicate apical surface. (B) Tracking cell nuclei reveals that EGFP

electroporated cell nuclei are distributed along apicobasal axis. 5 EGFP electroporated
embryos were analyzed.
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Figure. 3.9. Basal nuclear migration is associated with an ectopic hinge point in the lateral
midbrain in response to BMP blockade.

(A) Analysis of cell nuclei movement show basal nuclear migration is evident where

ectopic invagination occurs in lateral midbrain region of an Noggin electroporated explant.

Images were taken with at 1 hour intervals. White dashed lines indicate apical surface.

(B) Cell nuclei are basally positioned when ectopic invagination is formed (0 - 4 hours).

Cells in the ectopic hinge point were analyzed (red dashed line).
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interkinetic nuclear migration with slower apical to basal migration than normal.
Moreover 20% of Noggin electroporated cells we observed in the process of
moving back to the apical surface had never reached the basal surface (Fig.
3.3). As discussed in Chapter 2, BMP blockade disrupts normal apicobasal
polarity by misregulating the endocytosis of apical proteins (Fig. 2.11). In many
tissues and species, disruption of apicobasal polarity is known to cause
abnormal interkinetic nuclear migration (Costa et al., 2008; Klezovitch et al.,
2004). We assayed for disrupted interkinetic nuclear migration by performing
pHH3 immunostaining, a marker for mitotic cells. Under normal circumstances,
expression of pHH3 should be confined to the apical surface. However, in the
Noggin electroporated embryos, we observed subapical pHH3 positive cells
(data not shown, Fig. 3.3D). Despite a lack of understanding of the precise
mechanisms by which apicobasal polarity controls interkinetic nuclear migration,
studies suggest that apicobasal polarity is required for interkinetic nulear
migration (Costa et al., 2008; Klezovitch et al., 2004). Thus, it is possible that
abnormal interkinetic nuclear migration observed in Noggin electroporated cells
was due to the disruption of apicobasal polarity pathway. On the other hand,
several other biological processes are also known to be associated with
interkinetic nuclear migration. For example, Kinesin or Dynein motor proteins
regulate nuclear migration. Hence, it is possible that BMP signaling regulates
interkinetic nuclear migration by controlling mictotubule-based motor proteins

(Morris, 2003; Wilhelmsen et al., 2006). Another possibility is that BMPs might
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regulate interkinetic nuclear migration via Notch signaling pathway. Notch
signaling is predominantly activated on the apical side of retinal cells in
zebrafish and by regulating a motor protein Dynactin-1, controls INM (Del Bene
et al., 2008). It is well documented that BMP signaling could regulate Notch
signaling (Liu and Niswander, 2005) and we also observed that BMP blockade

increases Notchl and Notch ligand Serrate in the midbrain (data not shown).

3.3.2 Basal nuclear migration at the MHP

The cells at the MHP have longer cell cycle time as compared to the
lateral non-MHP cells and specifically cell nuclei stay longer at basal locations
where the majority of cells are in the S-phase (Smith and Schoenwolf, 1987;
Smith and Schoenwolf, 1997). However, these studies were based on
thymidine incorporation and cell cycle length determination by mathematical
calculations (Wilcock et al., 2007). Our data further confirm that cell cycle length
is increased in areas where BMP signaling is low with a specific increase in time
required for apical to basal traverse and basal stay. These cells are mainly in
the G1-S phase. This suggests that the MHP cells normally have low BMP
signaling relative to the lateral cells and have longer cell cycle time by staying at
the basal position longer duration. Hence, in general, cell nuclei experiencing
low BMP signaling (such as at MHP) tend to stay longer at the basal location at
any given time than do cells with high BMP signaling (such as non-MHP). We

do not understand how many cells need to be basally migrated to induce a
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hinge point. However, we assume that accumulation of such behaviors needs to
reach a threshold in order to induce tissue shape changes and form the hinge

point (Fig. 3.8).

3.3.3 Apical constriction and asymmetric cell division

We have shown that BMP blockade increased premature cell
differentiation (Fig. 3.7F-G) and induced apical constriction (Fig. 2.4 and Fig.
3.6). In the cortex, asymmetric distribution of apical determinants dictates the
binary decisions of whether a cell will become a neuron or a proliferating
progenitor (Alexandre et al., 2010). Thus, it is possible that reduced apical
surface size due to apical constriction forces cells toward asymmetric division
which can potentially result in two daughter cells having an unequal share of
proteins which are thought to be the apical determinants during mitosis (eg.,
PAR3, PAR6, aPKC). One of the consequences of increased asymmetric cell
division would be an increase in prematurely differentiated neurons (Tabler et al.,
2010). This could explain the decrease in the number of progenitor population
(pHH3+ cells) and an increase in the prematurely differentiated cells (HuC+

cells) in response to BMP blockade (Fig. 3.7).
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CHAPTER 4 : BONE MORPHOGENETIC PROTEINS (BMPs) REGULATE
DORSAL CELL FATE SPECIFICATION IN THE VERTEBRATE MIDBRAIN

4.1 Introduction

The dorsal midbrain gives rise to the tectum or superior colliculus, a
cortex like structure involved in multimodal integration (Agarwala and Ragsdale,
2002; Vachon-Presseau and Henry, 2008). Multiple BMP pathway members are

expressed in and along the dorsal midline (roof plate) in the midbrain and
BMP/TGF knockouts result in frequently exencephaly of this region (McMahon,

1997, Castriano Mishina, 2009). Early in development, graded BMP signaling
either alone or in combination with other signals establishes the epidermal
ectoderm, neural crest and neural plate (Liu and Niswander, 2005). In the spinal
cord, multiple dorsal sources of BMP family members are thought to set up a
graded BMP signal resulting in the specification of the dorsal midline signaling
center (the roof plate) and 6 classes of dorsal interneurons (dI1-6) with higher
levels of BMPs pushing naive dorsal progenitors to acquire more dorsal cell
fates (Liu and Niswander, 2005). In support of this idea, mouse mutants where
both BMPR1A and R1B receptors are knocked out, undergo a severe loss of dI-
1 and dI-2 interneurons and a corresponding increase in dl 3 and 4 subtypes
(Wine-Lee et al., 2004). However, overexpression of a constitutively active
activin receptor in the chick produces a selective induction of dI3 internuerons

with no effect on other dorsal interneuron fates (Timmer et al., 2005). The
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ablation of the roof plate (RP) in the mouse results in the selective loss of the
dorsal most (dI1) interneurons, with no effects on the other cell types (Lee et al.,

2000). These results suggest targeted effects on dorsal cell fate specification by
TGFB pathway members and have been explained by the redundancy of BMP

expression and function on one hand and the functional specificity of some
dorsally expressed family members on the other.

However, it is not fully explored whether BMPs regulate dorsal cell fate
specification and whether the ventral BMP source is relevant in the midbrain
neural tube. Also, a controversy exists that BMP signaling is not involved in

dorsal midbrain cell fate specification (Bobak et al., 2009). Here we studied the
role of BMP signaling in the developing midbrain. Study of BMP or TGF(

deletion mutants is frequently not informative since the frequent exencephaly
makes analysis problematic. This prevents the proper analysis of dorsal cell fate
specification since the roof plate is a major signaling source of BMPs.
Electroporation of various concentrations of BMP expression constructs at a
stage when the chick neural tube has closed provides us with the advantage of
studying dorsal cell fate specification without the association of morphological

defects.

4.2 RESULTS

4.2.1 Expression of BMP sighaling components in the midbrain
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Figure 4.1. Expression of BMP signaling in the developing midbrain

Midbrain cross-sections at developmental stages shown on the bottom left of this and all
subsequent micrographs. (A) Combined BMP2, 5, 6, 7 expression in the midbrain rostral floor
plate (rFP) and notochord (NC). (B) Dorsoventral pPSMAD1/5/8 gradient in the midbrain. Note
that high BMP signaling at the roof plate and lower at the rFP. (C) Dorsoventral (DV) MSX1
gradient in the midbrain. (D-E) BMP antagonists are expressed at the notochord. (F) BMP7
expression at the floor plate and notochord where coincide with SHH.

Abbriviation : HH, Hamburger-Hamilton developmental stages; NC, notochord; rFP, rostral
floor plate; RP, roof plate.
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A complex expression pattern of BMPs, their antagonists (Noggin, Chordin),
effectors (phosphorylated-Smad 1/5/8) and transcriptional targets (MSX1) was
seen in the chick midbrain and notochord during development (Fig. 4.1).
Several BMPs (BMP 2,5,6,7) are expressed at the dorsal and ventral midline
(Fig. 4.1A). Immunostaining with phosphorylated-SMAD 1/5/8 revealed that
there is a BMP gradient along the dorsoventral (DV) axis, high at the dorsal and
low at the ventral midbrain as previously known in spinal cord (Liu and
Niswander, 2005) (Fig. 4.1B). Also, the expression of MSX1 which is a
transcriptional target of BMP activation shows a DV gradient (Furuta et al.,
1997) (Fig. 4.1C). However, BMP antagonists, Noggin and Chordin are
expressed in the notochord and ventral midbrain (Fig. 4.1D-E). Interestingly, the
expression of BMP signaling components occurred in the ventral midline/floor
plate of the midbrain and the notochord coinciding with the expression of Sonic
Hedgehog (SHH; Fig. 4.1F). Although multiple BMPs are also expressed in the
ventral midbrain, low levels of canonical BMP signaling at the ventral midbrain

could be a consequence of the strong expression of Noggin and Chordin.

4.2.2 BMPs are not involved in ventral cell fate specification in the
midbrain

As described in chapter 2 and Fig. 4.1B, the overall BMP signaling is
lower at the ventral than dorsal midbrain, despite the fact that several BMPs are

expressed there. This led us to investigate whether BMP signaling is involved in

82



Noggin

¥

E3

SHH

E5 PHOX2a/PAX6
N caBMPR1A
P 1-5ug/ul

EGFP
PHOX2a

Figure 4.2. BMPs are not involved in ventral cell fate specification in the midbrain.

Control (A) and Noggin (B) or BMP4 electroporated brains (C) demonstrating that ventral cell
fates [assayed by SHH (brown) and PHOX2A and PAX6 (blue) in the ventral midbrain] are not
perturbed by BMP loss of function or gain of function manipulation, although tissue size and
shape are altered in Noggin electroporated brains. (D) Ventral electroporation of various
concentration of constitutively active BMPR1A did not expand ventral cell fate (PHOX2A, black

arrow) or ectopically induce (red arrow). rFP: rostral floor plate ; P6: PAX6
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ventral midbrain cell fate specification. We compared the expression pattern of
ventral cell fate markers SHH, PHOX2a and PAX6 following ventral BMP signal
manipulations. We attenuated BMP signaling with Noggin and did not alter
ventral cell fates (Fig. 4.2B) as compared to the EGFP controls (Fig 4.2A).
However, midbrain shape was altered (see Chapter 2). BMP gain of function
manipulations with BMP4 or a constitutively active form of BMPR1A
(caBMPR1A) also did not show any alteration of ventral cell fates (Fig. 4.2C-D).
We electroporated various concentration (1-5ug/ul) of caBMPR1A together with
EGFP at the ventral midbrain to exclude the possibility that our manipulations
were not strong enough to induce changes in ventral cell fates. Even at a high
concentration of caBMPR1A (5ug/ul), ventral cell fates were not affected (Fig
4.2D). We conclude that BMP signaling is not involved in ventral cell fate

specification in the developing chick midbrain.

4.2.3 BMP signaling is necessary for dorsal cell fate specification in the
midbrain

As we described earlier, a DV gradient of BMP signal occurs in the
midbrain. We asked whether BMPs are involved in dorsal cell fate specification
in the midbrain (Fig. 4.1B-C). Interestingly, dorsal cell fates (PAX7, WNTL1,
ZIC1) were significantly reduced in the Noggin electroporated embryos as
compared to the controls (Fig. 4.3A-D). To determine whether BMPs affected

intermediate cell fates in the midbrain, we examined the DV extent of GLI3
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Figure 4.3. BMP signaling is necessary for the dorsal cell fate specification in the midbrain.
(A-D) Reduced dorsal cell fates in Noggin electroporated sides (right half) (red arrowhead for
WNT1 and black for PAX7 in B and arrowhead in E for ZIC1). A and C are controls.

(E-F) Increased neural crest cell fate (SOX10, blue) in Noggin electroporated embryos (F) as
compared to controls (E). No changes noted in GLI3 (brown) cell fate (E, F).

RP: roof plate; rFP : rostral floor plate.
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expression since it is more ventral to the expression of PAX7 cell fate (data not
shown). GLI3 fate was not affected in the same Noggin manipulation (Fig. 4.3E-
F, brown). This suggests that Noggin electroporation used for PAX7, WNT1 or
ZIC1 might not be enough to affect GLI3 fate or it might be not regulated by
BMP signaling. However, SOX10 positive neural crest fate was significantly
increased by Noggin electroporation (Fig. 4.3E-F, blue). Thus, these data
suggest that BMP signaling is necessary for the dorsal cell fate specification in
a dose-dependent manner and effects of BMP manipulations are not non-

specific.

4.2.4 BMP signaling is sufficient for dorsal cell fate specification in the
midbrain but limited

BMP gain of function manipulations with caBMPR1A expanded WNT1,
PAX7 and ZIC1 dorsal cell fates on the electroporated side (Fig. 4.4A-B). These
data suggest that BMP signaling is sufficient for dorsal cell fate specification.
We asked caBMPR1A electroporation could induce dorsal cell fates at the
ventral midbrain. We overexpressed caBMPR1A on the right hand side of the
midbrain spanning dorsal and ventral midbrain as marked by EGFP probe (Fig.
4.4D, blue). We observed that WNTL1 is ectopically induced only in the dorsal
midbrain (Fig. 4.4D, brown, arrow). This suggests that there is a regional
competence for BMP-mediated induction of dorsal cell fates. However, unlike

WNT1, we found that PAX7 cell fate could be expanded into the ventral
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Figure 4.4 BMP signaling is sufficient for the dorsal cell fates in the midbrain but limited.
(A-B) Expansion of dorsal cell fates in caBMPR1A electroporated sides (red arrowheads for
WNT1 and a black for PAX7 in A and arrowhead in B for ZIC1). (C) EGFP electroporation
(blue) does not induce WNT1 dorsal cell fate. (D) caBMPR1A+EGFP electroporation (blue)
ectopically induced WNT1 dorsal cell fate (arrow) only in dorsal midbrain. (E-F’) PAX7
immunostaining reveals that caBMPR1A electroporation can ectopically induce PAX7 at the
ventral midbrain (F-F’; Arrowheads). Controls (E-E’). RP : roof plate; rFP : rostral floor plate.
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midbrain following caBMPR1A overexpression (Fig. 4.4E-F’). Presumably, the
regional competence for the PAX7 is wider than that for WNT1 as we could
expect from their normal gene expression pattern (Fig. 4.3A). However, we
observed that ectopic PAX7 positive cells in the ventral midbrain overlap with
high levels of caBMPR1A electroporated cells (Fig. 4.4F-F’, arrowheads)
suggesting another possibility that higher concentration of BMP signaling might
be required for the induction of dorsal cell fates in the ventral midbrain. Thus,
further experiments with different concentrations of caBMPR1A in the ventral

midbrain would be required to rule of this possibility.

4.2.5 Both ventral and dorsal BMP sources are involved in dorsal cell fate
specification

Since BMP signaling is present in the ventral midbrain (Fig. 4.1A), we
asked whether the ventral BMP source could affect dorsal cell fate specification.
Unlike mouse, WNT1 is not expressed in the ventral midbrain in the avian
embryo ((Fogel et al., 2008), Fig. 4.3A). Thus, we could still use WNT1 as a
dorsal cell fate marker in the experiments with ventral BMP manipulations.
Control EGFP electroporation had no effect on dorsal cell fates (Fig. 4.5A, C).
To our surprise, ventral Noggin+EGFP electroporation resulted in a reduction of
WNT1 or PAX7 dorsal cell fates (Fig. 4.5B, D). This suggests that Noggin acts
as a long-range signaling molecule and/or a ventral BMP source is involved in

dorsal cell fate specification in the chick midbrain. However, due to Noggin
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Figure 4.5 Both ventral and dorsal BMP source are involved in dorsal cell fate specification.
(A-D) Dorsal cell fates (PAX7, WNT1) are reduced by ventrally electroporated Noggin
(arrowheads in B and D) as compared to the controls (A, C).

rFP: rostral floor plate; RP: roof plate.
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protein being a secreted molecule, dominant negative BMPR1 electroporation

experiments would be required to secure the results.

4.2.6 BMP-mediated dorsal cell fate specification is Smad-dependent

In Chapter 2, we have shown that BMPs regulate epithelial polarity in a
Smad-dependent manner. This observation led us to ask if BMPs regulate
dorsal cell fates in a Smad-dependent manner. To test this, we selectively
inhibited Smad-dependent BMP signaling by electroporating inhibitory Smad,
Smad6. Smad6 is known to hinder the interaction between R-Smads and Co-
Smads or inhibits phosphorylation of R-Smads (Hata et al., 1998; Imamura et
al., 1997). Dorsal cell fate as monitored by WNT1 was reduced on the Smad6
overexpressing side (Fig. 4.6A-A). Another dorsal cell fate marker PAX7, was
also reduced where Smad6 was expressed (Fig. 4.6B-B”, arrow). Thus, we
conclude that BMP-mediated dorsal cell fate specification is Smad-dependent.
How Smad-dependent BMP signaling could regulate both cell fate specification

and epithelial organization is a topic for further investigation (See Discussion).

4.3 DISCUSSION
4.3.1 BMP signaling works differently in the ventral vs. dorsal midbrain

It should be noted that pPSMAD1/5/8 expression pattern is quite different
along the apicobasal axis. In the ventral midbrain, stronger pSMAD1/5/8 signal

IS seen at the apical surface (Fig. 2.1C-H). However, in the dorsal midbrain,
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Figure 4.6. BMP-mediated dorsal cell fate specification is Smad-dependent.

(A-A’) WNT1 dorsal cell fate is reduced in Smad6 (blue, arrows) electroporated side (arrow)
as compared to the control side. Blue dotted line indicates dorsal midline. (B-B”) PAX7
immunostaining reveals that SMADG inhibits PAX7 fate (white arrow).

RP : roof plate; rFP : rostral floor plate.
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pSMAD1/5/8 is high regardless of the apicobasal axis level (Fig. 4.1B). This
might produce distinct readouts in the dorsal and ventral midbrain. In the ventral
midbrain, as proposed in our model, BMP signaling is required for the
maintenance of apicobasal junctional complex via interaction with PAR3 (Fig.
2.11). Thus, its main role in the ventral midbrain is to maintain epithelial
organization of the midline. However, as mentioned earlier, in the dorsal
midbrain, BMPs signaling is high even when cell nuclei are at basal location,
suggesting BMP signaling has a distinct role in the dorsal midbrain. Its
expression is seen in the nucleus as well as in the cytoplasm suggesting a role

for transcriptional regulation.

4.3.2 BMP regulates dorsal cell fate specification in a Smad dependent
manner

As we suggested in Chapter 2 and this chapter, BMP signaling regulates
both epithelial organization and dorsal cell fate specification in a Smad
dependent manner. In Chapter 2, protein-protein interactions between pSMAD5
and PAR3 data and Smad6 data suggested a possible involvement of Smads in
the BMP-mediated regulation of apicobasal polarity pathway. However, it is not
clear if this was transcription dependent. We can not rule out the possibility of
involvement of transcriptional regulation in BMP-mediated regulation of
apicobasal polarity pathway. However, even if it is dependent on Smad activity,

it does not necessarily imply transcriptional regulation. As we discussed in
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Chapter 2, Smads can interact with other members of signaling components. In
this case, Smad dependent transcriptional regulation is not required.

It is well documented that BMP-mediated dorsal cell fate specification is
transcriptionally regulated in the spinal cord, though we have no evidence
whether it is the case in the midbrain (Liu and Niswander, 2005). Together with
the ideas described above, we hypothesize that BMP signaling regulates both
cell fate specification and epithelial polarity in a Smad-dependent manner.
However, the former could be involved in Smad-dependent transcriptional
regulation and latter could be Smad-dependent non-transcriptional manner. This

needs further study.

4.3.3 A ventral BMP source might compensate for the changes of BMP
signaling in the dorsal midbrain following BMP manipulation.

BMP manipulation experiments in the spinal cord often result in affects
on only a certain type of interneuron fate (Lee et al., 2000; Timmer et al., 2005).
This does not support a gradient model. One possible explaination of this
observation is the cell delamination or epithelial to mesenchymal transition
(EMT) at the dorsal midline in response to BMP blockade. Dorsal midbrain is
the region where neural crest cells are born and this is also regulated by the
BMP signaling pathway (Krispin et al., 2010; Raible, 2006). We observed that
massive cell delamination occurs following BMP blockade. However, cell

delamination does not affect PAX7 dorsal cell fate specification (data not

93



shown). Another possibility is that ventral BMP source can stabilize the effect of
BMP manipulations in the dorsal region. Indeed, a ventral BMP source could
affect dorsal cell fate specification (Fig. 4.5). Presumably, a ventral BMP source
can compensate for the loss of BMP signaling from dorsal part of the brain
following BMP manipulations. This could explain why other groups observed a
loss of only certain types of dorsal cell fate, but not all fates following various
BMP manipulations in the spinal cord. Alternatively, it is possible that there
might be different mechanisms at play in neural tube patterning. For example,

multiple BMPs are expressed in the midbrain including BMP7 (Fig. 4.1A). BMP7
could regulate TGFB signaling more effectively than BMP (Heinecke et al.,

2009). Also it has been shown that nodal related signaling is involved in DV

patterning in the spinal cord (Liu and Niswander, 2005). This raises the
possibility that an interplay between BMP and TGF signaling might play a role

in the cell fate specification in the midbrain (Liem et al., 1997; Liu and

Niswander, 2005).
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CHAPTER 5. CONCLUSION

In this study, we have shown that low level, temporally dynamic BMP
signaling occurs at the ventral midline hinge point (MHP). BMP attenuation is
necessary and sufficient for MHP formation and neural tube closure by inducing
apical constriction and basal nuclear migration. Also, these cell behaviors are
regulated by the protein-protein interaction between BMP-target receptor
Smads and the polarity protein PAR3. These interactions play a key role in
maintaining epithelial polarity in the neural tube. Attenuated BMP signaling at
the MHP prevents these interactions, resulting in perturbed polarity and the
endocytosis of apical proteins, thereby leading to apical constriction and hinge
point formation.

In addition, we uncovered that BMP-mediated cell behaviors are
regulated in a cell-cycle dependent manner. BMP blockade perturbed apical to
basal nuclear movement (M-G1-S transition) and elongated the duration of
basal stay (S-phase) of nuclei of the midbrain neuroepithelial cells undergoing
interkinetic nuclear migration. Longer duration of the S-phase makes more cell
nuclei stay at the basal position at any given time in response to BMP
attenuation. We also found that basal shifting of cell nuclei is associated with
ectopic hinge point formation. Taken together, we conclude that BMP
attenuation induces hinge point by inducing basal nuclear migration by altering

cell cycle progression by increasing the duration of S phase which maintains the
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cell nuclei at the basal position. Thus, the basal nuclear migration at the MHP
might be due to low level of BMP signaling.

BMP signaling also regulates cell fate specification in the midbrain. We
found that BMP signaling is necessary and sufficient for dorsal but not ventral
cell fate specification. However, BMP-mediated induction of dorsal cell fates is
limited in a context dependent manner. Also, BMPs regulate dorsal cell fate
specification in a Smad-dependent manner in the chick midbrain.

To summarize, BMP signaling regulates epithelial organization in the

ventral midline and cell fate specification in the dorsal midbrain.
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APPENDICES

Appendix A: Materials and Methods

Chick embryos
Fertilized Leghorn eggs (Ideal Poultry, Texas) were incubated at 38°C and the

embryos staged according to Hamburger and Hamilton (Hamilton, 1951).

Expression vectors

In vivo gene expression was driven by the xenopus (pXex), human (pEFX)
Elongation-Factor 1~, pMes or pCS2 promoters (Agarwala et al., 2001,
Johnson and Krieg, 1994; Swartz et al., 2001). Embryos were electroporated
with EGFP (Agarwala et al., 2001), membrane targeted-EGFP (m-EGFP),
Noggin, dominant negative BMP receptors 1A-IRES-EGFP (dnBMPR1A),
constitutively active BMP receptor 1A-IRES-EGFP (ca-BMPR1A), EFX-LGL-

GFP, pXex-Smad6 and pCS2-Rab5-mCherry.

In ovo electroporation

Unless mentioned, 0.02-5ug/ul DNA was electroporated into HH stages 7-11
embryos (“late” electroporations) according to previously established protocols
(Agarwala et al., 2001). For “early” (HH 4-6) electroporations, the epiblast was

irrigated with Ringers solution and a glass pipette filled with DNA and fast green
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was inserted through a unilateral incision in the vitelline membrane. 0.3ul of
DNA was picospritzed into the lumen formed by the neural groove below and
the vitelline membrane above. Embryos were microelectroporated as for late
electroporations, but with the negative electrode placed in a pool of Ringer’s on
the viteline membrane above the presumptive midbrain and the positive
electrode positioned below the embryo (Agarwala et al., 2001; Colas and
Schoenwolf, 2001). Only 1/8 early electroporated embryos displayed
morphological defects and were eliminated from analyses (see Table 1).
Electroporated embryos were returned to the incubator for 3 hours-4 days prior
to harvesting. No differences were noted between phenotypes produced by

early and late electroporations.

In situ hybridization

Embryos were harvested between HH6-E5 and immersion-fixed in 4%
paraformaldehyde. DIG or FL conjugated antisense riboprobes were prepared
from chick cDNAs for BMP2, BMP5, BMP6, BMP7, SHH, CHORDIN, EGFP,
GLI3, NOGGIN, PHOX2A, PAX6, PAX7, SOX10, WNT1, ZIC1 and MSX1. One
or two color whole-mount in-situ hybridizations were conducted according to

previously established protocols (Agarwala et al., 2001).

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde for 15 min-2 hours. 14um
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midbrains cross-sections were stained with one or more of the following
antibodies: rabbit anti-pHH3 (Upstate; 1:500), rabbit anti-PAR3 (Upstate; 1:500),
rabbit anti-phosphorylated (p)-SMAD 1/5/8 (Cell signal; 1:1000), mouse anti-N-
Cadherin (DSHB; 1:500), mouse anti-ZO-1 (BD biosciences; 1:1000), mouse
anti-EEA1 (BD biosciences; 1:50) and mouse anti-GFP (Molecular Probes;
1:500). Alexa-conjugated secondary antibodies were used for fluorescent
detection using standard protocols (Afonso and Henrique, 2006). Alexa-
conjugated phallotoxins (Molecular Probes) were used for the direct detection of

F (filamentous)-actin. DAPI staining was used for visualizing nuclei.

Wholemount p-Smads 1/5/8 immunohistochemistry

Wholemount pSMAD 1/5/8 immunolabeling was conducted by adapting the
wholemount in situ hybridization protocol described above, by substituting the
probe hybridization step with a 2 day incubation in the primary antibody at 4°C

(Agarwala and Ragsdale, 2002).

Imaging

Immunofluorescent confocal images were obtained with a Zeiss Laser Scanning
Microscope (LSM5 Pascal) or an Olympus 1X51 spinning disc microscope and
captured with AxioVision (Zeiss) or Slide Book Pro software. For the time-lapse
experiments, 100ms of exposure time for both FITC and Cy3 channel were

used. Imaging interval was 10mins and optimal optical thickness was
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determined by the Slide Book 5. Multiple areas of the explants were imaged by
using automated X-Y stage. Data analyses were conducted using Imaris
software and Adobe Photoshop. For the normal fluorescent immunostaining,
unless mentioned, confocal images are presented as single 0.5-0.8 um thick

optical sections.

Immunoprecipitation and western blot analysis

For Western blotting, whole cell lysates were prepared from HH9-11 wild-type
midbrains or the electroporated regions of E3 midbrains. Midbrain tissue was
lysed with RIPA buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5% Na-
deoxycholate, 1% Triton X, 1mM PMSF) and subsequently loaded on a 12%
SDS-PAGE. 100ug of protein from chick midbrains in HKET lysis buffer (25mM
HEPES pH 7.4, 150mM sodium chloride, 1mM EDTA, 1% Triton X-100, 100mM
DTT, protease inhibitor cocktail, 1mM sodium fluoride and 0.1 mM sodium
orthovanadate) was incubated with either 10 ug/ml of normal rabbit IgG (Alpha
Diagnostic Intl. Inc) or 20 pg/ml of anti-PAR3 (Millipore), anti SMAD1 or 5 (Cell
Signaling Technology) or anti-pSMAD 1/5/8 (Cell Signaling Technology). Protein
complexes were immunoprecipitated using 20ul of protein A/G agarose beads,
separated by SDS-PAGE, immunoblotted with PAR3 or pSMAD 1/5/8 antibodies
and detected by ECL chemiluminescence (Thermoscientific; IL). The molecular
weight of the PAR3, SMAD1, SMAD5 and pSMAD 1/5/8 was ascertained using

the Gallus gallus database.
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Quantitative Analyses

All quantification in this study was conducted using ImageJ software on
midbrains electroporated at HH7-11 and harvested at E1-E3. Unless mentioned,
guantitative data was obtained from 2-3 14pm sections/per control or Noggin-
electroporated brain at the rostrocaudal midpoint of the midbrain. Data was
displayed as the mean + s.e.m. Statistical significance evaluated using an
unpaired Student’s t-test.

Overlap between pSmad 1/5/8 and pHH3 expression: The overlap between

mitotic (pHH3+) and p-Smad 1/5/8+ cells was computed in HH7 midbrain cross-
sections immunostained for both markers. All pHH3+ cells, pSmad 1/5/8+
cells and cells expressing both markers in 2 sections/5 embryos were tabulated
and the number of cells that were pHH3+/pSMAD 1/5/8+ or just pPSMAD1/5/8+
were calculated as a percentage of the total number of p-SMAD 1/5/8+ cells. No
pHH3+/p-SMAD-negative cells were found in the HH7 neural plate.

Apical Constriction: Apical constriction was measured in two ways. First, cross-

sections obtained from embryos electroporated with mEGFP alone or mEGFP +
Noggin, were stained with the apical marker PAR3. The apical width (aw) and
the cell-width at the cell’s widest point (ww) were measured according to
established protocols in all cells whose entire outlines (MEGFP+) could be
discerned in control (n=43 cells/35 sections/10 E3 embryos) and Noggin-
electroporated cells (n= 87 cells/41 sections/12 E3 embryos (Lee et al., 2007).

Differences in the aw:ww ratio between controls and Noggin-electroporated
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embryos were compared using a t test.

Second, a direct measurement of apical constriction was made in
MEGFP and Noggin+tmEGFP electroporated flattened wholemounts stained
with PAR3 at E3. Since the effects of Noggin and dnBMPR1 were non-
autonomous, a sampling box subtending 50pum x 50um was drawn in
ventrolateral midbrain and the apical surface areas of all cells and only
electroporated cells within the box were separately measured using ImageJ
(Control: n=48cells/3brains; Noggin-electroporated brains: Noggin+ cells:
n=161cells/4brains; All cells: n=435cells/3brains). The differences between
control and Noggin-treated embryos were compared using a t-test.

Basal Nuclear Migration: Basal nuclear migration was determined by centering

a sampling box subtending 70um x70um at an ectopic hinge point and drawing
a line (perpendicular to the apical surface) from the apical surface to the apical
tip of each DAPI+ cell in 2-sections/E3 midbrain in control and Noggin-
electroporated embryos. The differences were evaluated using a t-test.

Apicobasal Length: The apicobasal span of individual midbrain progenitors was

measured in E3 brains electroporated with m-EGFP alone or in conjunction with
Noggin. A sampling box subtending 70um on each side was drawn on each of
2 sections positioned in ventrolateral midbrain. Within the box, the apicobasal
span of every electroporated cell whose outline could be fully visualized in
control and Noggin-electroporated brains was measured. The apicobasal

lengths of controls (n=20/5 brains) and Noggin-electroporated midbrain

102



progenitors with visible apical and basal processes (n=52/12 brains) were
measured and compared using a t-test.

Numbers of Partially Polarized Cells in the Neural Plate. Embryos were

electroporated with low level LGL-GFP (1ug/ul) between HH 4-6 and examined
at HH7 in cross-sections immunostained for GFP and PAR3. This
concentration did not induce HPs in early electroporations and did not alter cell
polarity in HH7-11 electroporations. By contrast 3-5 pg/ul LGL-GFP induced
ectopic hinge points in early and late electroporations. Only those brains (n=9)
with a low frequency of electroporated cells were analyzed. Within these
embryos only those cells (n=35) with clearly discernable outlines were selected
for analyses. Cells that displayed apical LGL-GFP, but maintained contact with
the apical and basal surfaces, were designated as partially polarized. Those
cells that displayed full segregation between apical (PAR3+) and basolateral
(LGL-GFP) compartments were designated as polarized.

The basal location of nuclei and apically condensed Phalloidin identified
MHP cells (Colas and Schoenwolf, 2001). Cells located 50um away from the
MHP were designated as lateral cells. This region excluded the neural folds.
The number of polarized and partially polarized cells was computed as a
percentage of total number of electroporated cells analyzed at each location. It
should be noted that the same brains were utilized for estimating cell polarity at
the MHP and in lateral neural plate. Together with the inability of the low LGL-

GFP concentration paradigm to induce ectopic HPs in early electroporations or
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to alter polarity in late electroporations, we are confident that the MHP-lateral
neural plate differences in cell polarity are genuine and do not represent a
differential loss of cell polarity due to low-level LGL-GFP manipulations.

Count BrdU positive cells: All BrdU positive cells were counted in a randomly

selected sampling box subtending 70um x70um at an EGFP or EGFP+Noggin
electroporated area. Also, number of DAPI positive nuclei was counted at the
same time. We calculated the proportion of BrdU positive cells among all cells
(DAPI positive) in a given sampling box. 31.4% of cells were BrdU positive in
EGFP control embryos (n=10 / 4 embryos) and 46% of cells in Noggin
electroporated embryos (n=10 / 4 embryos). p<4.1x10™. The differences were

evaluated using a t-test.
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